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palavras-chave Morfodinâmica; embocadura de laguna; modelação; forçamento de maré;
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resumo Ao longo dos anos observou-se junto ao quebramar norte da embocadura da Ria

de Aveiro um aumento da profundidade, que poderá colocar em perigo a estabil-

idade desta mesma estrutura. É igualmente observada uma tendência de acreção

no canal de navegação desta laguna, colocando em risco a navegabilidade nesta

região. Para compreender a causa destas tendências e de outras observadas, é

necessário um conhecimento do transporte de sedimentos nesta região de estudo.

Este trabalho tem assim como objectivo principal a compreensão dos processos

f́ısicos dominantes no transporte de sedimentos na embocadura e área adjacente

da Ria de Aveiro, aumentando os conhecimentos da morfodinâmica desta região.

A metodologia seguida neste estudo consistiu na análise de levantamentos topo-

hidrográficos realizados pela Administração do Porto de Aveiro e de resultados

de simulações numéricas efectuadas com o sistema de modelos morfodinâmico

MORSYS2D. A análise dos levantamentos foi feita através do estudo de evolução

temporal da batimetria. A análise numérica teve como base a implementação do

modelo para a área de estudo, análises de sensibilidade das fórmulas de cálculo do

transporte de sedimentos à variação de parâmetros de entrada (por exemplo: pro-

fundidade, diâmetro médio do sedimento, velocidade da corrente de maré), e análise

dos resultados numéricos de fluxos de sedimentos e de variações batimétricas. As

simulações efectuadas consideraram apenas o forçamento de correntes de maré e

o forçamento conjunto de maré e ondas no transporte de sedimentos. No caso do

forçamento de ondas foram efectuadas simulações com ondas monocromáticas e

com um regime de agitação real.

Os resultados revelaram que os padrões observados para o transporte residual de

sedimentos têm origem na configuração do canal. Verificou-se também que no

interior da laguna os fluxos são maioritariamente induzidos pela acção do campo

de correntes de maré, restringindo-se a acção do campo de agitação à embocadura

e costa adjacente.

No canal de navegação são previstos fluxos residuais de sedimentos direccionados

para o exterior da laguna que oscilam entre 7 e 40 m3/dia e originam acreções

na ordem de 10 m3/dia na região menos profunda e de 35 m3/dia para a região

entre o marégrafo e o triângulo das marés. Na região da embocadura os fluxos

residuais de sedimentos são de aproximadamente 30 m3/dia gerando tendências de

erosão de aproximadamente 20 m3/dia. Na área exterior da embocadura é prevista

acreção a Norte da embocadura e erosão a Sul às taxas de 250 e 1500 m3/dia,

respectivamente.

Concluiu-se ainda que as ondas com maior contributo para o fluxo residual de sed-

imentos têm alturas compreendidas entre 4 e 5 m. No entanto, as ondas de tem-

pestade, com alturas superiores a 5 m, apesar de terem apenas 10% de frequência

de ocorrência são responsáveis por 25% do transporte de sedimentos observado.
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abstract Over the years it was observed at the Ria de Aveiro lagoon inlet, near the head

of the north breakwater, a depth increase that might threaten the stability of this

structure. A trend of accretion in the navigation channel of this lagoon is observed,

endangering the navigation in this region. In order to understand the origin of these

and other trends observed, the knowledge of the sediment transport in the study

area is imperative. The main aim of this work is understanding the dominant phys-

ical processes in the sediment transport of sediment at the Ria de Aveiro lagoon

inlet and adjacent area, improving knowledge of this region morphodynamics.

The methodology followed in this study consisted in the analyzes of the topo-

hydrographic surveys performed by the Administration of the Aveiro Harbor, and

in the numerical simulations results performed with the morphodynamic modeling

system MORSYS2D. The analysis of the surveys was performed by studying the

temporal evolution of the bathymetry. The numerical analysis was based on the

implementation of the model at the study area, sensitivity analysis of the formula-

tions used to compute the sediment transport to the variation of input parameters

(e.g. depth, sediment size, tidal currents) and analysis of the sediment fluxes and

bathymetric changes predicted. The simulations considered as sediment transport

forcing the tidal currents only and the coupled forcing of tides and waves. Con-

sidering the wave effect as sediment transport forcing, both monochromatic waves

and a wave regime were simulated.

The results revealed that the observed residual sediment transport patterns are gen-

erated due to the channel configuration. Inside the lagoon the fluxes are mainly

induced by the tidal currents action, restricting the action of waves to the inlet and

adjacent coast.

In the navigation channel the residual sediment fluxes predicted are directed off-

shore with values between 7 and 40 m3/day generating accretions of approximately

10 m3/day for the shallower region and 35 m3/day for the region between the tidal

gauge and the triângulo das marés. At the inlet, the residual fluxes are approx-

imately 30 m3/day inducing trends of erosion of approximately 20 m3/day. At

the North side of the nearshore accretion is predicted, while at the South side is

predicted erosion, at the rates of 250 and 1500 m3/day, respectively.

It was also concluded that the waves with higher contribution to the residual sedi-

ment fluxes are those with heights between 4 and 5 m. However, the storm waves

with heights bigger than 5 m, despite their 10% of frequency of occurrence are

responsible for 25% of the observed sediment transport.
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Chapter 1

Introduction

1.1 Motivation

Tidal inlets are a common feature of lowland coasts all around the world. In fact, a significant

part of the world’s coastlines consists of barriers interrupted by tidal inlets giving access to

estuaries and lagoons [Schwartz, 1973]. These coastal features play an important role in the

water exchange between the inner water bodies and the outer ocean, provide the navigational

access to inner harbors, and modify the sediment budget of a coastal zone, influencing the

long-term coastal evolution. Due to its importance, human interventions are common in

the tidal inlets to improve the navigation facilities through for instance the construction of

breakwaters to maintain its position and channel dredging to enable the passage of ships.

However, and despite the recognized advantage of the artificial inlet construction and channel

dredging, these engineering works modify the coastal sediment balance and eventually the

entire lagoon or estuary. Therefore it is fundamental to study and understand the conse-

quences of geomorphologic changes on the inlet hydrodynamics and morphodynamics.

There are several works in literature concerning the morphodynamic study of natural inlets,

their migration or seasonal closure (e.g. Bertin et al. [2009a]; Pires et al. [2011]). However

only a minor number concerns artificially inlets limited by two offshore breakwaters, such as

the Ria de Aveiro lagoon inlet, which is located at the northwest of the Iberian Peninsula

(illustrated in Figure 1.1). In this inlet there is no migration and the regular dredging activ-

ities don’t allow its closure.

The Ria de Aveiro lagoon hydrodynamics is mainly tidally driven, but its inlet is also subject

to a highly energetic wave condition. These characteristics resulted in several transformations

of the inlet, either in geometry either in location, since the formation of the lagoon, resulting

in several closures of the inlet along the time. The consequences of these instabilities, some-

times catastrophic, gave rise to poorness and illness in Aveiro region [Dias et al., 1994]. Also,

the access conditions to the harbor, located in the inner lagoon, became precarious, with

direct consequences to the economy of this region [Teixeira, 1994]. These factors originated
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Figure 1.1: Location and bathymetry of the Ria de Aveiro lagoon and offshore area.

the construction of an artificial inlet (actual configuration), initiated in 1802 and completed

in 1984/85 after several work phases, resulting in two offshore breakwaters. Several main-

tenance dredging activities were and are being performed to guaranty the secure navigation

and access to the harbor.

However, these dredging activities and sometimes the modifications in the breakwaters config-

uration alter, not only the inlet dynamics, but also the dynamics of the entire lagoon. Several

studies on the hydrodynamics of the Ria de Aveiro lagoon showed that anthropogenic and

natural morphologic changes in the inlet and navigation channel depths have impacted the

tidal dynamics of the entire lagoon [Araújo et al., 2008; Dias and Mariano, 2011; Dias and

Picado, 2011]. These authors concluded that the inlet and navigation channels deepening
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increase the tidal amplitude, decrease the tidal phase and raise the tidal prism in the remain-

ing lagoon channels.

One of the inlet’s structures, the North breakwater, is the most important and susceptible

structure due to its orientation and localization [Moreira and Gomes, 2001]. In the past this

structure was already subject to structural maintenance works due to ruptures and to the

landslide of the ”lighthouse” located at its head. Additionally, surveys performed in 2001

revealed that the 10 m bathymetric contour that in the 80 decade was 600 m far from the

head of the breakwater was less than 300 m far at this date, being the wave heights that reach

the structure higher than those initially predicted. The surveys performed also revealed the

presence of eroded areas with depths higher than 20 m, near the foundation of the breakwa-

ter, threatening the stability of this structure. Thus, the erosion in the surrounding area of

the head of the North breakwater was already a concern.

Consequently, this work aims to give a contribution to the knowledge of the Ria de Aveiro

lagoon inlet morphodynamic characteristics and dominant processes. The relevance of this

study arises considering that the morphologic changes of this system and its inlet were found

weakly studied, until the present. The studies published are, in general, technical reports

requested by Aveiro Harbour Administration (APA) in the frame of the several inlet works

carried out over time. In this context Hidroprojecto [1995] proposed solutions to improve

the accessibility to the Aveiro harbor and to protect the littoral South coast adjacent to the

Ria de Aveiro lagoon from erosion. LNEC [1989] collected data in order to simulate and

analyze the coastline evolutions through numerical modeling. Another engineering study re-

ports the maintenance works performed in the North breakwater due to its collapse [Moreira

and Gomes, 2001].

The methodology defined to overcome the lack of knowledge about morphodynamic pro-

cesses in this region consisted in the collection of several information published in the liter-

ature and in the analysis of the available data, as well as in the application of the numerical

modeling system MORSYS2D to the Ria de Aveiro lagoon inlet. In the present application

MORSYS2D is composed by the hydrodynamic model ELCIRC [Zhang et al., 2004], the

wave model SWAN [Booij et al., 1999] and the sediment transport and bottom update model

SAND2D [Fortunato and Oliveira, 2003, 2007; Bertin et al., 2009c]. This modeling system is

applied to the Ria de Aveiro lagoon inlet, following the previous work developed by Oliveira

et al. [2007].

It should be pointed out that the implementation of this morphodynamic numerical model

gives the opportunity to perform a detailed study of the Ria de Aveiro inlet. The modeling

system’s results exploitation will help in the understanding of the main processes driving the

local morphodynamics and to answer several questions: Are the tides the main responsible

forcing for the bathymetric trends observed, or the wave regime surpasses their effect? If

the waves have a strong influence, what wave characteristics have higher influence in the

sediment transport, the most frequent and with minor wave heights or storm waves? What
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is the origin of the strong erosion pattern observed near the North breakwater? Other ques-

tions can also be answered, such as: does the diversity of bottom sediment sizes at the inlet

and near regions influence the residual sediment fluxes and resulting trends? How different

would be the bathymetry of the study area if dredging activities weren’t performed? Do the

breakwaters have influence in the longshore sediment transport?

To answer these questions, numerical simulations were performed considering only the tidal

forcing in the sediment transport and the coupled effect of tidal currents and regular

monochromaticwaves or a wave regime.

1.2 Literature review

Morphologic modeling

The reproduction and prediction of the morphologic evolution of estuaries and lagoons inlets

are very challenging tasks because it results from the combined action of tides, waves, river

discharge and wind in the area of interest. Additionally, an accurate knowledge of the sedi-

ment transport, generally complex and a function of both hydrodynamics and bed texture,

in combined waves and current flows, is essential to achieve a good morphological characteri-

zation. This characterization could be performed using morphological models. These models

can be divided in several classes composed by numerical and physical models [Fortunato,

2006]. The numerical models can be based on data, in empirical or semi-empirical formu-

lations, in simplified formulations or systems, or in process based models. All the referred,

with exception of the last, have in general the advantages of simplicity and low computational

costs, however they need high quality data, provide low spatial and time resolutions results

and are limited to simple geometries (with loss of generality). On the other hand, process

based models are more suitable for real geometry studies, such as tidal inlets, providing high

spatial and time resolution results, but requiring high computational costs. These models

are based on physical processes described by numerical formulations to reproduce waves,

tidal currents, sediment transports and bottom modifications [Pinto, 2010], as example, the

morphodynamic models.

In general, all the morphodynamic modeling systems are composed by three modules: a

hydrodynamic model, a wave model and a sediment transport model which performs also

the bottom update. The first model simulates all the large scale dynamics of the system,

for example the tidal streams. The wave module may take into account a regular monochro-

maticwave or a wave regime, simulating the wave propagation and the resulting longshore

currents through the radiation stress computation. These currents induce a longshore sand

drift which might be important for the closure of the tidal inlet. The sediment transport

module computes the sediment transport due to the tidal forcing isolated or in coupled wave-

current flows. In this module the sediment grain size and the choice of the empirical sediment
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transport formulae affect the morphological changes and play a very important role in the

accuracy of the results. However, the sediment characteristics and the amount of transported

sediment are generally not known with enough precision, due to the scarcity of surveys and

data availability. In addition, several formulations to compute sediment transport are avail-

able, increasing the uncertainty on the results. All these limitations difficult the validation

and accurate evaluation of the numerical predictions. Thus, and due to these uncertainties,

several authors develop their own formulations to compute the bed-load and sediment load

transport and also sediment transport modules.

Soulsby and Damgaard [2005] developed formulae for bed-load transport of sediments in con-

ditions typical of coastal waters, covering current alone, current plus symmetrical waves, cur-

rent plus asymmetrical waves and integrated longshore transport. With the aim of predicting

the total sediment transport rates (bed-load plus suspended load) in conditions characteristic

of the coastal zone (wave or combined wave-current flow), Silva et al. [2006a] developed a

semi-unsteady practical model.

Wai et al. [2004] described a 3D sediment transport model with waves and currents directly

coupled within the model to continuously account for different-scale activities, especially

those that have significant contribution to local sediment transport processes. The model

was applied to Pearl River Estuary, China, and it was concluded that the suspended sediment

concentration in the estuary increases significantly when waves are present. The authors also

concluded that the sediment deposition occurs at the upstream region while erosion takes

place mostly at the down-estuary region due to its exposure to wave actions.

Since sand transport models are often based on semi-empirical equilibrium transport formu-

lations that relate sediment fluxes to physical properties, such as velocity, depth and grain

size, it is crucial to perform sensitivity analysis of the formulae used. Pinto et al. [2006] com-

pared the sediment transport formulae of Ackers and White [1973]; Engelund and Hansen

[1967]; van Rijn [1984a,b,c] and Karim and Kennedy [1990]. These authors concluded that

the van Rijn formula is the most sensitive to basic physical properties. Hence, it should only

be used when physical properties are known accurately [Silva et al., 2009].

The process based morphodynamic models, required by the complexity of all these processes

and interactions, have been emergent in the last years, presenting a strong development

over the past 30 years [Nicholson et al., 1997]. MIKE21, developed by the Danish Hy-

draulic Institute - DHI [Warren and Bach, 1992], DELFT3D, by WL Delft Hydraulics - DH

[Roelvink and Banning, 1994] and TELEMAC developed by EDF-DER, France [Laboratoire

d’Hydraulique de France, 1997], are widely spread among the scientific community. In Por-

tugal, two morphodynamic modeling systems were developed and are described in literature:

MOHID [Neves et al., 2000; Smith et al., 2001; Silva et al., 2004; Aires et al., 2005] and

MORSYS2D [Fortunato and Oliveira, 2003, 2007; Bertin et al., 2009c].

Before modeling the real cases is very common the application of numerical models to ideal-

ized systems, due to complexity of these numerical tools. In the present case, the idealized
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system is usually composed by an inlet area and a lagoon basin and can give insight about

the isolated action of different processes that are responsible for the migration and closure

of inlets, as example. According to Davidson et al. [2009], that developed a simple 1-D nu-

merical model to simulate the magnitude and non-linearity variability of the tidal flow, there

are two main modes of inlet sedimentation: the landward progradation from the mouth and

the seaward development of the flood shoal. Tung et al. [2009] applied the DELF2D model

to an idealized tidal inlet system to study the closure of the inlet and its migration. The

authors concluded that the closure is caused by the prolongation of the inlet channel and

infilling with littoral-drift material as consequence of the longshore and cross-shore transport

processes, and the migration is originated by the oblique waves, including features such as

ebb channel formation, migration and welding to the downdrift barrier. The inlet dynamics

was also numerically reproduced by Ranasinghe and Pattiaratchi [1999], that developed a

morphodynamic model [Ranasinghe et al., 1999] which simulates the longshore and cross-

shore processes. The application of this model to two idealized situations showed that when

the longshore sediment transport rates are low, such as under low energy wave conditions,

cross-shore processes control the behavior of the tidal inlet. The model was also applied to

a real case study, the Wilson inlet located in the Western Australia. The field study and

the numerical results confirmed that the sediment transport mechanism governing seasonal

closure of the inlet is the onshore transport of sediment, resulting from persistent swell wave

conditions [Ranasinghe and Pattiaratchi, 1999].

Synthetic simulations also revealed that the evolution of the configuration of the channel

network might be much faster than the bathymetric evolution of the lagoon itself. An ex-

ample of this behavior was found by Silvio et al. [2010], that applied a long term model of

planimetric and bathymetric evolution of Venice lagoon, to a schematic system, considering

the interactions between tidal currents, longshore currents and sea waves.

The simplifications performed in the morphodynamic studies goes further than the use of

schematic cases. A real case could be researched with simplifications in the different modules

that compose the morphodynamic models. For example, forcing the sediment transport only

with tidal currents and neglecting the effect of waves [Fortunato and Oliveira, 2003, 2004;

Oliveira et al., 2007] or considering representative mean annual wave and tide conditions that

induces the same annual transport as real waves [Cayocca, 2001]. In the referred studies, For-

tunato and Oliveira [2003], Fortunato and Oliveira [2004] and Oliveira et al. [2007], applied

the MORSYS2D to the Guadiana estuary, the Óbidos lagoon and the Ria de Aveiro lagoon,

respectively, obtaining good preliminary bathymetric predictions. Cayocca [2001] developed

a two-dimensional horizontal morphodynamic model and applied it to Arcachon lagoon, at

the French coast, on a side connected to the ocean by a wide inlet between the mainland

and an elongated sand pit. The successful results showed that the tide is responsible for

the opening of a new channel at the extremity of the sand pit, while waves induce a littoral

transport responsible for the longshore drift of sand bodies across the inlet.
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When numerical simulations are performed for a real case study, the field experiments play

an important role in order to validate the predictions. However they are often scarce, de-

spite their importance. Ranasinghe and Pattiaratchi [2003] used field experiments and the

DELF3D model to study a real case, the Wilson Inlet at Western Australia. With this study

they identified the morphodynamic processes governing seasonal inlet closure and determined

the effect of the seasonal closure of the inlet on the morphodynamic characteristics of the

adjacent estuary/lagoon. These authors concluded that the inlet closure is due to the onshore

sediment transport induced by persisting swell wave conditions during Summer. Also Work

et al. [2001] used observations to analyze numerical predictions. These authors, describe a

Mesoscale Inlet Morphology (MIM) modeling system and applied it to the undredged and

unstabilized Price Inlet, South California. They concluded that the predicted bathymetric

changes were similar in tendency sign (erosion/deposition) and location to the observations,

but the model underpredicts the changes magnitude.

Other examples are found in literature for the application of morphodynamic models to real

systems. A dredged area evolution in southern Portugal [Rosa et al., 2011], the Aljezur

coastal stream morphological variability [Guerreiro et al., 2010] and the Ancão inlet in Ria

Formosa [Bertin et al., 2009b] are examples of other studies performed using the numerical

modeling system MORSYS2D.

Considering the development of sandbars migration and growth, for example, Grunnet et al.

[2004] and Bruneau et al. [2010] used different morphodynamic models, obtaining different ac-

curacy in the predictions. Grunnet et al. [2004] applied the DELFT3D model to hindcast the

morphological development of shoreface nourishment along the barrier island of Terschelling,

The Netherlands. The morphodynamic results showed a dependency on the spatial scale:

on the scale of the bed level evolution with respect to bar migration and growth, model

predictions were poor as the nearshore bars were predicted to flatten out. On the other

hand, the model satisfactorily predicted the overall effects of the nourishment taking into

account the mass volumes integrated over larger spatial scales. Better results were obtained

by Bruneau et al. [2010] in the predictions of the development of a meander and the forma-

tion of sandbars in the wave dominated inlet of Óbidos lagoon, with the recently partially

parallelized MORSYS2D. Xie et al. [2009] used the DELF3D model to analyze the physical

processes and mechanisms essential to the formation and evolution of a tidal channel in the

macro-tidal Hangzhou Bay, China. In this work model results reproduced accurately the

real morphological features. The results showed that spatial gradients of flood dominance,

caused by boundary enhancement via current convergence, are responsible for the formation

of the channel system, due to, among other effects, the funnel-shaped geometry.

To perform a morphydynamic study it is advisable to previously intercompare the available

models, in order to understand their accuracy. Nicholson et al. [1997] performed an inter-

comparison between the DHI model, a subset of DH model (the DELF2D-MOR), and three

other models in order to evaluate their response to the presence of offshore breakwaters.
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This comparison revealed that these models produce realistic estimates for the dominant

morphodynamic features associated with these structures and that the choice of sediment

transport formula on the resulting morphology is essential. Similar conclusions concerning

the choice of the sediment transport formulation were obtained by several authors that ap-

plied MORSYS2D to the Óbidos lagoon [Oliveira et al., 2005; Fortunato and Oliveira, 2006,

2007; Bertin et al., 2007, 2009a,c; Fortunato et al., 2009]. These authors also concluded that

the bottom sediment grain size affect considerably the morphological changes.

Ria de Aveiro

The majority of the studies performed on Ria de Aveiro lagoon are related to the biological

and chemical processes of this lagoon. The number of studies concerning its physics and

geomorphology are presently significant, but are rare those about its morphodynamics.

In the last decade several studies performed in the Ria de Aveiro lagoon were dedicated to

analyze and describe the physical processes occurring in this system. In 1999, Dias et al.

[1999] investigated the hydrological features of the lagoon based in two surveys and showed

that the lagoon can be considered vertically homogeneous with exception to periods of im-

portant rainfalls. These rainfalls originate strong fresh water flows creating some vertical

stratification. These hydrological characteristic were also referred by Vaz and Dias [2008],

that demonstrated that during wet seasons the stratification induced by the Vouga river flow

can be extended up to the inlet. Dias et al. [1999] determined that the tide at the inlet is

semidiurnal, generating tidal currents strongly dependent on the local geometry. They also

concluded that the tide is the main forcing agent driving water circulation in Ria de Aveiro

lagoon and, in addition, Dias [2001] refer that this circulation, during short periods and

mostly in shallow waters and wide channels, could also be influenced by extreme conditions

of strong wind.

The tide in the entire lagoon was simulated by Dias et al. [2000] using a two-dimensional

depth integrated mathematical model with the aim to predict the water level and depth

mean current. These authors showed that tides propagate from the inlet and are present in

the entire lagoon, decreasing its amplitude with the distance to the mouth while the phase

lag increases [Dias et al., 2000]. Dias [2001] revealed that the increase of tidal range along

the fortnight neap/spring tide cycle induces a local increase of the high tide level, at the far

end of the channels.

The dynamics of the sediment transport in the lagoon were also studied. Lopes et al. [2001]

studied the influence of tides and river inputs on suspended sediment concentration (SSC) in

Ria de Aveiro lagoon, emphasizing Laranjo Bay from a bio-geophysical point of view. Dias

et al. [2003], Lopes et al. [2006] and Abrantes et al. [2006] used numerical models to under-

stand the spatial and temporal variability of SSC. Tidal, wind- and river-induced residual

currents contribute to the net exportation of water and sediments seaward which is consistent
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with ebb dominance. In Ria de Aveiro lagoon the residual tidal currents are the main forcing

process in the transport of suspended sediments, being one or two orders of magnitude higher

than the residual currents generated by wind and river runoff [Lopes and Dias, 2007]. The

concentration of sediments follows the tidal cycle, being the residual circulation determined

by the asymmetries between flood and ebb regimes [Dias et al., 2003; Lopes and Dias, 2007].

Based on surveys performed in sites near the inlet, Martins et al. [2009] determinate the SSC

and the bottom sediments characteristics, and studied the influence of the oceanographic

regime and the tidal cycles in the sedimentary exchanges between the lagoon and the ocean.

They observed that, in general, the higher values of SSC were recorded at the inlet at flood

periods during Winter neap tides as well as at Summer regime conditions.

The Ria de Aveiro lagoon is also source of concern when discussing climate changes impacts.

Silva and Duck [2001] analyzed the historical changes of bottom topography and tidal am-

plitude in Ria de Aveiro since the construction of the artificial inlet and presented trends for

future evolutions. These authors concluded that any future increase of the mean sea level

will contribute to an increase of both area and volume of water mass, increasing the speed

of tidal propagation. The authors gave an example: an increase of 0.1 m in mean sea level

correspond to an increase of 5% in the capacity of the system, resulting in an increase of 22%

of the tidal prism, defined as the volumetric flux passing a cross-section between a low-water

and subsequent high-water. Lopes et al. [2011] evaluated the impact of sea level rise in la-

goon hydrodynamics performing projections of SLR for the end of this century and found an

increase of 20% of the lagoon tidal prism for a sea level rise of 0.42 m. This physical property,

as well as the tidal asymmetry were also analyzed by Picado et al. [2010] when investigated

possible tidal changes induced by local geomorphologic modifications, specifically the flood

caused by salt pans walls collapse . These authors concluded that the increase of the lagoon

total area (5.6% for extreme destruction) also results in an increase of 5% (for an average

tide) of the tidal prism as well as in the tidal asymmetry, with the higher changes found close

to the flooded area and in neap tide.

The studies mentioned above reveal that the inlet morphology determines the tidal currents

at the lagoon mouth, affecting as a consequence the water circulation inside the lagoon as

well as the water renewal. Additionally, the tidal currents have direct influence in the sedi-

ment transport and consequently in the local morphodynamic changes. At the inlet region

and adjacent nearshore, the wave regime characteristic of the West coast of Portugal also has

an influence on the sediment transport that passes through the inlet. Additionally to these

physical factors, the Ria de Aveiro has an important harbor inside the lagoon which requires

regular maintenance dredging activities of the inlet channel to guaranty its secure access.

Considering all these factors, the inlet is a highly dynamic region with physical and economic

interests. Thus, in order to understand the morphodynamic behavior of Ria de Aveiro lagoon

inlet, it is essential to analyze past data and to develop and apply adequate tools such as a

morphodynamic model to this study area (schematized in Figure 1.2).
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Figure 1.2: Bathymetry of the study area.

1.3 Structure of this work

To perform a morphodynamic study of a coastal lagoon inlet, it is important to review the

theoretical background of lagoons and inlets. The information collected in this study is an-

alyzed in Chapter 2, where is presented a classification of the lagoon and inlet under study,

considering the tidal range and the mean significant wave height. Also a brief description of

lagoons and inlets hydrodynamic and morphological evolutions is performed. In this chapter

the sediment transport processes induced by tidal and wave generated currents are equally

described. The formulations to compute the amount of sediment that is transported due to

the forcing of tidal currents and waves, are also presented and a sensitivity analysis to several

characteristics is performed. These later formulations integrate the sediment transport and

bottom update model SAND2D used in numerical simulations in Chapters 5 and 6.

After the general theoretical review of lagoons and inlets, is necessary to perform a detailed

characterization of the study area. In Chapter 3 the origin of the Ria de Aveiro lagoon and

its inlet is described, since the XIII century until nowadays. Additionally, a morphological

characterization is performed by analyzing the bathymetric data collected by the Admin-

istration of the Ria de Aveiro (A.P.A, S.A.), from 1987/88 to 2010 and the bathymetric

changes observed between 1978/88-2001, 2001-2003, 2001-2005 and 2005-2010. To improve

the characterization of the study area, the bottom sediment data available in the literature is

collected in order to built a distribution of the bottom sediments size. A hydrodynamic char-

acterization of the Ria de Aveiro is also made by considering historical data and numerical

simulations performed with the hydrodynamic model ELCIRC. To complete Chapter 3, the

wave regime at the nearshore area is analyzed through data collected from two wave direc-

tional buoys and a simplified regime is derived. This regime induces a longitudinal sediment
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transport at a beach (computed through the formulations presented in Chapter 2) equivalent

to that caused by the complete wave regime, and is later used in numerical simulations forced

by the tidal current and a regular monochromatic wave (Chapter 6).

The following chapters are related with the numerical modeling system MORSYS2D and the

numerical simulations performed to understand the relative importance of tides and waves

on the system’s morphodynamics.

In Chapter 4, a general overview of MORSYS2D is presented as well as the setup of the used

models in the study area.

Chapters 5 and 6 present the results of the morphodynamic simulations forced by tidal cur-

rents and by tidal currents coupled with waves, respectively. Both chapters present the

results obtained for the sensitivity analysis of the numerical model to several parameters

such as: numerical filters, sediment transport formulation, spring and neap tides, depth and

bottom sediment size distribution, regular monochromatic waves and storm events.

In the last chapter, general conclusions are presented.

1.4 Prior Dissemination

The work developed in this dissertation gave rise to several publications along its devel-

opment (bookchapters, scientific journal papers, proceedings) and was presented at several

conferences. These publications were used as base for several chapters of this thesis.

Book chapter:

• Sediment Transport Modelling and Morphological Trends at a Tidal Inlet - Sandra

Plecha, Paulo A. Silva, Anabela Oliveira, João M. Dias, Andrew J. Manning (Eds),

INTECH, Chapter 8, 163-186, 2011 (ISBN 978-953-307-586-0) [Plecha et al., 2011e]

• Trends of Bathymetric Variations at a Tidal Inlet - Sandra Plecha, Sara Ro-

drigues, Paulo Silva, João Miguel Dias, Anabela Oliveira, André B. Fortunato, In:

River, Coastal and Estuarine Morphodynamics: RCEM2007. C.M. Dohmen-Janssen,

S.J.M.H. Hulscher. (eds) Taylor & Francis., Vol 1, pp. 19-23, 2007 [Plecha et al., 2007]

SCI journal papers:

• Establishing the Wave Climate Influence on the Morphodynamics of a Coastal Lagoon

Inlet - Sandra Plecha, Paulo A. Silva, Anabela Oliveira, João M. Dias, Ocean Dynamics,

2011 (Submitted) [Plecha et al., 2011b]

• Evaluation of Single Waves Effects on the Morphology Evolution of a Coastal Lagoon

Inlet - Sandra Plecha, Paulo A. Silva, Anabela Oliveira, João Miguel Dias, Journal of

Coastal Research, SI64, Vol.II, 1155-1559, 2011 (ISSN 0749-0208) [Plecha et al., 2011c]
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• Sensitivity analysis of a morphodynamic modeling system applied to a coastal lagoon

inlet - Sandra Plecha, Paulo Silva, Nuno Vaz, Xavier Bertin, Anabela Oliveira, André

B. Fortunato, João M. Dias, Ocean Dynamics, 60, 275-284, 2010 (DOI 10.1007/s10236-

010-0267-5) [Plecha et al., 2010]

• Representative Waves for Morphological Simulations - Sandra Plecha, Francisco San-

cho, Paulo Silva, João Miguel Dias, Journal of Coastal Research, SI50, 995-999, 2007

(ISSN 0749.0208) [Plecha et al., 2007]

Conference proceedings:

• Evolução Morfodinâmica da Embocadura da Ria de Aveiro - Sandra Plecha, Carina L.

Lopes, Paulo Alves Silva, Anabela Oliveira and João Miguel Dias, Jornadas da Ria de

Aveiro, University of Aveiro, 187-196, 2011 (ISBN 978-972-789-337-9) [Plecha et al.,

2011a]

Conference communications:

• Modelação morfodinâmica da embocadura da Ria de Aveiro - Sandra Plecha, Paulo A.

Silva, Anabela Oliveira e João M. Dias, Conferência sobre Morfodinâmica Estuarina e

Costeira, Lisbon, Portugal, 3rd − 4th February, 2011 [Plecha et al., 2011d]



Chapter 2

Theoretical Background on

Lagoons and Tidal Inlets

2.1 Introduction

In this chapter, a review of the theoretical background of lagoons and inlets is performed.

These systems are classified according to the tidal range and mean significant wave height.

Also a brief description of the lagoons and inlets hydrodynamic and morphological evolutions

is performed. The sediment transport processes induced by tidal and wave generated currents

are equally described, as well as several formulations to compute the sediment transport.

There are several definitions and classifications of lagoons. According to Dyer [1997] ”a la-

goon is a semi-enclosed coastal body of water which has a free connection to the open sea,

extending into the river as far as the limit of tidal influence, and within which sea water

is measurably diluted with freshwater derived from land drainage”. Barnes [1980] defined

coastal lagoons as saline water bodies separated or partially-isolated from the sea. They may

be enclosed by several barrier islands as well as sand spits, or linked to the sea by one or

more channels, which are small relative to the lagoon.

There is no restrictive definitions of inlet, almost any opening in the coast can be called an

inlet. According to the CEM [2002], inlets are openings in coastal barriers through which

water, sediments, nutrients, planktonic organisms and pollutants are exchanged between the

open sea and the protected embayments behind the barriers. The flow in the inlets provides

natural flushing to maintain good water quality and reasonable salinity levels. Inlets also

have the important assignment of connect the harbours with the ocean, maintaining the

commercial navigation. Due to this, navigable inlets are essential to the local economy. To

maintain adequate depths, are frequently necessary dredging works in the navigation chan-

nels of access to the harbour.

Due to its characteristics, tidal lagoons attract a variety of human activities, such as navi-

gation, recreation, fishing and aquaculture, sand exploration and land reclamation. On the
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other hand, many lagoons form the basis of highly valuable and sometimes unique ecosystems.

Hence human activities which affect the properties of such a system or put the environmental

functions otherwise at risk have important consequences, making a sustainable management

of these systems a complex task.

Lagoons are also effective traps for sediment in their formative stages, but gradually infill un-

til a balance is achieved between the sediment inputs, the shape of the lagoon, its depth and

the scouring of the currents, through a slow morphological development. When the discharge

of sediment by the rivers is higher than the transported by the coastal processes, deltas form

in the lagoon. If the sediment discharge is low, or the coastal processes active, the lagoon can

be a major indentation in the coastline, and there can be an equilibrium shape established

by a balance between the sediment inputs and the physical processes [Dyer, 1997].

In the beginning of this Chapter, the physical processes of lagoons and their inlets are de-

scribed attending to the sediment transport processes. Afterwards, a description of sediment

transport processes is performed and different formulations to compute the total load sed-

iment transport and the longshore sediment transport are presented. A sensitivity analysis

of the former formulations to the sediment size and current velocity is also performed.

2.2 Classification

Coastal lagoons can be classified concerning topography, river flow, tidal action and mean

wave-height, since these factors influence the rate and extent of the mixing of ocean and river

waters. Locally, and for short periods, wind may also become significant.

Considering the goals of this study (see Chapter 1), only the classifications concerning the

tidal action and the mean wave-height are presented.

Concerning the tidal range, Hayes [1979] used the following classification for lagoons:

Microtidal < 1.0 m

Low Mesotidal: 1.0 - 2.0 m

High Mesotidal: 2.0 - 3.5 m

Low Macrotidal: 3.5 - 5.5 m

High Macrotidal > 5.5 m

Wave action is very important as it moves sediment onshore and limits the area over which

the ebb tidal delta can spread out [Hibma, 1999]. The wave climate is generally characterized

by the mean significant wave height Hs, on a yearly average basis:

Low wave energy Hs < 0.6 m

Medium wave energy Hs < 1.5 m

High wave energy Hs > 1.5 m

Based on the combination of tidal range and wave energy classification, Hayes [1979] dis-

tinguishes five classes with respect to tidal/wave dominance: wave-dominated, low or high
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tide-dominated and mixed energy wave or tide dominant, which are illustrated in Figure

2.1. For the case of tide dominance (high), schematized in Figure 2.2(a), the lagoons are

characterized by extensive salt marshes and tidal flats. The inlets of this type of lagoon often

have large ebb tidal deltas and very deep inlet gorges. The influence of strong ebb currents

extends far offshore and only when the flow has dissipated seaward, the wave and tidal forces

are equal. This equilibrium zone between incoming waves and the ebb flow occurs along the

sides of the ebb delta and at its edge. In this equilibrium zone, ebb tidal delta sediments

deposit. In the case of low dominance, inlets occasionally show wave built bars and transi-

tional forms can be recognized.

In wave dominated lagoons (Figure 2.2(b)) the majority of the sand is either pushed through

the inlet into the lagoon or is by-passed around the inlet. Because of the high wave energy

and the relatively weak ebb flow, the equilibrium zone is close to the beach and approxi-

mately parallel to shore. There are only few tidal inlets with long continuous barriers and a

lot of washovers.

In mixed energy lagoons, both waves and tide are important. In the wave dominant case, the

adjacent coast of the lagoon has a larger number of inlets and a smaller number of washovers.

The size of the ebb-tidal delta will became somewhat bigger. For the tide dominant case,

the adjacent coast has abundant tidal inlets, larger ebb tidal deltas and usually drumstick

barriers.

Figure 2.1: Hydrodynamic classification of lagoons. From Hayes [1979].
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Figure 2.2: Schematization of (a) tide and (b) wave dominated lagoons. From Heap et al.
[2001].

2.3 Lagoons Hydrodynamics

When tides propagate into a lagoon, the nonlinear effects of bottom friction and geometry

induce distortion in the tidal wave amplitude promoting tidal symmetry and uneven duration

of flood and ebb tides. For the case of long lagoons, the friction is the most influent factor, but

on the other hand, if the lagoon is shorter the geometry is the most influent factor for tidal

deformation. This distortion can be represented by the non-linear growth of the constituents

and harmonics of the principal astronomical tidal components [Friedrichs and Aubrey, 1988].

Since the ocean tide is a sum of sinusoidal components, non-linearities produce harmonics

and compound constituents.

Along much of the world’s coastlines, the dominant astronomical constituent is M2, the semi-

diurnal lunar tide. Because of M2 dominance, the most significant overtide formed in these

well mixed lagoons is M4, the first harmonic of M2 [Friedrichs and Aubrey, 1988]. The M4

constituent is generated through the advective and finite amplitude terms, but friction can

also play a minor role [Parker, 1991]. A direct measure of non-linear distortion is given by

the ratio between the M4 and M2 sea-surface amplitudes and indicates the magnitude of the

tidal asymmetry generated within the lagoon. An undistorted tide has an amplitude ratio of

zero. The larger the M4/M2 ratio, the more distorted is the tide and more strongly flood- or

ebb-dominant is the system. The phase of M4 relative to M2 is defined as φ = 2θM2 − θM4

and determines the orientation of tidal distortion: 0o < φ < 180o indicates flood dominance

and 180o < φ < 360o indicates ebb dominance [Friedrichs and Aubrey, 1988].

A lagoon is referred as flood dominant when the duration of the ebb tide exceeds the flood

tide resulting in a larger peak flood current. This is the case of shallow lagoon areas where

the influence of the bottom friction is greater in low water than at high water, originating

larger flood than ebb velocities [Dronkers and van de Kreeke, 1986], being highly dissipative.

For this case, the time delay between the up- and downstream limits of the lagoon in low

water is greater than in high water, resulting in longer ebb tides and shorter flood tides,
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and consequently in higher velocity currents during flood, due to mass conservation. On

the other hand, when the duration of the ebb tide is smaller than the flood tide, strong

ebb currents arise and the lagoon is denominated as ebb dominant. According to Robins

and Davies [2010], if the asymmetry in the tide causes a net sediment erosion, the lagoon is

classified as ebb-dominant, whereas the opposite is flood dominant.

For longer lagoons, the ebb currents are more intense than the flood currents, increasing the

capacity to flush out the sediments, representing a more stable condition than in the shorter

lagoons [Aubrey and Speer, 1985].

Additionally, the velocity of the tidal currents depends on the tidal magnitude, the channels

geometry and the topography of the bottom. According to Woodroffe [2002] there are two

types of flow in lagoons: tidal currents induced by the tidal flow, which mainly contribute

to the physical processes and residual currents driven by density gradients, by wind stress or

by tidal movements. The residual currents are usually one or two orders of magnitude lower

than the tidal currents, but they are important because their persistence may allow them to

dominate the overall longterm distribution and transport of characteristic water properties

or sediments [Pugh, 1987].

2.4 Lagoon inlets

Inlets play a crucial role in the sediment budget of the coastal zone influencing the long-term

coastal evolution. The typical flood and ebb current patterns on the ocean side of a tidal

inlet are shown in Figure 2.3. The important aspect of this general circulation pattern is

that currents usually flow toward the inlet near the shoreline, even on ebb tide. The reason

for this apparent paradox is the effect of wave driven currents. On the downdrift side of the

inlet, breaking waves are turned toward the inlet due to refraction over the outer bar and on

breaking, create currents toward the inlet [CEM, 2002].

Figure 2.3: Schematic diagram of flood and ebb currents outside an inlet [O’Brien, 1969].
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Seaward of the inlet, sand can be accumulated generating an ebb-tide delta. This delta is

formed from a combination of sand eroded from the gorge (deepest zone) of the inlet and

sand provided by longshore currents and its morphology depends on the interaction of the

tidal currents and waves.

At the landward side of the inlet, sand can also be accumulated, generating the flood-tide

delta shaped by flood currents (not shown). Inside the inlet, water may diverge into one or

more channels created by sand deposition and resulting in a complex pattern of bars, shoal

and channels [CEM, 2002].

Inlets can vary significantly in place and time due to the strong differences in the driving

parameters and complex interactions between tidal prism, wave energy and sediment supply.

The outer delta forms a barrier for the longshore transport of sediment which may enter the

inlet via the flood channel or may be transported from the updrift to the downdrift barrier

or over the delta. Updrift refers as the coast in the direction from which the majority of

offshore wave energy arrives and the opposite as downdrift.

Also, the inlet interrupts the longshore current, which is variable depending on wave con-

ditions. However, not all of the sediments in longshore transport are trapped at the inlet

mouths, since some of them, may be transported from the updrift side of the tidal inlet to

the downdrift side [Fitzgerald, 1988].

Sediment by-passing is defined as the process which allows material, after a short interrup-

tion caused by an inlet, pass, channel, jetty or other type of littoral barrier, to become part

again of the normal littoral drift zone a short distance downdrift from the littoral barrier.

According to Bruun and Gerritsen [1959] there are two main principles of by-passing by nat-

ural action: by-passing via off-shore bars and by-passing by tidal flow action. In the former

case the littoral drift continues over the submerged bar to the down-drift barrier maintaining

the integrated longshore drift. When tidal flow plays an important part in the by-passing of

material, sand transfer can take place by migration of channels and bars or by transport by

tidal flow in the channels.

Bruun and Gerritsen [1960] and Bruun et al. [1978] proposed an expression to indicate the

type of by-passing:

r′ =
P

Mtot
(2.1)

in which P is the tidal prism per tidal cycle and Mtot the total drift per year. The by-pass

capacity of the inlet, r’, is defined as:

r’ < 20; inlets become non-permanent overflow channels

20 < r’ < 50; the inlets are typical bar-by-passers

50 < r’ < 150; the entrance bars are still pronounced (combination of bar-by-passing

and flow-by-passing)

r’ > 150; the inlets are predominant flow-by-passers (little bar and good flushing)
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Three models to explain inlet sediment by-passing along mixed-energy coasts were proposed

by Fitzgerald et al. [1978] and are illustrated in Figure 2.4. The first model describes the

tendency of the inlet to migrate downdrift and then shift their course by rupturing the barrier

spit. The rate of migration is dependent on several factors, such as wave climate, sediment

supply, depth of the main channel and tidal currents. The updrift barrier is subject to ac-

cretion by longshore currents, growing and elongating the tidal channel. As the inlet became

narrower, the downdrift shore erodes because tidal currents try to maintain the connection

open. Over time, the inlet flow between the bay and the ocean becomes more and more

inefficient. This process continues until a storm forms a new inlet, breaking the barrier quite

often just in front of the ebb channel. The new opened channel is a more direct and efficient

pathway for tidal exchange. The older, longer path gradually closes.

The ebb-tidal delta breaching, illustrated in the center of Figure 2.4, occurs at tidal inlets

that have stable positions but a variable position of the main ebb tidal channel. The main

ebb channel will be downdrift deflected by the longshore sediment transport. A severe de-

flection of the main channel produces a flow inefficient at the inlet, decreasing the discharge

through the old ebb channel. Eventually, this results in a deviation of the ebb discharge to

a more direct seaward pathway through the ebb-tidal delta.

The stable inlets, illustrated in the right side of Figure 2.4, have a stable position as well

Figure 2.4: Three models of inlet behavior and sediment bypassing for mixed-energy coasts
(from Fitzgerald [1988]).
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as its main ebb channel. Sand by-passing occur through the constant formation of bars on

the ebb tidal delta platform. The dominance of landward flow, coupled with breaking and

shoaling waves, move the swash bars onshore, attaching them at the downdrift shoreline.

The sediment by-passing depends on sand deliveries through the channel system that form

the ebb delta, migrate landward and link to the downdrift shoreline.

Fitzgerald [1988] mentions that, in real tidal inlets, all three by-pass processes can occur

simultaneously or may dominate alternately.

The stabilization of migrating inlets is often achieved by the construction of shore perpen-

dicular structures at the mouth, named jetties, to protect the navigation channel from waves

or to reduce the amount of dredging required to maintain the navigable depth. These two

actions are navigation controls that have the intent of promoting safe passage through the

inlet with minimal costs. However, the presence of the jetties affects the local hydrodynam-

ics confining the tidal currents into the channel and restricting the bypassing sediment. In

CEM [2002] are found schemes of idealized sediment transport for stabilized inlets and the

consequent shore erosion.

2.5 Sediment transport

Sediment transport processes are very important in lagoons and inlets, being essential the

good understanding of these processes to describe their morphologic changes. These pro-

cesses are generally complex and are function of the hydrodynamic circulation and sediment

characteristics of the bed. The tidal currents alone or coupled with waves induce sediment

transport at a given point as bedload and suspended load. Furthermore, if the waves that

approach the coast have an oblique angle, they induce longshore currents that transport

sediments. In Sections 2.5.2 and 2.5.1 are presented several formulations to compute the

sediment transport and longshore sediment transport. These formulations are then used in

later sections to evaluate the sediment transport in the study area.

2.5.1 Sediment transport formulations

The nonlinear dependency of the sediment transport on the current velocity makes the net

transport through inlets very sensitive to ebb/flood tidal asymmetries.

The bottom sediments start to move when the driving forces exceed the stabilizing forces.

The driving forces are the shear stress between the sediment and the bed while stabilizing

forces are the gravity and the frictional forces that holds the sediments on the bed [Fredsøe

and Deigaard, 1992]. A critical shear velocity corresponding to the critical shear stress and

the sediment size determines the sediment movement.

The rates of sediment transport can be computed by several formulations. In this study,

the formulations used integrate the morphodynamic modelling system MORSYS2D and are
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presented herein. At the end of this subsection a sensitivity analysis of these formulations is

presented.

Bha

Bhattacharya et al. [2007] proposed a formulation to compute the total transport directly:

qs√(
sd − 1 g d350

) =

 0.072078T
0.893

d0.353∗

(
h
d50

)0.486
T > 2.22

0.0000782 T 0.54

d0.00407∗

(
h
d50

)1.16
T ≤ 2.22

(2.2)

where T = (θ − θcr)/θcr, is the transport stage parameter, θ is the Shields parameter, θcr

= τcr/[(ρs − ρ)gd50] is the Shields critical shear stress where τcr is the critical shear stress,

d∗ = d50((sd − 1)g/ν2)1/3 is the dimensionless grain size, d50 is the medium particle di-

ameter and ν is the Kinematic viscosity of the water, h is the water depth and g is the gravity.

EH

Engelund and Hansen [1967] proposed a formulation that computes the total load directly.

The threshold for initiation of motion is not considered. The sediment flux is given by:

~qs =
0.05

s2 d50C3√g
U4 ~u (2.3)

where C is the Chézy coefficient given by
√
cf/g, with cf the friction coefficient and U is

the modulus of the depth-averaged velocity.

kk

Karim and Kennedy [1990] proposed a formulation that computes the total load transport

directly. The sediment flux is given by:

~qs = 10−2.821+3.369 log((ν1)+0.84 log(ν11))
√

(s− 1) gd350
~u

U
(2.4)

where ν1 = U/
√

(s− 1)gd50 and ν11 = (u∗ − u∗cr)/
√

(s− 1)gd50. u∗ is the friction velocity

and u∗cr is the critical stress velocity and s is the dimensionless sand density.

MPM

Meyer-Peter and Muller [1948] proposed a formulation based on experimental studies only

valid for bed-load transport. Carmo [1995] improved this formulation by including the

influence of bed-slope. The bed load sand flux is then given by:

qs =
8

(s− 1) g

(
|τ | − τcr
ρs

)1.5

(2.5)
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where τ is the bed stress, τcr is the critical stress and ρs is the sand density. The bed

roughness in this formulation is proportional to the sediment size and given by 2.5d50.

vR

van Rijn [1984a,b,c] proposed a formulation valid for bed load and suspended load transport.

The bottom slope is considered in the evaluation of the threshold for initiation of motion.

The sediment flux is given by:

~qs =

(
0.053

U

√
g
ρs − ρ
ρ

d2.150

d0.3∗
T 2.1
sp + Fhca

)
~u (2.6)

where Tsp is a transport stage parameter [= (u2∗ − τc/ρ)/(τc/ρ)], ca is the reference concen-

tration (= 0.015d50T
1.5
sp /(ad

0.3
∗ )) where a is the reference level given by:

a =

{
3d90 + 1.1∆ (1− exp(−25∆/Λ)) Tsp < 25

3d90 Tsp ≥ 25

with ∆ = 0.11h(d50/h)0.3(1− exp(−Tsp/2))(25− Tsp) is the dune height and Λ = 7.3h is the

dune length. A minimum value of a is set to h/100. In equation 2.6 F is given by:

F =

(
a
h

)Z − ( ah)1.2(
1− a

h

)Z
(1.2− Z)

(2.7)

where Z = w/(κβu∗) + φ is the suspension parameter, where κ is the von Karman constant

(=0.4), β = 1 + 2(w2/u2∗) and φ = 1 if u∗ ≥ 100w and φ = 2.5(w/u∗)
0.8(ca/0.65)0.4 if

u∗ < 100w.

In this formulation the bed roughness is evaluated through the skin roughness length

z0 = ks/30 where ks is the Nikuradse grain related roughness height equal to 2d50.

AW

The formulation presented herein is an adaptation by van de Graaff and van Overeem [1979]

of the Ackers and White [1973] formulation for currents to take into account the effect of

waves. The total load is given by:

qst = Uc
1

1− λ
d35

[
Ucw
U∗cw

]n Cdgr
Am

 Cnd Ucw

(
U∗cw
Ucw

)n
Cd gn/2

√(
ρs
ρ − 1

)
d35

−A


m

(2.8)

where λ is the sediment porosity, d35 the particle diameter exceeded by 65% of the weight, ρ is

the density of the water andA = 0.23/
√
dgr+0.14, n = 1−0.2432 ln(dgr), m = 9.66/dgr+1.34,

Cdgr = exp(2.86 ln(dgr) − 0.4343[ln(dgr)]
2 − 8.128) are dimensionless parameters and dgr =
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d35[g(sd−1)/ν2]1/3. In equation 2.8, Ucw and U∗cw are the current velocity and shear velocity

modified and are given by:

Ucw = Uc

√
1 + 0.5

(
ξ′
Uw
Uc

)2

U∗cw = U∗c

√
1 + 0.5

(
ξ
Uw
Uc

)2

(2.9)

with

ξ = 18 log

(
12h

r

) √(
fw
r

)
ξ′ = 18 log

(
10h

d35

) √(
f ′w
2g

)
(2.10)

where r is the bed roughness and fw and f ′w are the wave friction coefficient using r and d35

as bed roughness, respectively.

Bi

Bijker [1971] derived a formulation for bedload transport where the total load is expressed

as the sum of a bedload qsb term and a suspended load qss term:

qsb = Cb d50
Uc
C

√
g exp

[
−0.27(ρs−ρ) g d50

µ τcw

]
(2.11a)

and

qss = 1.83 qsb

[
I1 ln

(
33h
δc

)
+ I2

]
(2.11b)

where Cb is a wave breaking parameter (1.0 for non breaking waves and 5.0 for breaking

waves with a ramp function between the two situations), C is the Chézy coefficient based

on d50, µ is a ripple factor (= (C/C90)
1.5, where C90 is the Chézy coefficient based on d90),

I1, I2 are Einstein integrals and τcw is the combined shear stress due to waves and currents

given by:

τcw = τc

[
1 + 0.5

(
ζ
Uc
Uw

)2
]

(2.12)

where τc is the bed shear stress due to currents only, Uw the wave orbital velocity,

ζ = C
√
fw/(2g) is a parameter for wave-current interaction, fw a wave friction factor

and Uc is the current velocity. The bed roughness in this formulation is proportional to the

sediment size and given by 2.5d50.

SvR

The formulation of Soulsby and van Rijn [Soulsby, 1997] compute sediment transport under

the combined action of wave and currents. The total load is given by:

qst = As Uc

[√
U2
c +

0.018

Cd
Uwrms − Ucr

]2.4
(1− 1.6 tan(β)) (2.13)
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where Uwrms is the root mean square wave orbital velocity and β is the local bottom slope

and Ucr is the threshold velocity. As = Asb + Ass with Asb and Ass the terms for bedload

and suspended load, respectively, given by:

Asb =
0.005h

(
d50
h

)1.2
((

ρs
ρ − 1

)
g d50

)1.2 (2.14a)

and

Ass =
0.012 d50 d

−0.6
∗((

ρs
ρ − 1

)
g d50

)1.2 (2.14b)

where Cd is the drag coefficient (= (0.40/(ln(h/z0) − 1))2), where z0 is the bed roughness

length. In equation 2.13, Ucr is the threshold current velocity equal to 0.19d0.150 log(4h/d90)

if 0.1 mm ≤ d50 < 0.5 mm and to 8.5d0.650 log(4h/d90) if 0.5 mm ≤ d50 ≤ 2.0 mm. The bed

roughness in this formulation is considered z0 =6 mm adapted to moveable bottoms with

“ripples”.

Some of these formulae consider as input the mean flow velocity calculated from the

hydrodynamic model (e.g. AW), while others compute the transport rates as a function of

the bed shear stress or the Shields parameter (e.g. Bha). For these, the current bed shear

stress is computed from equation 2.15:

τb =
1

2
ρ fc U

2 (2.15)

where fc is the current friction factor.

All the formulas referred above compute the total load transport, except MPM, which ac-

counts only for the bed load. This formula has a weak dependence on sediment size due to

its proportionality to d
3/2
50 (θ − θc), because θ is proportional to d−150 . The dependency on d50

for the MPM formula and the dependency on d−150 for the EH formula are easily identified, in

contrast with many other formulae, like the vR formulation. This non-obvious dependency

of the formulae on d50 and the weak coverage of sediment grain size data available (in gen-

eral) for sediment transport studies, justifies a sensitivity analysis of the sediment transport

formulae in this parameter.

Sensitivity analysis of sediment transport formulations

A sensitivity analysis of the sediment transport rates (qs), computed from the aforementioned

formulae, to the median sediment grain size d50, the water depth h, and depth-averaged veloc-

ity U , is performed, to better understand the response of the numerical solutions concerning
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bathymetric changes. This analysis is made considering suitable range of current and wave

conditions above a sand bed [Silva et al., 2009] and considering values for d50, h and U at

several locations within the inlet. For that purpose characteristic values of the Ria de Aveiro

inlet were chosen (Chapter 3).

Figure 2.5(a) represents the transport rate qs as a function of the medium sediment grain

size, d50, for a constant water depth of 2, 10 and 20 m and considering a steady current with

a depth-averaged velocity value of 1.0, 1.5 and 2.0 ms−1. In Figure 2.5(b) the added effect

of a single wave with significant height of 1 m and 7 s of wave period was considered.

The results obtained for all conditions are very similar. The SvR, EH, kk, vR and AW

formulations show a decrease of the transport rate with increasing d50, either in presence of

tidal currents only (Figure 2.5(a)) or coupled with a regular monochromatic wave (Figure

2.5(b)). Therefore, the dependency of these formulae in d50 is very similar. It can be noted

that this dependency is non-linear; the range of variation of qs for the fine and medium grain

sizes is higher than for the coarser sand.

In Figure 2.5(a) is visible that the formulation by Bha predicts higher transport rates, ex-

cept for the higher velocities (U = 2 ms−1) or lower depths, where the results are close to

those obtained with the other formulations. The MPM formulation predicts systematically

lower values of qs, and changes with d50 are not very significant. Note that this formulation

only takes into account the bed load transport. The transport rates computed from Bi (in

Figure 2.5(a) and (b)) and vR formulations present some oscillations with d50 that are not

observed with any other formulae, in particular, for the finer sediments. This behavior was

also observed by Pinto et al. [2006], that concluded that the vR formulation is more sensitive

to the physical properties than kk, EH or AW formulations. When compared to SvR, EH,

kk and AW, the vR formula over-predicts the transport rates for finer sediments.

The results predicted, by all the formulations and from the ensemble of tests considered,

show a larger spread for the lowest values of U and finer sand than for the highest veloci-

ties and coarser sand, respectively. These results stand equally valid for the large range of

depth-average tidal flow velocities observed within the inlet.

As an example, Figure 2.6 represents the computed net transport rates for a tidal cycle

(for a neap and spring tide periods) forced by tidal currents only and forced by tidal cur-

rents coupled with a wave regime, for a local mean depth of 10 m and 20 m (the location

of these stations is indicated in Figure 2.7 as P1 and P2, respectively). The concurrent

depth-averaged velocity intensity computed from a hydrodynamic model (ELCIRC) at these

stations is presented in the upper panel of Figure 2.6(a) to (d). The transport rates were

computed considering two values for the d50: 0.3 and 1.5 mm. For any sediment grain size

and any sediment transport formulation, the maximum values of qs increase as the maxi-

mum depth-average velocities increase from neap to spring tides, and for small velocities,

the transport is null. An exception to this behavior is with EH formulation, because it does

not include a threshold velocity for sediment motion. Also, the sediment transport rates
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Figure 2.5: Computed transport rate qs (kgm−1s) in function of d50 (mm), considering (a)
only the tidal currents and (b) tidal currents coupled to a regular monochromatic wave.
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Figure 2.6: Computed transport rate qs (kgm−1s) in function of d50 (millimetre) for a tidal
cycle forced by tidal currents only (a) and (b) and forced by tidal currents coupled with a
wave regime (c) and (d), for a depth of (a) and (c) 10 m and (b) and (d) 20 m. The left
(right) columns in (a), (b), (c) and (d) represent the transport rates at neap (spring) tide
condition.

computed from the Bi and vR formulations present some perturbations for the highest ve-

locities. Analyzing Figure 2.6(c) it is possible to perceive that the presence of a regular

monochromatic wave induce continuous sediment transport for lower depths (10 m in this
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Figure 2.7: Locations of the points where the velocity is used to perform the sensitivity
analysis presented.

example). For this water depth, the generated currents have the capacity to move coarser

sediments, even in neap tide conditions. For Bi formulation, are observed higher instabilities

in the sediment transport rates. For the deeper water case (Figure 2.6(d)), the effect of the

wave is not strongly noticeable. However, for neap tide condition exists a slightly increase in

the capacity of transporting finer sediments.

To analyze the differences between the several formulations predictions, the ratio between

the transport rate computed with a particular formula and the mean value obtained by av-

eraging the fluxes for all formulations was computed (Figure 2.8). This study is analogous

to those performed by Sistermans and van der Graaff [2001] and Silva et al. [2009]. It is

observed that the higher deviations occur for small flow velocities in particular for the SvR

and AW formulations considering only the tidal currents forcing and for the SvR formulation

when considering the coupled forcing of the tidal current and the regular monochromatic

wave. For the transport predictions with the tidal current forcing (Figure 2.8(a) and (b)) the

minor deviations are observed for the EH formulation while for the coupled forcing the minor

differences are observed for the AW formulation. In the middle panel of Figures 2.8(c) and

(d), where the deviation considering high depth and small median sediment size is illustrated,

are observed oscillations in the deviations for small flow velocities and in higher magnitude

and extension for the Bi formulation, with oscillations of approximately 0.25.

All the aforementioned formulations are used to computed the sediment transport in the

numerical simulations that are performed later in Chapters 5 and 6. Are expected large

sediment transport rates by using the Bha formulation and in the opposite, small values of

sediment transport by using the MPM formulation. The results when using the Bi and vR

formulations are expected to present some numerical oscillations.
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Figure 2.8: Values of the ratio q/qmean for a tidal cycle forced by tidal currents only (a)
and (b) and forced by tidal currents coupled with a wave regime (c) and (d), for a depth of
(a) and (c) 10 m and (b) and (d) 20 m. The left (right) columns in (a), (b), (c) and (d)
represent the transport rates at neap (spring) tide condition. The middle (bottom) panel in
(a), (b), (c) and (d) represent the transport rates considering a sediment size of d50 = 0.3
mm (d50 = 1.5 mm).

2.5.2 Longshore sediment transport formulations

The sediment transport could be promoted by the longshore currents within and just outside

the surf zone. When waves break in the surf zone they release momentum, giving rise to a

radiation stress. When waves are obliquely incident to the shoreline, there is a longshore

component of the radiation stress, whose gradient give rise to a longshore current which is

balanced by friction with the bed [Soulsby, 1997], and promotes longshore transport.

The sediment transport induced by longshore currents along the coast is easily identified

through coastal erosion or accretion around structures, such as offshore breakwaters. Con-

siderable amounts of sediment are transported along the coast, depending on the height,

period and direction of the waves. Additionally, the sediment size and the beach slope can

also determine the amount of transported sediments.

The longshore sediment transport can be calculated through several longshore sediment

transport formulations. Herein six of them are presented which will be used in Section
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3.7 to quantify the transport in the study area and also to find a simplified wave regime

which induces a longitudinal sediment transport at a beach equivalent to that caused by the

complete wave regime.

The first five formulations were selected according to Larangeiro and Oliveira [2003]. In these

set of formulations the longshore transport rate is proportional to the wave characteristics in

the breaker line with different dependencies in wave breaker height, wave period and incident

wave breaker angle. The last formulation [CEM, 2002] the longshore sediment transport is

proportional to the wave characteristics in deep water.

K&I

Komar and Inman [1970] proposed an empirical formulation for the longshore transport rate

base on field data given by:

I` = K ′ (E cg)b cosαb
V`
um

(2.16)

with

V` = 20.7 i (g Hb)
1/2 sin 2αb (2.17)

and

um =
γ

2
(g hb)

1/2 (2.18)

where K ′ is a dimensionless coefficient, E is the wave energy, cg is the wave group velocity

and i is the bottom slope. By the CEM [2002]:

I` = (ρs − ρ) g (1− n)Q` ⇔ Q` =
I`

(ρs − ρ) g (1− n)
(2.19)

Thus:

Q` =
K ′ (E cg)b cosαb

V`
um

(ρs − ρ) g (1− n)
(2.20)

This formulations is proportional to the wave height (power to 2.5) and wave angle at the

breaker line, and also proportional to the bottom slope.

K86

Kamphuis et al. [1986] proposed an empirical formulation for the longshore transport rate

based on field and laboratory data given by:

Q` =
1.28

(ρs − ρ) (1− n)
H

7/2
b i d−150 sin 2αb (2.21)

This formulation is proportional to the wave angle and to the wave height (power to 3.5)

at the breaker line, to the bottom slope and inversely proportional to the median sediment

size.
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Kr88

Kraus et al. [1988] proposed an empirical formulation based on linear regression analysis of

experiments for the longshore transport rate given by:

I` = 2.7 (R−Rc) (2.22)

with R = VlW Hb, being W the total width of the cross section and Rc a constant. By Kraus

et al. [1988] it is known that I` has units of N s−1 and the coefficient 2.7 is not adimensional.

By Larangeiro et al. [2005]:

Q` =
2.7 (R−Rc)

(ρs − ρ) g (1− n)
(2.23)

This formulation is proportional to the wave height (power 1.5) and to the wave angle at

the breaker line, to the bottom slope and to the total width of the cross section.

K91

Kamphuis [1991] based on laboratory data and reanalysis of field data, modified the K86

formulation and proposed a formulation for the longshore transport rate which includes the

wave peak period influence:

Q` =
2.27

(ρs − ρ) (1− n)
H2
b T

1.5
p i0.75 d−0.2550 sin0.6 2αb (2.24)

where the peak period is Tp=1.085Tz+3.058 and Tz is the zero-upcrossing wave period.

In this formulation the dependency on wave height and wave angle at the breaker line is

smaller than at K86, also the influence on the median sediment size and bottom slope was

reduced. This formulation is proportional to the wave angle and to the square of the wave

height at the breaker line, to the bottom slope (power to 0.75) and inversely proportional to

the sediment size d50 (power to 0.25).

C2

Valle et al. [1993] proposed an empirical formulation for the longshore transport rate given

by:

Q` =
k

16
√
γ (ρs − ρ) a′

ρ
√
g H

5/2
b sin 2αb (2.25)

with k = 1.4 e−2.5 d50 , the medium particle diameter is d50 in mm and a′ = 1 − n. γ is the

breaker index, ρs is the sand density, ρ is the water density, αb is the wave angle at breaker

point and n is the sediment porosity. The wave height in this formulation is the root mean
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square wave height Hrms given by:

Hrms =
√

8m0 =>
√
m0 =

Hrms√
8

(2.26)

Hs = 4
√
m0 =>

√
m0 =

Hs

4
(2.27)

Hrms√
8

=
Hs

4
⇔ Hrms =

√
8

4
Hs ⇔ Hrms =

√
2

2
Hs (2.28)

where Hs is the significant wave height. This formulation is proportional to the root mean

square (power to 2.5), to the wave angle at the breaker line and to the exponential of he

sediment size d50.

CERC

The CERC formulation was developed in 1966 by the US Army Corps of Engineers based

on field works. In 1977 and 1984 this formulation was updated by the Shore Protection

Manual. The most recent version of this formulation is presented in CEM [2002]. This

formulation is based on the assumption that the longshore transport rate depends on the

longshore component of wave energy flux in the surf zone:

Q` = 0.064208H
5/2
0 F (α0) f (2.29)

with

F (α0) = cosα0
1/4 sin 2α0 (2.30)

where H0 is the wave height in deep water, α0 is the wave angle, related to shoreline, in deep

water and f is the wave frequency.

The currents effect when significant is a limitation to this empirical formulation.

2.6 Morphological evolution

The continuous interaction between tides, waves and sediments, changes the channels bed

and results in a nonsteady lagoon morphology which is modified by hydrodynamic condi-

tions, sediment supply and human interventions [Hibma et al., 2004]. These interactions can

result in residual transport currents leading to net sediment erosion or accretion. Over time,

these erosion and deposition trends change the lagoon morphology and between others, might

threat the navigation in the channels, the stability of structures and the ecological habitat.

The morphological changes in a lagoon take place at different time and spatial scales through

complex interactions. Time scales of lagoon morphological evolution may vary from few hours

to millennia. de Vriend [1996] presented four groups of scales for changes in morphological
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features: micro-, meso-, macro- and mega-scale phenomena. The first group encloses the

smallest morphological bedforms, such as ripples, dunes and sandwaves, which takes place at

smaller time scales than the corresponding morphodynamic behavior. The meso-scale phe-

nomena encloses the alternating and interacting flood and ebb channels, tidal flats and shoals

and are identified as the primary morphodynamic behavior, due to the interaction of tidal

processes and bed topography. Features such as inlet gorge and ebb tidal delta, which have

much larger scales than the corresponding primary morphodynamic behavior, are included

in the macro-scale phenomena. The last one is the mega-scale phenomena which encloses the

entire lagoon and the adjacent coastal area.

In lagoon evolutionary processes, morphodynamic and hydrodynamic processes are strongly

coupled. The feedback mechanism that comes from the morphological changes affects the

hydrodynamic conditions and sediment movement in the lagoons [Moore et al., 2009]. Par-

ticularly, changes in the mean water depth and changes in the elevation of the intertidal

areas may alter the tidal regime of the lagoons. This feedback mechanism combined with

the non-linear interactions have made the lagoon morphological evolution a further complex

phenomena to predict.

2.7 Conclusions

In this chapter a classification of lagoons and inlets according to tidal range and wave height,

separately or based on a combination of both, was presented. This classification will be used

to characterize the study area in the following chapter. Additionally, the system can also be

characterized in terms of flood or ebb dominance, evaluated through the magnitude of tidal

asymmetry, which is the ratio between the compound harmonic constituent of the dominant

harmonic and the dominant harmonic itself. The larger the ratio, the more distorted is the

tide and more strongly flood or ebb dominant is the system.

Eight formulations to compute the sediment transport were presented, considering the tidal

currents only or coupled with a wave regime. The sensitivity analysis performed allow to

conclude that the dependence of sediment transport on the d50 is more important for the

fine-medium sediments for SvR, EH, kk and AW formulations. As the average sediment at

inlet channels is coarser, the uncertainty of the d50 does not seem to be crucial for inlet case

studies. However it is expected that the morphodynamic simulations performed using Bha

formulation over-predict the bathymetric changes. On the opposite, when using the MPM

formulation to compute the sediment transport, the bathymetric changes will be under-

predicted. The Bi and vR formulations could induce oscillations in bathymetric predictions.

For the longshore sediment transport, six formulations were presented. In this case the qs is

proportional to the wave characteristics at deep water and at the breaker line.
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Chapter 3

Characterization of the Ria de

Aveiro Lagoon and Adjacent

Coastal Zone

3.1 Introduction

A characterization of the study area is carried out in this chapter, including the description

of the origin of the lagoon and its inlet, of the hydrodynamics and the wave regime at the

inlet and adjacent coastal shore, and of the morphology and bottom sediments of the inlet, .

The morphologic characterization of the study area is performed by studying the historical

bathymetric evolution determined through the analysis of several data collected by surveys

performed by the Aveiro Harbour Administration (A.P.A.). This analysis supports the

comprehension of the morphology behavior of the inlet and surrounding areas along the

years, as well as the identification of areas subject to erosion and accretion.

A characterization of the distribution of the bottom sediments at the inlet and surrounding

areas is also performed in this chapter, through the analysis of data collected from surveys

carried out by several researchers and published in literature. This characterization allowed

the construction of a bottom sediment size distribution variable in space, for the study area,

to be used in the modeling studies of Chapters 5 and 6.

At the end of the chapter, a set of waves, that induces the same longshore transport offshore

the study area equivalent to that caused by the complete wave regime is derived, through a

simplification of the wave regime observed at two nearby wave directional buoys.
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3.2 Origin of the Ria de Aveiro lagoon and its inlet

The Ria de Aveiro lagoon is geologically very young. Its origin is related to fluctuations in

sea level caused by climatic oscillations [Dias et al., 1994] and to the southward transport of

sediments by alongshore currents [Abrantes et al., 2006].

According to Tomás [1995] the origin of the spit South drift that originate the Ria de Aveiro

in its actual configuration it is not known precisely. Some authors refer the XI or XII century

near Furadouro (Ovar) [Tomás, 1995]. In Figure 3.1 is presented the probable evolution of

the shoreline between Espinho and Mira since 1200 until 1808.

In XIII century the spit reached Torreira and remained in this location until the end of this

century. Around 1407 the inlet was located a few kilometers North of the actual location,

migrating to South until Costa Nova (in the area nowadays known as Mira channel). The

Figure 3.1: Probable evolution of the coastline between Espinho and Mira, with reference
to main salt ponds and islands and showing the position of the river mouth. The 1808 inlet
was artificially open. (-) Possible shoreline position in IX-XII centuries; (-) Possible shoreline
position in XIV-XV centuries; (M) Salt pans in X-XIII centuries; (⇒) inlet localization in
the years specified. From Bastos [2009].



3.2 Origin of the Ria de Aveiro lagoon and its inlet 37

spit reached this location in the terminus of the century, remaining there until the beginning

of the XVI century. The South movement of the inlet occurred due to the existent strong

currents and flooding, as a result of the high temperatures and sea level rise induced by the

global warming that took place in the X-XIV centuries (Little Climate Optimum) [Tomás,

1995].

The continuity of the southward evolution of the spit was synchronous with the abrupt cli-

mate change in the XIV-XIX centuries (Little Ice Age), characterized by low temperatures

and a decrease in mean sea level [Dias et al., 1994]. These changes promoted accretion trends

at the inlet and consequently inlet instabilities. Therefore, the access to the harbour located

in the inner lagoon became gradually precarious, with direct consequences to the economy

of this region [Teixeira, 1994].

After the XVI century the accretion increased and the South movement of the inlet remained.

This continuous South movement of the inlet induced a decrease in flood water volume and

subsequent decrease in ebb water volume, essential for its maintenance. The lagoon accretion

was intensified by the insufficient sediment transport by Vouga river in ebb tidal currents.

Around 1600 the inlet was located South of Costa Nova and in 1643 it lied 18 km South of

Aveiro, near Vagueira. In that time the normal access to the lagoon was possible since the

inlet depth was between 3 and 6 m in low and high tide, respectively. The South movement

of the inlet remained and in 1650 it was located in Vagueira, and in 1685 further South.

During this period the inlet provided bad navigation access to the harbour, alternating peri-

odically between the lagoon closure and stable conditions. At this most southern location the

inlet was very far from the Vouga river and the inlet channel between Vagueira and Aveiro

had more than 15 km. In this period and to improve the water exchange between the lagoon

and the ocean, two Dutch engineers performed the first studies to construct an artificial inlet

nearby S. Jacinto. In 1736 the access to the harbour was particularly precarious [Teixeira,

1994].

In the years that follow 1739 the continuous South movement of the spit placed the inlet near

Mira, reaching this place in 1741. In this date the inlet was nearly closed being fortuitous the

connections between the ocean and the lagoon. The definitive closing of the inlet occurred in

1756. Until 1760 there wasn’t any record of commercial ship navigation in the channel. The

consequences were catastrophic hitting the populations with illness and poorness [Dias et al.,

1994]. Only in 1802 the works to open an artificial inlet in the place where it is presently

started, being concluded in 1808 [Teixeira, 1994].

After these works the new inlet already had a depth range between approximately 4 to 6

m, and 264 m width. The structure built embodied a breakwater in E-W direction. Due to

the inlet instability, a new breakwater was built 300 m North of the former in 1818, with

the works being threatened by the fragility of the structure. In the following years the inlet

suffered accretion and, in 1853 it was only 2 m deep. In almost three decades (1858-1886)

engineering works were carried out in the inlet, consisting in a reinforcement of the South
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breakwater, the construction of a new North breakwater in 1859 and the connection of the

Mira channel to the lagoon [Teixeira, 1994]. However, the instability of inlet depth returns

until the beginning of the XX century.

In 1932/36 new engineering works were performed in the lagoon: a new North breakwater,

a triangular ’dam’ to regulate the tidal prism in the inlet and dredging activities in the inlet

and navigation channel. At this time the inlet depth was around 5 m.

A new phase of works began in 1948, extending in 710 m the North breakwater and con-

structing a new South breakwater with 900 m. The works lasted for almost a decade, being

performed several dredging operations at the inlet and surrounding areas. In 1958 depths

reached 10 m at the inlet.

An extension of 520 m of the North breakwater was performed in 1984/85 [Teixeira, 1994],

conducting the ebb sediment transport to regions located southward.

The orientation and localization of the North breakwater turns it into the most important

structure and also the most susceptible to damage due to the wave climate characteristic of

the Portuguese West coast [Moreira and Gomes, 2001]. Due to its relative inaccessibility,

structural maintenance works were not performed for 16 years, despite the evident structure

damages. Consequently, a first collapse of the North breakwater (of approximately 20 m)

occurred during storms at the end of 1995 and beginning of 1996. The strong wave regime

in the Winter of 1997/98 caused a new rupture of more than 47 m in the breakwater and the

landslide of the ”lighthouse” of this structure.

When the repairing works began in 1999 the breakwater already had a rupture 20 m higher,

totalizing a destruction of 87 m. The blocks that fall off the structure lied nearby the inlet,

endangering the normal operation of the Aveiro harbor. The repairing works ended in 2001.

By that time the erosion in the surrounding area of the head of the North breakwater was

already a concern. Surveys performed in that period revealed that the 10 m bathymetric line

that in the 80 decade was 600 m far from the head of the breakwater, was in that period

in less than 300 m far, making the wave heights that reach the structure higher than those

initially predicted. The surveys performed also revealed the presence of eroded areas with

depths higher than 20 m, near the foundation of the breakwater, threatening the stability of

this structure.

The local harbor authorities were contacted with the purpose of collect information about

the dredging activities in Ria de Aveiro lagoon inlet along the last years, namely areas and

volumes dredged, as well as dates of these interventions. Unfortunately this information is

not available, and therefore cannot be used in order to improve the knowledge about the

inlet morphodynamics.

The actual configuration of the Ria de Aveiro lagoon is therefore the result of the long term

transport of sediments, modified by the presence and configuration of the inlet. Considering

the actual sediments transport in the lagoon, it is crucial to analyze the sediments origin and

preferential paths inside the lagoon.
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In fact the sediments at the lagoon may have three sources: oceanic, from the rivers and

from the margins degradation, which is being presently accelerated by the increase of the

tidal currents and the tidal prism [Picado, 2008; Picado et al., 2010].

To study the suspended sediments behavior in the Ria de Aveiro lagoon, Dias et al. [2007]

used a lagrangian numerical model to release particles at the inlet and at the Vouga river

mouth, and analyzed their trajectories inside the lagoon. The authors observed that the par-

ticles of oceanic origin released at the inlet are transported mainly to the S. Jacinto channel

and to the Espinheiro and Mira channels during the tidal excursion, however the far end of

the channels remains out of oceanic influence. Of all the particles released at the navigation

channel and at the four main channels, only those released at the S. Jacinto channel became

trapped in the upper lagoon. The particles released at the Ílhavo channel had a small in-

fluence area. The remaining emissions reached the inlet and are flushed out of the lagoon

during the ebb.

Considering that the Vouga river is the main sediment source of fluvial origin, the particles

released at its mouth were analyzed and it was found that they are transported along the

Espinheiro channel and exported to the ocean.

In previous works [Dias, 2001; Oliveira et al., 2007; Picado, 2008] was found that the Ria

de Aveiro lagoon central area is actually ebb dominant, while the main channels heads are

flood dominant. Therefore, and taking into account the particle trajectories described, the

sediments of oceanic and fluvial origin are exported to the nearshore, being concluded that

the Ria de Aveiro lagoon is characterized by sediments exportation. Nevertheless, at the

upper reaches of the lagoon, the sediments, mainly from the channels margins, may became

trapped as a result of the flood dominance in that regions.

Comparing the lagoon bathymetry of 1987/88 (general topohydrographic study performed

by the Portuguese Hydrographic Institute) with a just performed survey in the frame of the

Polis Litoral da Ria de Aveiro study, it is observed that the almost overall of the lagoon

suffered erosion (with exception at some channels heads with accretion trends). This pattern

is in agreement with the overall sediment dynamics previously described, since there are

no important sediment sources into the lagoon and it reveals an important trend to export

sediments to the ocean.

3.3 Morphological characterization

Nowadays, the Ria de Aveiro is composed of several channels and intertidal areas, resulting

in a very complex morphology. The lagoon has a maximum width of 10 km, and its length

measured along the longitudinal axis is 45 km, covering an area of 83 km2 at high tide (spring

tide) that is reduced to 66 km2 at low tide [Dias and Lopes, 2006]. The average depth of the

lagoon is approximately 1 m, relative to the chart datum, however higher depths are observed

at the inlet and navigable channels that are maintained through dredging operations. The
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maximum depths, of approximately 30 m, are observed at the inlet while at the navigable

channels 10 m depth are observed [Dias and Lopes, 2006]. The artificial inlet configuration

remains since 1984/85, being approximately 350 m wide and 2 km long.

Several topohydrographic surveys of the inlet have been performed through the years by

the Portuguese Hydrographic Institute (I.H.) and by the Aveiro Harbour Administration

(A.P.A.), and were available for this study. The data analyzed corresponds to surveys

performed between 1987 and June 2010 and are irregular in time and area (Figures 3.2 and

3.3). The survey of 1987/88 was performed by the I.H. while the remain surveys where per-

formed by A.P.A.. There is a time span of 14 years between the first two surveys, performed

in 1987/1988 and 2001, respectively. The time spans between the following bathymetries

vary between several months and 1 year. Comparisons between bathymetric surveys from

different periods allow an interpretation of the bottom dynamics. In Figures 3.2 and 3.3 are

represented the available bathymetric data.

A first rough analysis shows that the study area, composed by the tidal inlet and the naviga-

tion channel, is characterized by two deeper areas separated by a shallower water zone. The

deepest area is located at the inlet, between the breakwaters, while the other region with

large depths is located between the tidal gauge and the channel bifurcation (called triângulo

das marés, cf. Figure 1.2). The study area is also characterized by a beach near the South

breakwater, the Meia Laranja beach. Through the years, the deepest area located at the

inlet is becoming deeper and is migrating offshore and slightly inflecting southward (Figures

3.2 and 3.3).

To perform a comparative analysis between bathymetric changes of consecutive surveys, the

data illustrated in Figures 3.2 and 3.3 were interpolated through the nearest neighbor method

(results in the Appendix) to a regular grid. In the present study, the small bathymetric

changes with maximum variations of 0.2 m in absolute value, will be considered negligible.

Furthermore, only the bathymetric changes for the regions where data from both surveys

were measured are represented.

The bathymetric changes between 1987/88 and June 2001 (Figure 3.4) show a generalized

deepening of the inlet channel higher than 4 m (also referred by Moreira and Gomes [2001]).

At the entrance zone, near the side walls of the inner North jetty and in the central part

of the channel, the erosion show higher rates. Outside the inlet channel, a well defined

track showing erosion may reveal dredging activities for navigation purposes. Additionally,

accretion is identified in different zones: near the South jetty, at its head (for the higher

depths, see Figures 3.2, 3.3) and at the inner ”shadow” zones; at the head of the North jetty;

in some spots near the side walls of the inlet channel and near the triângulo das marés (for

the larger depths, see Figures 3.2, 3.3).

In general, all the subsequent bathymetric changes show generalized erosion in the navigation

channel. Between June 2001 and March 2003 it is observed a strong erosion pattern near

the head of the North breakwater (Figure 3.5). In the navigation channel near the side walls
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Figure 3.4: Observed bathymetric changes (metre) in the study area between 1987/88 and
June 2001. The negative (positive) values represent erosion (accretion). Solid lines represent
the bathymetry in 1987/88. The values in the axis are in metres.

of this structure are found accretion patterns, contrarily to the patterns observed in Figure

3.4.

The bathymetric evolution between June 2001 and September 2005 (see Figures 3.2 and 3.3)

shows that the deeper area located between the tidal gauge and the triângulo das marés

is filling in. An offshore and southward movement is observed for the deeper area located

between the breakwaters, deepening at the left side of the deeper area and slightly accreting

at the right side. An accretion zone is well pronounced in the beach, and the shallower

zone between the two deeper zones is eroding. The accretion and erosion trends previously

analyzed are represented in Figure 3.6, that shows the bathymetric changes of the inlet

between 2005 and 2001. The bathymetric contours of 2001 are also represented in Figure

3.6. In this figure, the regions near the North and South breakwaters show marked changes

Figure 3.5: Observed bathymetric changes (metre) in the study area between June 2001
and March 2003. The negative (positive) values represent erosion (accretion). Solid lines
represent the bathymetry in June 2001. The values in the axis are in metres.
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Figure 3.6: Observed bathymetric changes (metre) in the study area between June 2001 and
September 2005. The negative (positive) values represent erosion (accretion). Solid lines
represent the bathymetry in June 2001. The values in the axis are in metres.

in the bathymetry.

An analysis of the depth along several sections illustrated in Figure 3.7 was performed and

the results obtained for the period June 2001-September 2005 are illustrated in Figure 3.8.

Its analysis revealed that near the northern breakwater pronounced depth changes within a

strip of around 30 m close to the structure are observed (section 1 in Figure 3.8 at the right

side). These changes are probably justified by the presence of rocks that collapsed from the

breakwater and by the emergency works performed in 2004 to repair this structure. Indeed

these works deposited large amount of rocks at the breakwater and near its bottom, ob-

served in recent side-scan sonar images. In Figure 3.8 it is also observed that, in this period,

occurred accretion near the structures (more precisely North breakwater and head of South

breakwater) and at the upstream sections. On the other hand, erosion is observed at the

center of the inlet section (section 1). Also the depth along the longitudinal direction (E-W,

Figure 3.7: Sections location where transport of sediments is computed and regions where
sedimentation rates are computed. The sections and regions were defined in order to be
coincident with variations in the bathymetric or lagoon inlet geometry.
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Figure 3.8: Depth along the sections illustrated in Figure 3.7 observed in June 2001 (-)
and September 2005 (-) surveys. The lower panel figure illustrates the depth along the
longitudinal section (dashed line in Figure 3.7). The y (x ) values in the x -axis increases from
South to North (West to East).

Figure 3.7) is plotted and presented at the lower panel of Figure 3.8. It is observed in this fig-

ure that the deeper area located in the navigation channel is infilling and the bottom features

are moving offshore. The deeper area located at the inlet, between the breakwaters, show

a slightly erosion pattern and clearly reveals a smooth slope on the downstream direction.

Between September 2005 and June 2010 (Figure 3.9) is observed an inversion of the trends
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Figure 3.9: Observed bathymetric changes (metre) in the study area between September 2005
and 2010. The negative (positive) values represent erosion (accretion). Solid lines represent
the bathymetry in September 2005. The values in the axis are in metres.

near the walls at the navigation channel, with strong erosion patterns at North and South

breakwaters. At the navigation channel smaller trends of erosion are observed; furthermore is

observed accretion with higher values than those observed between June 2001 and September

2005. These new accretion trends are probably related to the interruption of the regular

dredging activities at the navigation channel. The deeper area located between the tidal

gauge and the triângulo das marés is filling, as well as some spots at the channel. The deeper

area located between the head of the breakwaters continues the offshore and South movement

observed, identified by the accretion trends at the right side and erosion at the left side. It is

important to observed that the survey in June 2010 was performed for very sparse locations.

The seasonal bathymetric variations, maritime Summer (May to October) and Winter

(November to April) were also computed and are illustrated in Figure 3.10. It is observed

that in the center of the inlet, between the heads of the breakwaters exists erosion, indepen-

dently of the season. Therefore, a seasonally dependent pattern was not identified.

A correct interpretation of the bathymetric trends from the surveys, disregarding the

anthropogenic actions, requires a correlation of the data obtained through surveys with the

dredging activities.

3.4 Distribution of bottom sediments

A relevant property for a morphological analysis is the distribution of the bottom sediment,

as they have a direct influence in the sediment fluxes. When the flow velocities are high, and

velocities gradients exist, the sediments tend to be moved and erosion trends are observed in

these locations, remaining at the bottom the coarser sand.
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Figure 3.10: Observed bathymetric changes (metre) in the study area between (a) March-
November 2003, (b) November 2003-March 2004, (c) March-October 2004 and (d) October
2004-March 2005. The negative (positive) values represent erosion (accretion). The values
in the axis are in metres.

The knowledge of the distribution of bottom sediments is also relevant to perform more real-

istic numerical simulations, however when this study was performed, this was poorly known

for the Ria de Aveiro inlet and navigation channel, being frequently assumed a constant

bottom sediment size distribution. Therefore the data published in the literature when this

study started, namely the data published by Freitas et al. [2005] and the sediment data col-

lected in surveys performed in 2006 in the scope of the FCT funded EMERA research project

(Study of the Morphodynamic of the Ria de Aveiro Lagoon Inlet), were compiled and used

to create a heterogeneous spatial distribution of the bottom sediments grid. The information

about the bottom sediments properties at the lagoon indicates that the sediment distribution

is very heterogeneous, combining fine, median and coarse sediment fractions [Martins et al.,

2007].

Normally, the sand grains are measured in millimeters (usually denoted by d) or in terms of

the phi-scale (φ), being possible to perform the conversion between these two units through

the following:

φ = −log2d⇔ d = 2−φ (3.1)

In this work, the sediment characterization performed consisted in the median sieve diameter

d50, that denotes the diameter for which 50% of the grains by mass is finer [Soulsby, 1997].

Analyzing the sediment size distribution generated (Figure 3.11(a)), it is observed that on

average, the bottom sediment size found at the inlet is mostly composed by medium sand

(0.25 mm - 0.5 mm), followed by coarse sand (0.5 mm - 1 mm), fine sand (0.125 mm - 0.25
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Figure 3.11: Sediment size (a) classes for the study area considered in the numerical sim-
ulations (millimetre). (b) Location of the sediment data samples with the corresponding
sediment size color (millimetre). (c) Sediment size distribution for the study area (millime-
tre).

mm), and with 1% and lower by very coarse (1 mm - 2 mm) and very fine sand (0.0625 mm

- 0.125 mm), respectively. These dimensional limits and classification are published in the

literature (e.g. Soulsby [1997]) and is denoted by Wentworth grain size scale.

The available data samples location is illustrated in Figure 3.11(b) together with the respec-

tive sediment size. These data was interpolated through the Nearest Neighbor method being

obtained a heterogeneous granulometric distribution grid illustrated in Figure 3.11(c). For
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the offshore region the sediment size was considered constant, with 0.4 mm. This value is in

agreement with those published for the beaches near Aveiro, that comprises sediment sizes

between 0.2 and 0.4 mm [Ferreira, 1998; Coelho, 2005].

Spatially, the sediment size distribution is characterized by finer sediments in the beach lo-

cated between the tidal gauge and the South breakwater. This area is also characterized by

accretion trends that can be observed in Figures 3.4 and 3.6.

Recently, Martins et al. [2009, 2011] analyzed the distribution of bottom sediments consid-

ering new data surveys and created a new map of sediment size distribution. The grid made

in this work is similar to that obtained by Martins et al. [2011], considering the same range

of sediment size. Similarities are found near the North breakwater, which is characterized

by coarser sediments and near the Meia Laranja beach, characterized by fine sediments.

The higher difference is observed near the channels bifurcation, where Martins et al. [2011]

identify coarse sediments while in the distribution determined in this study is found medium

sand.

In spite of these differences, this analysis is in close agreement with Martins et al. [2007, 2011]

that referred that areas with finer sediment correspond to shallow accretion zones charac-

terized by small flow velocities, while coarser sediment corresponds to deeper zones where

erosion was found.

3.5 Hydrodynamic characterization

The hydrodynamics of the Ria de Aveiro lagoon has been analyzed through both observa-

tional and numerical studies. These studies have shown that tides constitute the main forcing

of the water motion in the lagoon [Dias et al., 2000]. They are semidiurnal, with an average

range at the inlet of 2 m and maximum and minimum ranges of 3.2 (spring tide) and 0.6 m

(neap tides), respectively [Dias et al., 1999, 2000; Sousa and Dias, 2007].

An illustration of the sea surface elevation and velocity time series at the Ria de Aveiro

lagoon inlet is presented in Figure 3.12. These series are characteristic of a point located

at the inlet (P1 at Figure 2.7) and were obtained through simulations with the ELCIRC,

a calibrated hydrodynamic numerical model (described in Chapter 4). The tide generates

tidal currents strongly dependent on the local geometry. Tidal amplitudes decrease in the

inner parts of the lagoon, while a phase delay is observed comparing to the oceanic tide [Dias

et al., 2000; Araújo et al., 2008]. According to the tidal range observed in Figure 3.12(a)

and considering the classification presented in Section 2.2, this lagoon is characterized as

mesotidal.

Several authors evaluated the tidal prism for the Ria de Aveiro lagoon through different

numerical models (considering different bathymetries). Several values were obtained. For

maximum spring tide Dias [2001] and Lopes et al. [2006] estimate 136.7 × 106 m3, Picado

et al. [2010] 86.3×106 m3 and Lopes et al. [2010] 87.5×106 m3 and for minimum neap tide
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(a) (b)

Figure 3.12: (a) Sea surface elevation (m) relative to ZH and (b) velocity intensity (ms−1 in
the Ria de Aveiro lagoon inlet. The vertical bars in (a) delimit one neap and one spring tide
period.

Dias [2001] and Lopes et al. [2006] estimated 34.9×106 m3, Picado et al. [2010] 31.0×106

m3 and Lopes et al. [2010] 28.9×106 m3. These values of tidal prism were computed in a

flooding cycle, thus the flux related to these ranges are 3.87 to 6.12×103 m3s−1 for spring

tide and 1.30 to 1.56×103 m3s−1 for neap tide.

The lagoon receives freshwater from two main rivers: Antuã (5 m3s−1 average discharge)

and Vouga (50 m3s−1) (Moreira et al. [1993]). However, the river discharge is negligible

when compared to the flux related to the tidal prism values aforementioned. The influence of

rivers discharge is only noticed in the upper parts of the lagoon, where an horizontal density

gradient is dynamically active [Vaz and Dias, 2008]. Hence, the water column is well mixed

in the study area (lagoon mouth) and a two-dimensional model is adequate to represent the

relevant physical processes.

Due to the limited width of the Ria de Aveiro lagoon inlet, the tidal flow velocity has the

direction of the channel banks and its magnitude can exceed 2 ms−1 at the center of the

channel [Vaz et al., 2009], both during the ebb and flood. Velocities are higher on ebb than

on flood [Dias et al., 2000] and numerical simulations of the ocean circulation in the vicinity

of the channel [Silva et al., 2006b] have also shown that the ebb jet extends into the shelf.

A representation of the velocity field for the inlet and navigation channel is illustrated in

Figure 3.13 for neap (left) and spring (right) tide conditions and in ebb (center) and flood

(bottom) periods (for the instants indicated with dots in the top panel). The velocities rep-

resented are results from numerical simulations with the ELCIRC, a calibrated numerical

model (described in Chapter 4). The differences in the velocity magnitude between neap and

spring tide periods and flood and ebb conditions can be observed in the figure. Also it can be

observed that flood duration is higher than ebb duration, with differences of approximately

2 h and 1.2 h for neap and spring tide conditions, respectively, inducing higher velocities in

ebb than in flood. These differences, already referred by Dias et al. [2000], can be visualized
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Figure 3.13: Top panel: Sea surface elevation (m) relative to ZH and velocity. Center and
lower panels corresponds to ebb and flood velocities, respectively (dots in the upper panel).
In the left and right panels are illustrated the velocities for neap and spring neap tide,
respectively.

either at the magnitude (upper panel of Figure 3.13) as at the spatial representation of the

velocities (at the center and bottom panel of the supracited Figure).

Taking into account the definitions introduced in Section 3.5, it is possible to characterize

this lagoon and inlet as ebb-dominant.

The residual currents of the Ria de Aveiro lagoon were analyzed by several authors. Ac-

cording to Dias et al. [2000, 2003], the residual currents in Ria de Aveiro are 2 orders of

magnitude lower than the tidal currents and are essentially tidally driven. Nevertheless, in

the long-term perspective, they are very important, since they affect the overall exchange of

water and particles within the lagoon and between the lagoon and the ocean. Tidal residual

currents are stronger at S. Jacinto and Espinheiro channels and are directed downstream
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towards Barra, contributing to net water and sediment exportation towards the ocean [Dias

et al., 2000, 2003; Abrantes et al., 2006; Dias et al., 2007]. In fact several studies based on

Winter and Summer campaigns estimated that the annual mass balance of several properties,

such as bacterioplankton [Cunha et al., 2003], mercury [Pato et al., 2008] and organic carbon

[Lopes et al., 2008], corresponded to a net exportation, acting the Ria de Aveiro lagoon as

an exportation agent.

3.6 Wave regime

The adjacent coastal zone of Ria de Aveiro is subjected to a highly energetic wave climate

(according to the definition at Figure 2.1), with a yearly mean significant wave height (Hs) of

2–2.5 m, wave periods of 9–11 s corresponding to WNW to NNW swell [Andrade et al., 2002].

Figure 3.14 illustrates the offshore wave regime at Aveiro obtained through data collected

from two wave directional buoy located in Figueira da Foz (40o11’08”N-9o8’44”W, depth 92

m ZH) and Leixões (41o19’00”N-8o59’00”W, depth 83 m ZH) [Capitão et al., 1997; Costa

et al., 2003].

During the Winter, North Atlantic storms give rise to high amplitude waves, whose significant

height frequently exceeds 5 m, while milder conditions are observed during the Summer

[Ferreira et al., 2008]. The northern breakwater protects the channel from the impinging

waves. Visual observations of the waves propagating into the lagoon inlet channel reveal that

their amplitude is low, being considered that the waves influence is restricted to the outer

part of the inlet and the ebb-delta. This wave climatology results in a strong littoral drift

southward, which is hard to quantify, being therefore proposed in the literature a wide range

of values. Several authors along the years proposed values for the littoral drift in the ranges of

0–3.5×106 m3year−1 directed North-South, while some even estimate a littoral drift directed

South-North. A more detailed analysis of these estimations can be found in Oliveira et al.

(a) (b)

Figure 3.14: Offshore wave regime at Aveiro. (a) Wave directions and heights (metre) and
(b) wave periods (seconds).
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[1982] and Teixeira [1994]. As example, Oliveira et al. [1982] evaluated the littoral drift at

the range of 1–3.5×106 m3year−1, Teixeira [1994] proposed the range 1.4-1.7×106 m3year−1,

Andrade et al. [2002] proposed the range 1-2×106 m3year−1, Larangeiro and Oliveira [2003]

proposed 1×106 m3year−1 and Coelho [2005] the value of 1.1 ×106 m3year−1. This littoral

drift, associated with the ebb dominance of the lagoon, generates a submerged ebb tidal

delta, that can be observed offshore Costa Nova (identified in Figure 1.1).

3.7 Representative waves and longitudinal sediment trans-

port

This Section presents the study performed to quantify the longshore sediment transport and

to find a simplified wave regime which induces a longitudinal sediment transport offshore

the study area equivalent to that caused by the complete wave regime. This equivalent wave

regime will be used in the morphodynamic simulations in order to understand the effect of

each single wave in the complete sediment transport. With this purpose the methodology

proposed by Chonwattana et al. [2005] was applied with the modifications described in the

next subsection. This method is based on the principles of conservation of wave power and

longshore sediment transport capacity between the two sets of wave regimes.

The first step consists in calculate the longshore sediment transport due to the complete wave

regime offshore Aveiro. After that, the regime is simplified using different formulae for the

sediment transport and new estimates of the longshore transport are calculated. Comparing

the results between these wave regimes with the complete one, the best simplification can be

chosen.

3.7.1 Wave regime considered

The complete wave regime was obtained based on data from two wave directional buoy lo-

cated in Figueira da Foz (40o11′08′′N−9o8′44′′W, depth 92 m ZH) and Leixões (41o19′00′′N−
8o59′00′′W, depth 83 m ZH) [Capitão et al., 1997; Costa et al., 2003]. In spite of the different

locations, the offshore regime for these two buoys can be considered the same [Coli, 2003],

that is, these 2 buoys register the same wave climate, and thus their records can be com-

plemented with each other in case one buoy fails. After joining the available data from the

buoys, a deep water wave time series was obtained approximately 11 years long (1990-2001)

with 18870 observations. The number of occurrences of the wave records is illustrated in

Figure 3.15 in function of the month. To calculate the longshore sediment transport due to

these set of waves, a cross-shore section 1.5 km northward of Ria the Aveiro lagoon inlet was

selected. The wave regime is computed along this section, considering wave refraction and

shoaling, and assuming straight and parallel bottom contours.

The longshore sediment transport is calculated by means of the six longshore sediment trans-
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Figure 3.15: Number of wave records in function of the month, for the two buoys located
in Figueira da Foz (40o11′08′′N − 9o8′44′′W, depth 92 m ZH) and Leixões (41o19′00′′N −
8o59′00′′W, depth 83 m ZH) [Capitão et al., 1997; Costa et al., 2003].

port formulations presented in Section 2.5.2. The dependency of each sediment transport

formulation on the wave height and angle at the breaker line and the dependency on d50 and

bottom slope i is presented in Table 3.1. It should be noted that all these formulae make use

of the breaking significant wave height, except the C2 formula which accounts for the root

mean square wave height, Hrms. The longshore sediment transport is computed considering

the characteristics of each wave that constitute a wave regime composed by a set of 282

distinct waves, obtained through the 18870 records of the wave directional buoys.

The value for the sediment size and bottom slope has to be chosen considering the range

Table 3.1: Longshore sediment transport formulations where K represents each formulation
dependency on d50 and bottom slope i.

Formulation Q`(m
3year−1) K∝

C2 K1H
5/2
rms sin 2αb ed50

K&I K2H
5/2
b cosαb sin 2αb i

Kr88 K3H
3/2
b sin 2αbW i

K86 K4H
7/2
b sin 2αb d−150 i

K91 K5H
2
b T

1.5
p sin0.6 2αb d−0.2550 i0.75
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of values presented in bibliography. The values considered are d50 = 0.50 mm and bottom

slope i = 0.014 m, computed through the average of slopes at the cross section considered.

However, due to the range of these two characteristics values at the nearshore study area,

a sensitivity analysis of the formulations to typical values of d50 and i is performed. These

results are illustrated in Figure 3.16. All formulations, with exception to C2, depend on the

bottom slope. Only the C2, K86 and K91 have dependencies on the sediment size d50. The

formula K86 revealed to be highly sensitive to the value of d50 considered, due to its inverse

dependency on the sediment size. The C2 formulation, with an exponential dependency on

d50 also revealed a strong dependency to this characteristic.

Analyzing the results of the dependency of longshore sediment transport to the bottom slope,

again the K86 formulation have the higher dependency due to the linear dependency on i.

The same dependency and sensible behavior is obtained when using the K&I formulation to

compute the longshore sediment transport.

Considering the supracited values of d50 and bottom slope (0.5 mm and 0.014 m, respec-

tively), the values obtained for the longshore sediment transport are presented in Table 3.2.

There is a wide spread of results for the longshore sediment transport. The reference value

considered for the Portuguese West coast in Aveiro was presented by Larangeiro and Oliveira

[2003] and is Q`=1×106 m3year−1. Analyzing the values obtained it is concluded that the

longshore sediment transport computed for the complete wave regime by all transport for-

mulae is overestimated when compared with the reference value.

(a) (b)

Figure 3.16: Sensitivity analysis of the longshore sediment transport formulations to (a) d50
(mm) and (b) the bottom slope (m).

Table 3.2: Longshore sediment transport results (×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

8.83 3.11 5.63 1.44 8.52 1.90
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3.7.2 Simplifications of the wave regime

To calculate a simplified wave regime the method proposed by Chonwattana et al. [2005] is

used. This method is based in the wave energy conservation principle coupled to longshore

sediment transport.

Knowing that the conservation of the wave energy flux along the wave radii [CEM, 2002] is

given by:

H2
1 cg1 = H2

2 cg2 (3.2)

⇔ H2
1 T1 = H2

2 T2 (3.3)

taking into account that cg = (gTz)/(4π). We can derive the wave power equations in

cross-shore and longshore directions:

Power in cross-shore direction = H2
0 Tz cosα0 (3.4)

Power in longshore direction = H2
0 Tz sinα0 (3.5)

If the total longshore sediment transport is to be conserved among two different sets of wave

regimes, then equation (2.29) yields,

H
5/2
0 cosα0

1/4 sin 2α0 = constant (3.6)

Now if the wave energy and longshore sediment transport are to be conserved, equations

(3.4), (3.5) and (3.6) are constants and form a non-linear system:
C1 = H2

0 Tz cosα0

C2 = H2
0 Tz sinα0

C3 = H
5/2
0 cosα0

1/4 sin 2α0

(3.7)

The constants C1, C2 and C3 are calculated for each wave of the wave regime, given H0, T

and α0.

The simplified wave regime is calculated by dividing the complete regime in a few (usually

less than 10) directional or wave height classes, each one corresponding to one equivalent

wave. Each class has one trio (C1,eq, C2,eq, C3,eq) that is a function of the percentage of

occurrence of all waves within that new class:

(C1,eq, C2,eq, C3,eq) =

(
ΣpiC1,i

Σpi
,
ΣpiC2,i

Σpi
,
ΣpiC3,i

Σpi

)
(3.8)

where pi is the probability of occurrence of each wave of the selected class.

Once having computed (C1,eq, C2,eq, C3,eq) the system (3.7) is inverted to obtain
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(H0,eq, Teq, α0,eq) of the equivalent wave, that is:
α0,eq = arctan C2

C1

H0,eq =
(

C3

cosα0,eq
1/4 sin 2α0,eq

)2/5
Tz,eq = C1

H2
0,eq cosα0,eq

(3.9)

The wave with these characteristics is representative of a certain directional or wave height

class and their frequency of occurrence is the sum of the individual frequencies of occurrence

within that class (from the complete wave regime).

The longshore sediment transport formulae presented in Table 3.1 depend on the wave charac-

teristics at the breaker line, thus it is important to derive the longshore transport conservation

equations for the breaker point. The wave energy flux is given by

F = E cg ∝ H2 cg ∝ H2 n c (3.10)

The wave breaking occurs in shallow water, thus:

Fb = H2
b cb ⇔ Fb = H2

b

√
g hb (3.11)

Considering that hb = Hb/0.78:

Fb = H2
b

√
g Hb

0.78
= H

5/2
b

√
g

0.78
(3.12)

Therefore the energy flux in cross-shore and longshore directions, in the breaker line, are:

Fbcross = constH
5/2
b cosαb (3.13)

Fblong
= constH

5/2
b sinαb (3.14)

Assuming conservation of the wave energy:

C1 = H
5/2
b cosαb (3.15)

C2 = H
5/2
b sinαb (3.16)

C1 and C2 are independent of the wave period (due to wave refraction by Snell’s law) and

of the transport formulae. The formula to compute the representative wave angle in the

breaker line is derived using equations (3.15) and (3.16), independently of the formula used
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to compute the longshore sediment transport.

C2

C1
=
H

5/2
0 sinαb

H
5/2
0 cosαb

=
sinαb
cosαb

⇔ C2

C1
= tanαb ⇔ αb,eq = arctan

C2

C1
(3.17)

This formula is used for all formulae presented in Table 3.1.

The C3 equation depends on the sediment transport formula used, and is derived assuming

longshore sediment transport conservation as in equation (3.6).

C2:

Through the equation of Valle et al. [1993] in Table 3.1:

Q` ∝ K1H
5/2
rmsb

sin 2αb

⇒C3(C2) = H5/2
rmsb

sin 2αb (3.18)

and:

Hrmsb,eq(C2)
=

(
C3,eq

sin 2αb,eq

)2/5

= Hs,eq(C2)

√
2

2

⇒ Hs,eq(C2) =
2√
2
Hrmsb,eq(C2)

⇒ Hs,eq(C2) =
2√
2

(
C3,eq

sin 2αb,eq

)2/5

(3.19)

K&I:

Through the equation of Komar and Inman [1970] in Table 3.1:

Q` ∝ K2H
5/2
b cosαb sin 2αb

⇒C3(K&I) = H
5/2
b cosαb sin 2αb (3.20)

and:

Hb,eq(K&I) =

(
C3,eq

cosαb,eq sin 2αb,eq

)2/5

(3.21)
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Kr88:

Through the equation of Kraus et al. [1988] in Table 3.1:

Q` ∝ K3H
3/2
b sin 2αbW (3.22)

⇒C3(Kr88) = H
3/2
b sin 2αbW (3.23)

and:

Hb,eq(Kr88) =

(
C3,eq

sin 2αb,eqW

)2/3

(3.24)

K86:

Through the equation of Kamphuis et al. [1986] in Table 3.1:

Q` ∝ K4H
7/2
b sin 2αb

⇒C3(K86) = H
7/2
b sin 2αb (3.25)

and:

Hb,eq(K86) =

(
C3,eq

sin 2αb,eq

)2/7

(3.26)

K91:

Through the equation of Kamphuis [1991] in Table 3.1:

Q` ∝ K5H
2
b T

1.5
p sin0.6 2αb

⇒C3(K91) = H2
b T

1.5
p sin0.6 2αb (3.27)

and:

Hb,eq(K91) =

(
C1,eq

cosαb,eq

)2/5

(3.28)

Tp,eq(K91) =

(
C3,eq

H2
b,eq sin0.6 2αb,eq

)2/3

(3.29)

To analyze which method of simplification is the most adequate, several waves were grouped

by directional and wave height classes. Thus, one has the degree of freedom to, a priori,

choose how many waves will have the simplified regime, and how are the individual waves
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(or contributions) from the complete set lumped together.

Considering a lumping of the waves by directional classes (that is, grouping together all waves

within a certain range of α) were tested two simplifications: one based on the deepwater

wave angle (simplification 1a), and the other based on the wave breaker angle (simplification

1b). In the case of grouping the wave regime by wave height classes, were created groups

by deepwater wave height (simplification 2a) and breaker wave height (simplifications 2b

and 2c). In Figure 3.17 are illustrated the incident wave angles (Figure 3.17a) and wave

heights (Figure 3.17b) in deepwater (+) and at the breaker line (o) versus the frequency of

occurrence.

With this process to simplify the complete wave regime are obtained several simplified wave

regimes, one for each longshore sediment transport formula and simplification procedure (1a,

1b, 2a, 2b and 2c). Each simplified regime will thus consist of a small set of waves (typically

less than 10) that yield the same annual total longshore sediment load and wave power

as the averaged wave climate. The total annual longshore transport results are presented

in Tables 3.3 to 3.12 where the first column of each identifies the formula by which the

longshore sediment transport is computed, independently of the wave regime. The results

in the second line on Tables 3.3, 3.5, 3.7, 3.9 and 3.11 corresponds to the total annual

alongshore transport results previously presented in Table 3.2, whereas the results below this

line are the ones obtained through the simplified regimes. These values are compared to the

reference value for the Portuguese Aveiro West coast presented by Larangeiro and Oliveira

[2003] Q`=1×106 m3year−1 . Comparing this value with those obtained with the transport

formulae presented above it is possible to conclude which formula performs better.

Analysing the results obtained for the simplified wave regimes, the conclusions are that

using CERC formula the results are independent of the simplified wave regime that is used

(second column with always the same value).

The most sensitive formula to the (simplified) wave regime is the K86 formula due to its

(a) (b)

Figure 3.17: Frequency of occurrence of the (a) incident wave angles and (b) wave heights of
the complete wave regime at deepwater (+) and at the breaker line (o).
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larger-power dependence of the breaker wave height (H
7/2
b ). The formulae less sensitive

to the wave regime are Kr88 (H
3/2
b ) and K91 (H2

b ), which have the smallest wave height

dependence.

To analyze which regime simplification performs better, the values of Q` were normalized

taking the ratio between the transport values calculated by the simplified wave regimes

and the values obtained by the complete regime: Qsimpl/Qtotal. The average and standard

deviation of these normalized ratios has also been calculated.

An example of the normalized values computed from the results in previous tables are

presented in Tables 3.4, 3.6, 3.8, 3.10 and 3.12. Also, in this tables are presented the

averages and standard deviations of the normalized values of the results by using different

wave regimes (vertical averaging), the averages of the results from the several longshore

sediment transport formulae (horizontal averaging) and the standard deviations of these.

Thus, looking down a given column one can see how much a certain transport formula is

sensitive to variations in computing the simplified wave regime, whereas looking across a

given line one concludes how good a simplified wave regime (and methodology) is for all the

transport formulae. For instance, column 2 shows that the CERC formula yields precisely

the same results for any (properly) simplified wave regime. However, lines 2 and 3 indicate

that computing the simplified wave regime using the CERC formula gives rise, on average,

to worse results for the total transport than using, for example, C2 to simplify the wave

regime.

Simplification 1

The simplification 1 is made by grouping the waves of the complete wave regime in classes

with an interval of deepwater wave angle (simplification 1a) and of incident wave breaker

angle of 5 degrees each (simplification 1b), resulting in 8 and 12 representative waves respec-

tively (Figure 3.17a).

It is observed that the formula that best predicts the reference value (1 × 106 m3year−1) is

Kr88. However, the simplified regimes could yield values of Q` 20% larger (for simplification

1a) and somewhat larger (35% for simplification 1b) than the value for the complete regime

(1.44× 106 m3year−1).

Analysing the results of the formulae that are a function of the wave characteristics at the

breaker line, the Kr88 and K91 formulae for simplification 1a and K91 formula for 1b are the

ones that provide the most stable results (Q`,norm = 1.05, σ = 0.07, Q`,norm = 0.90, σ = 0.09

and Q`,norm = 1.14, σ = 0.11, respectively).

Analysing the results of the horizontal averaging in simplification 1a, it is concluded that to

compute simplified wave regimes, the formulae Kr88, C2, K&I and K91 are those that provide

the best results of the longshore sediment transport computed with simplified regimes, with
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Table 3.3: Longshore sediment transport results for wave regime simplification 1a. (Q` =
×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

Complete wave
regime 8.83 3.11 5.63 1.44 8.52 1.90
CERC 8.83 3.11 5.63 1.44 8.52 1.62
C2 8.83 3.11 5.64 1.48 6.00 1.63
K&I 8.83 3.10 5.63 1.48 5.98 1.63
Kr88 8.83 3.07 5.58 1.44 6.06 1.64
K86 8.83 3.99 7.24 1.72 8.52 2.07
K91 8.83 3.12 5.65 1.48 6.01 1.62

Table 3.4: Longshore sediment transport normalized results for wave regime simplification
1a. (Q` = ×106 m3year−1).

Reg \ Form CERC C2 K&I Kr88 K86 K91 Q`,norm σ

CERC 1.00 1.00 1.00 1.00 1.00 0.85 0.98 0.06
C2 1.00 1.00 1.00 1.03 0.70 0.86 0.93 0.13
K&I 1.00 1.00 1.00 1.03 0.70 0.86 0.93 0.13
Kr88 1.00 0.99 0.99 1.00 0.71 0.86 0.93 0.12
K86 1.00 1.28 1.29 1.19 1.00 1.09 1.14 0.13
K91 1.00 1.00 1.00 1.03 0.71 0.85 0.93 0.13

Q`,norm 1.00 1.04 1.05 1.05 0.80 0.90 0.97
σ 0.00 0.12 0.12 0.07 0.15 0.09 0.08

Table 3.5: Longshore sediment transport results for wave regime simplification 1b. (Q` =
×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

Complete wave
regime 8.83 3.11 5.63 1.44 8.52 1.90
CERC 8.83 3.99 7.22 1.83 11.61 2.09
C2 8.83 3.99 7.23 1.71 8.68 2.02
K&I 8.83 3.98 7.22 1.71 8.66 2.02
Kr88 8.83 4.68 8.49 1.83 11.33 2.35
K86 8.83 4.91 8.91 1.94 11.61 2.48
K91 8.83 4.00 7.24 1.71 8.71 2.09
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Table 3.6: Longshore sediment transport normalized results for wave regime simplification
1b. (Q` = ×106 m3year−1).

Reg \ Form CERC C2 K&I Kr88 K86 K91 Q`,norm σ

CERC 1.00 1.28 1.28 1.27 1.36 1.10 1.22 0.14
C2 1.00 1.28 1.28 1.19 1.02 1.07 1.14 0.13
K&I 1.00 1.28 1.28 1.18 1.02 1.06 1.14 0.13
Kr88 1.00 1.50 1.51 1.27 1.33 1.24 1.31 0.19
K86 1.00 1.58 1.58 1.35 1.36 1.30 1.36 0.21
K91 1.00 1.28 1.29 1.19 1.02 1.10 1.15 0.13

Q`,norm 1.00 1.37 1.37 1.24 1.19 1.14 1.22
σ 0.00 0.14 0.14 0.07 0.18 0.11 0.11

Table 3.7: Longshore sediment transport results for wave regime simplification 2a. (Q` =
×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

Complete wave
regime 8.83 3.11 5.63 1.44 8.52 1.90
CERC 8.83 2.37 4.29 1.10 5.95 1.26
C2 8.83 2.37 4.38 1.08 5.41 1.41
K&I 8.83 2.32 4.29 1.06 5.26 1.39
Kr88 8.83 2.49 4.59 1.10 5.80 1.48
K86 8.83 2.52 4.66 1.11 5.95 1.49
K91 8.83 2.42 4.47 1.09 5.57 1.26

Table 3.8: Longshore sediment transport normalized results for wave regime simplification
2a. (Q` = ×106 m3year−1).

Reg \ Form CERC C2 K&I Kr88 K86 K91 Q`,norm σHor
CERC 1.00 0.76 0.76 0.77 0.70 0.66 0.77 0.12
C2 1.00 0.76 0.78 0.75 0.64 0.74 0.78 0.12
K&I 1.00 0.75 0.76 0.74 0.62 0.73 0.77 0.13
Kr88 1.00 0.80 0.82 0.77 0.68 0.78 0.81 0.11
K86 1.00 0.81 0.83 0.77 0.70 0.79 0.82 0.10
K91 1.00 0.78 0.79 0.76 0.65 0.66 0.77 0.13

Q`,norm 1.00 0.78 0.79 0.76 0.66 0.73 0.79
σ 0.00 0.02 0.03 0.01 0.03 0.05 0.04
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Table 3.9: Longshore sediment transport results for wave regime simplification 2b. (Q` =
×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

Complete wave
regime 8.83 3.11 5.63 1.44 8.52 1.90
CERC 9.10 3.11 5.63 1.44 8.52 1.62
C2 9.10 3.11 5.74 1.43 8.32 1.83
K&I 9.10 3.05 5.63 1.41 8.10 1.79
Kr88 9.10 3.18 5.87 1.44 8.41 1.87
K86 9.10 3.18 5.87 1.45 8.52 1.86
K91 9.10 3.17 5.86 1.45 8.55 1.62

Table 3.10: Longshore sediment transport normalized results for wave regime simplification
2b. (Q` = ×106 m3year−1).

Reg \ Form CERC C2 K&I Kr88 K86 K91 Q`,norm σHor
CERC 1.03 1.00 1.00 1.00 1.00 0.85 0.98 0.06
C2 1.03 1.00 1.02 0.99 0.98 0.96 1.00 0.03
K&I 1.03 0.98 1.00 0.98 0.95 0.94 0.98 0.03
Kr88 1.03 1.02 1.04 1.00 0.99 0.98 1.01 0.02
K86 1.03 1.02 1.04 1.01 1.00 0.98 1.01 0.02
K91 1.03 1.02 1.04 1.01 1.00 0.85 0.99 0.07

Q`,norm 1.03 1.01 1.02 1.00 0.99 0.93 1.00
σ 0.00 0.02 0.02 0.01 0.02 0.06 0.02

Table 3.11: Longshore sediment transport results for wave regime simplification 2c. (Q` =
×106 m3year−1).

CERC C2 K&I Kr88 K86 K91

Complete wave
regime 8.83 3.11 5.63 1.44 8.52 1.90
CERC 9.24 3.11 5.63 1.44 8.52 1.62
C2 9.24 3.11 5.74 1.23 8.42 1.82
K&I 9.24 3.05 5.63 1.22 8.19 1.79
Kr88 9.24 4.85 8.96 1.44 22.71 2.93
K86 9.24 3.14 5.80 1.24 8.52 1.84
K91 9.24 3.17 5.86 1.25 8.65 1.62
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Table 3.12: Longshore sediment transport normalized results for wave regime simplification
2c. (Q` = ×106 m3year−1).

Reg \ Form CERC C2 K&I Kr88 K86 K91 Q`,norm σ

CERC 1.05 1.00 1.00 1.00 1.00 0.85 0.98 0.07
C2 1.05 1.00 1.02 0.86 0.99 0.96 0.98 0.07
K&I 1.05 0.98 1.00 0.85 0.96 0.94 0.96 0.07
Kr88 1.05 1.56 1.59 1.00 2.67 1.54 1.57 0.60
K86 1.05 1.01 1.03 0.86 1.00 0.97 0.99 0.07
K91 1.05 1.02 1.04 0.87 1.01 0.85 0.97 0.09

Q`,norm 1.05 1.10 1.11 0.91 1.27 1.02 1.09
σ 0.00 0.23 0.23 0.07 0.68 0.26 0.29

Q`,norm equal to 0.93 and standard deviations of 0.12 for Kr88 and 0.13 for the remaining

three. For simplification 1b, the formulae C2, K&I and K91 are those that provide the best

results of the longshore sediment transport computed with simplified regimes, with Q`,norm

equal to 1.14 for the first two formulae and 1.15 for the last one, and standard deviations

for all three formulae equal to 0.13.

Simplification 2

The simplification 2 is made by grouping the waves of the complete wave regime in classes

with an interval of deepwater wave height (simplification 2a), incident wave breaker height of

1 m (simplification 2b) and 0.5 m (simplification 2c), resulting in 16, 8 and 16 representative

waves respectively (Figure 3.17b).

One observes that the formula that best predicts the reference value (1×106 m3year−1) is

Kr88. However, the simplified regimes could yield values of Q` 26% and 15% lower, for

simplification 2a and 2c respectively, than the value for the complete regime (1.44×106

m3year−1). For simplification 2b the range of Q` values is ± 0.70%.

Analysing the results of the formulae that are a function of the wave characteristics at the

breaker line, for simplification 2a, the K&I and C2 formulae are the ones that provide the

most stable results (Q`,norm = 0.79, σ = 0.03 and Q`,norm = 0.78, σ = 0.02). In simplification

2b the formulae are Kr88, C2 and K86 with values of Q`,norm = 1.00, σ = 0.01, Q`,norm =

1.01, σ = 0.02 and Q`,norm = 0.99, σ = 0.02, respectively. Kr88 = Q`,norm = 0.91, σ = 0.07

and K91 = Q`,norm = 1.02, σ = 0.26 are the results most stable obtained for simplification

2c.

Analysing the results of the horizontal averaging in simplification 2a, we conclude that to

compute simplified wave regimes, the formulae K86 and Kr88 are those that provide the

best results of the longshore sediment transport computed with simplified regimes, with

Q`,norm equal to 0.82 and 0.81 and standard deviations of 0.10 and 0.11, respectively. For
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simplification 2b, the formulae C2, Kr88 and K86 are those that provide the best results of

the longshore sediment transport computed with simplified regimes, with Q`,norm equal to

1.00 for the first and 1.01 for both Kr88 and K86, and standard deviations of 0.03 for C2

and 0.02 for the others two. For simplification 2c, the K86 (Q`,norm = 0.99 and σ = 0.07)

and C2 (Q`,norm = 0.98 and σ = 0.07) formulae are those that provide the best results of

the longshore sediment transport computed with simplified regimes.

Average of Q`

To analyze the several simplifications that were made, all the averages of the longshore sedi-

ment transport for all the simplifications tested, were joined in one single table (Table 3.13).

That is, Table 3.13 contains all the horizontally averaged results of each simplification (in the

second last column of Table 3.4 and similar ones). From it we can conclude which method

to compute a simplified wave regime is the best one, and which of the computed simplified

wave regimes produce longshore transports close to those obtained with the complete wave

regime.

Thus, Table 3.13 shows that the best results are provided by simplification 2b (M= 1.00,

σ = 0.01). This wave regime simplification consists in grouping the complete wave regime in

wave breaker height classes with intervals of 1 m, resulting in 8 representative waves. The

second best tested simplification is 1a (M= 0.97, σ = 0.08), which corresponds to divide

the complete wave regime in directional classes of wave angles in deepwater, resulting in

8 equivalent waves. Analyzing the average and standard deviation of the simplified wave

regimes (horizontal average), we conclude that those that are computed through C2, K&I

and K91 are the ones that produce results more stable (smaller standard deviation) for

longshore sediment transport. The results for all three simplified wave regimes are M= 0.96,

σ = 0.13.

Taking into account the sensitivity analysis of the formulations to d50 and to the bot-

Table 3.13: Longshore sediment transport mormalized results for all wave regime simplifica-
tions tested. (Q` = ×106m3year−1).

Reg \ Form 1a 1b 2a 2b 2c M σ

CERC 0.98 1.22 0.77 0.98 0.98 0.99 0.16
C2 0.93 1.14 0.78 1.00 0.98 0.96 0.13
K&I 0.93 1.14 0.77 0.98 0.96 0.96 0.13
Kr88 0.93 1.31 0.81 1.01 1.57 1.12 0.31
K86 1.14 1.36 0.82 1.01 0.99 1.06 0.20
K91 0.93 1.15 0.77 0.99 0.97 0.96 0.13
M 0.97 1.22 0.79 1.00 1.08 1.08
σ 0.08 0.10 0.02 0.01 0.24 0.07
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tom slope, it is concluded that among the three formulations, the more stable is K91.

Consequently the better simplified regime is obtained using the K91 formulation and the

simplification 2b. These representative waves are represented in Table 3.14. This simplified

regime induces a longitudinal sediment transport offshore the study area equivalent to that

caused by the complete wave regime. This set of waves can be used as boundary condition in

morphodynamic simulations, instead of the complete regime, to decrease the computational

time. Additionally, these waves can be used separately in order to study and understand the

influence of a particular wave height or wave direction in the sediment transport.

Table 3.14: Wave simplified regime computed through the K91 longshore sediment transport
formula. Simplification 2b

Wave Frequency (%) H0,eq (m) α0,eq (o) Hb,eq (m) αb,eq (o) Tp,eq (s)

#1 0.1429 0.71 20.52 0.87 6.72 8.65
#2 0.4574 1.36 22.10 1.55 8.80 9.28
#3 0.2475 2.23 20.76 2.48 8.25 10.75
#4 0.0971 3.13 19.41 3.39 7.72 11.50
#5 0.0387 4.14 20.22 4.37 8.70 12.19
#6 0.0119 5.10 22.73 5.36 10.19 13.76
#7 0.0023 5.87 18.87 6.31 8.29 14.06
#8 0.0013 6.81 15.25 7.46 4.60 14.88

3.8 Conclusions

Through years the Ria de Aveiro lagoon inlet migrated along the coastline, until its closure

around 1741. In 1808 an artificial inlet was constructed, composed by two-breakwaters. The

breakwater located at the North side is the most important structure and also the most

susceptible to the wave regime. Recently it was subjected to reparation works due to its

collapse.

The bathymetric data obtained through surveys performed by I.H. and by A.P.A. in the

study area domain were analyzed. It is observed a generalized deepening of the inlet channel

between the years 1987/88 and 2001.

The bathymetric evolutions, more pronounced between 2001 and 2005, shows that the deeper

area located between the tidal gauge and the triângulo das marés is filling in. An offshore

and southward movement is observed for the deeper area located between the breakwaters,

deepening at the left side of the deeper area and slightly accreting at the right side.

Concerning the bottom sediments size, a heterogeneous distribution was created by merging

literature data and observational data. This distribution considers coarser sediments close

to the North breakwater decreasing in size up to the Meia Laranja beach.
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The Ria de Aveiro lagoon was characterized hydrodynamically as mesotidal with a tidal

range of 2 m and with semidiurnal tidal forcing. The higher duration of flood currents when

compared with the ebb currents, revealed ebb dominance in the lagoon.

A sensitivity analysis of the longshore sediment transport formulations to the sediment size

diameter and to bottom slope was performed. It was concluded that the K86 and the K&I

formulations have strong dependencies on these domain characteristics. The C2 formulation

revealed a strong dependency on d50.

The longshore transport induced by the complete wave regime was computed through several

formulations and the results obtained when compared to the reference value presented in lit-

erature, revealed over-prediction for all formulations. The formulation of K91 represents the

better description of the longshore sediment transport, evaluating the transport as 1.90×106

m3year−1.

In order to find a simplified wave regime which induces a longitudinal sediment transport

equivalent to that caused by the complete wave regime, several simplifications were tested

by grouping the waves by the correspondent height and incident angle.

The results indicate that to compute the simplified wave regime, the formulations of C2,

K&I and K91 are more adequate and accurate than the other formulae (Kr88 and K86). In

absolute terms, the K91 seems to be more accurate for this coastal stretch.

To derive a simplified wave regime, among the 5 different alternatives that were tested, the

best method is to divide the complete wave regime in wave height classes of intervals of 1m,

resulting in 8 equivalent waves, for the wave regime used in this study. The simplified wave

regime corresponding to simplification 2b and with Q` computed from K91 is composed of 8

waves and is presented in Table 3.14. This wave regime will be used as boundary condition

in the numerical simulations with the morphodynamic model MORSYS2D (Chapter 6), in

order to understand the effect of each single wave in the complete sediment transport.



Chapter 4

MORSYS2D and Models Setup

4.1 Introduction

To identify the processes that govern the sediment transport at the Ria de Aveiro lagoon

inlet, the numerical model MORSYS2D is used. The simulations performed take into ac-

count different sediment transport forcings: the tidal current and a regular monochromatic

wave or a wave regime. With these simulations, bathymetric changes are predicted and the

morphodynamic of the inlet is studied.

In this Chapter, the methodology adopted in the numerical modeling study is presented.

Also, a general overview of the morphodynamic modeling system used, MORSYS2D, is per-

formed, presenting the main formulations solved by each model component that encompasses

this modeling system.

To complete the chapter, the models setup to the Aveiro study case are presented. Also

in this section a hydrodynamic validation is performed, by comparing the numerical results

obtained in this study with measurements and with the results obtained by Oliveira et al.

[2007] . Additionally, a comparison between the wave regime forcing used in this study and

the available directional buoy data is made.

4.2 Methodology

The numerical modeling study dedicated to improve the knowledge about the Ria de Aveiro

lagoon inlet morphodynamic characteristics and dominant processes is performed by using

the modeling system MORSYS2D in two main simulations: forced only by tides (Chap-

ter 5) and forced by coupled tides and waves (Chapter 6). The predicted bathymetry and

bathymetric changes are compared with those observed in order to evaluate the models per-

formance. The numerical results allow the analysis of the residual sediment fluxes, obtained

by averaging the sand fluxes for two MSf constituent periods (2×14.78 days). These residual

fluxes are computed and analyzed at the study area and at nine cross-sections, defined to en-
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compass the inlet, navigation channel and nearshore region (Figure 3.7). These nine sections

delimit eight regions where the sedimentation rates are computed. Additionally to these, one

longitudinally section was defined along the center of the inlet and navigation channel. The

choice of the sections and regions locations was made in order to match with the bottom

features of the study area, previously analyzed in Chapter 3.

The influence of the tidal currents is analyzed by performing numerical simulations consid-

ering the tides as the only sediment transport forcing in the formulations available. Within

these simulations the influence of spring and neap tide conditions, bottom depth and dis-

tribution of the bottom sediment size is analyzed through the residual sediment fluxes and

bathymetric changes.

After understanding the influence of these factors in the morphodynamics, simulations for

long periods, 1.75 and 4.25 years are performed in order to validate the numerical results by

comparing them with the observations, described in Chapter 3. From these simulations is

identified the area of tidal influence at the inlet, concerning the sediment transport.

The influence of the waves in the lagoon inlet morphodynamics is studied through numerical

simulations considering the tides and the waves as coupled forcing in the sediment transport.

Two separated studies are presented: a regular monochromatic wave and a complete wave

regime. The simulations considering a regular monochromatic wave as sediment forcing are

performed in order to identify the wave characteristics that induce the largest changes in the

inlet morphology. The real wave regime is imposed in order to reproduce the real bathymetric

changes observed, validating the results. Long period simulations of 1.75 and 4.25 years are

also performed.

4.3 Numerical model

The numerical simulations of the sediment dynamics and morphologic evolution of the Ria

de Aveiro inlet were performed with the 2DH morphodynamic modeling system MORSYS2D

[Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009c]. This modeling system (schematized

in Figure 4.1) integrates the hydrodynamic model ELCIRC, which calculates tidal elevations

and currents, the wave model SWAN, which computes wave propagation and the model

SAND2D that computes sand transports and updates the bottom topography.

A short description of each model component is presented in the following subsections.

4.3.1 ELCIRC

ELCIRC is an open-source model (www.stccmop.org/CORIE/modeling/elcirc/index.html)

developed for the simulation of 3D baroclinic circulation that uses a finite-volume/finite-

difference Eulerian-Lagrangian algorithm to solve the set of six hydrostatic equations based on

the Boussinesq approximation: mass conservation, momentum conservation and conservation
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Figure 4.1: Schematic diagram of the MORSYS2D morphodynamic model system.

of salt and heat [Zhang et al., 2004]. The equations for mass and momentum conservation

in ELCIRC are given by:
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where (x, y) are the horizontal cartesian coordinates, z the vertical coordinate, t the time, ζ

the surface water elevation, h the depth, g the gravity, ψ̂ the tidal potential, α the effective

Earth elasticity factor, ρ the water density, Pa the atmospheric pressure at free surface and

Kmv the vertical eddy viscosity

Within MORSYS2D, the hydrodynamic model ELCIRC, reverses to a 2D depth-averaged

model, by using a single vertical layer. The previous equations for the depth-integrated

mode are:
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where H is the total depth, U, V are the depth averaged velocity components in the x and y

directions, τbx, τby are the bottom stress in x and y directions, τsx, τsy are the surface stress

in x and y directions and ν is the horizontal eddy viscosity. In the present application of

MORSYS2D, the horizontal diffusion term was not considered.

In the hydrodynamic model these equations are discretized through a volume conservative

numerical algorithm, stable and computationally efficient, naturally incorporating wetting

and drying. A triangular mesh is used to discretize the horizontal domain.

There are several options of forcing agents in ELCIRC within MORSYS2D: tides, tidal

potential, river flow and wind or waves-induced radiation stresses. Only the surface water

elevation and waves-induced radiation stresses are considered in this study.

Under the action of tides only, the stress is defined at the bottom according to each horizontal

direction:

τbx = ρCD
√
U2 + V 2 U (4.3a)

τby = ρCD
√
U2 + V 2 V (4.3b)

where CD is the drag coefficient computed using the Manning law and given by:

CD = g n2 h−1/3 (4.4)

and the friction coefficient n could be defined constant or variable in space.

According to Longuet-Higgins and Stewart [1964] and Phillips [1977] the effect of short waves

on the hydrodynamics is expressed through the forcing by the gradients of wave radiation

stresses, which in this 2DH mode can be defined by:
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(4.5a)
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and Sxx, Syy, Sxy, Syx are wave radiation stress terms, given by:
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where E = 1/8ρgH2
rms is the wave energy, α is the wave angle to the x axis, Cg is the wave

group velocity and C the wave phase velocity.

4.3.2 SWAN

The wave model SWAN [Booij et al., 1999] computes the evolution of the wave spectrum by

solving the spectral action balance equation adapted to nearshore zones, given in Cartesian

coordinates by Equation 4.7.

∂

∂t
N +

∂

∂x
(cxN) +

∂

∂y
(cyN) +

∂

∂σ
(cσN) +

∂

∂θ
(cθN) =

S

N
(4.7)

in which σ is the wave frequency (s−1), θ the wave angle (radians), N the wave action density

(m), cx, cy the wave propagation speeds in x and y directions (m/s) and S the energy source

term (m/s2).

The first term on the left-hand side of Equation 4.7 represents the local rate of change

of action density in time, the second and third terms represent propagation of action in

geographical space (with propagation velocities cx and cy in x and y space, respectively). The

fourth term represents the shifting of the relative frequency due to variations in depths and

currents (with propagation velocity cσ in σ space). The fifth term represents depth induced

and current-induced refraction (with propagation velocity cθ in θ space). The expressions for

these propagation speeds are taken from linear wave theory [e.g., Whitham, 1974; Dingemans,

1997]. The term S [= S (σ, θ)] at the right-hand side of the action balance equation is the

source term represented as energy density, showing the effects of generation, dissipation, and

nonlinear wave-wave interactions.

Within MORSYS2D, when interactions with currents or propagation within a non-uniform

water level are considered, SWAN is fed by outputs of velocities and elevations from the

hydrodynamic model (ELCIRC) linearly interpolated over SWAN’s grids. SWAN can be

forced at its open boundary by constant wave parameters, time series of wave parameters

(e.g. WW3 model [Tolman et al., 2002]), by wave spectra originating from the WW3 model

or from oceanic wave buoy data. Depending on the size and the geometry of the modeled

domain, several computational grids can be nested, with different spatial resolutions, where

the last nested grid is oriented parallel to the coast and includes the whole area where

bathymetric changes are being simulated and the bathymetry being updated. The spatial

resolution of the finest computational grid is adjusted depending on the wave height and the

beach gradient in order to provide a good description of the surf zone.

Significant wave height, period, direction, wavelength, and orbital velocity are outputted

from SWAN and used to compute gradients of radiation stresses (Equations 4.6) to force the

hydrodynamic model ELCIRC and to compute sand fluxes into SAND2D.
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4.3.3 SAND2D

SAND2D, developed by Fortunato and Oliveira [2004, 2007] and Bertin et al. [2009c], com-

putes the sand transport and the bottom update. The sand fluxes due to the effect of currents

and waves forcing are simulated by using one of the several formulations presented in Section

2.5.1: Meyer-Peter and Muller [1948] (MPM), citeEH67 (EH), Bijker [1971] (Bi), Ackers

and White [1973] (AW), van Rijn [1984a,b,c] (vR), Karim and Kennedy [1990] (kk), Soulsby

[1997] (SvR) and Bhattacharya et al. [2007] (Bha) for currents, and Bijker [1971] (Bi), Ack-

ers and White [1973] (AW) and Soulsby [1997] (SvR) for currents coupled with waves. The

bottom update is performed through the Exner equation, that describes the conservation of

mass between sediment in the bed and the sediment that is being transported.

To deal with the generation of numerical oscillations, a source of constant concern to devel-

opers and users of morphodynamic models, different approaches were considered in SAND2D

model: a predictor-corrector scheme was implemented in the solution of Exner equation, the

inclusion of an additional diffusion term in the referred equation and the inclusion of a mor-

phological factor to adaptatively control the Courant number [Fortunato and Oliveira, 2007].

Additionally, the user may activate five numerical filters: a non-linear bathymetric filter, a

gradient filter, a global filter, a flux filter and a diffusive filter. A short description of these

approaches is presented here.

Predictor-Corrector Method

After computing the sand fluxes, through the formulations aforementioned, the Exner equa-

tion is solved using a predictor corrector method to compute the bathymetry at the next

time step:

∆hi =
1

1− λ
∇Qi∗ (4.8)

where Q∗ is the sediment flux integrated over the morphological time step, λ is sediment

porosity and ∆hi is the bottom variation over a time step. This method is used to cease the

stability problems that appear from the explicit discretization of this equation [Fortunato

and Oliveira, 2007]. In the predictor-corrector method an estimate of depth at time n+ 1 is

first calculated as

hn+1 = hn +
1

1− λ
∇
∫ n+1

n
q (u(t), ζ(t), hn) dt (4.9)

A fully or semi-implicit solution of this equation is then determined in the correction step as

hn+1 = hn +
1

1− λ
∇
∫ n+1

n
q (u(t), ζ(t), h∗) dt (4.10)

where h∗ = αhn+1+(1−α)hn. The implicitness of the method is determined by the parameter

α ∈ [0, 1]. Equations 4.9 and 4.10 can be repeated iteratively, for a user-specified number of

correction cycles.
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Additional Diffusion Term in the Exner Equation

A simple formula is adopted because the diffusion is added just for stability. Thus, a diffusive

term is added to the sediment flux Q, resulting in a new sediment flux formulation Q∗ given

by:

Q∗ = Q+ ε (1− λ)

(
|Qx|

∂h

∂x
, |Qy|

∂h

∂y

)
(4.11)

where ε is a dimensionless diffusion coefficient specified by the user and Q is the sediment

flux, obtained through one of the formulations described in equations 2.2 to 2.13, computed

at the center of the elements and integrated in time between steps n and n+ 1.

Adaptive Time Step

Additionally to the predictor-corrector algorithm, the Courant number is used to confine the

stability of the solution . The procedure consists in automatically adjust the time step to

the maximum Courant number [Bertin et al., 2009c]. The Courant number, Cr, is estimated

as:

Cr ≈ bQ∗

H∆x
(4.12)

where b is the velocity power in the transport formulation (between 3 and 5 considering equa-

tions 2.2 to 2.13) and Q∗ is the tide averaged transport. As described in Bertin et al. [2009c]

the determination of the succeeding morphological time step is based on two assumptions:

(1) the logarithm of αi, the maximum Courant number at time i divided by the time step,

varies linearly in time; and (2) the morphological time step varies slowly in time. Assump-

tion (1) and (2) permit to make a prediction of the next Courant number Crn+1, using a

log-linear extrapolation:

ln (αn+1)− ln (αn)

∆tn+1
=

ln (αn)− ln (αn−1)

∆tn
(4.13)

According to assumption (2), ∆tn+1 ≈ ∆tn, thus equation 4.13 simplifies to:

αn+1 =
α2
n

αn−1
(4.14)

Then, the next morphodynamic time step ∆tn+1 can be computed as:

∆tn+1 = Crtarget
αn−1
α2
n

(4.15)

depending on a user-specified Courant number Crtarget.

Finally, the new morphodynamic time step ∆t∗n+1 is given by:

∆t∗n+1 = δ ·∆tn+1 + (1− δ) ∆tn (4.16)
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where δ is a relaxation factor set to 0.7. This adaptative procedure leads to time steps that

changes from the maximum sand fluxes, obtained in mid-tide or under the action of very

energetic wave conditions (about 2 minutes), to the period when sand fluxes are minimum,

around high and low tide or under the influence of small waves (45 minutes) [Bertin et al.,

2009c; Fortunato et al., 2009]. The minimum morphodynamic time step is limited by the

hydrodynamic model time step.

Numerical filters

The non-linear bathymetric filter smooths the bathymetry errors associated with measure-

ment errors, unresolved bathymetric features and the interpolation algorithms, while pre-

serving the overall domain volume. This filter is applied to eliminate local extrema in the

depth followed by a linear filter to smooth all the domain. Fortunato and Oliveira [2000,

2003] tested this filter and obtained an error reduction of the order of 50% at some locations

in tidal simulations in a large estuary.

The concept that the sand bottom gradients have to be limited by the stress angle is the

basis of the gradient filter. If the gradient is higher than the angle tangent, the equality of

these is imposed as well as the volume conservation.

The global filter consists in a linear filter applied to smooth all the domain (cf. SAND2D

Fortunato and Oliveira [2004, 2007]; Bertin et al. [2009c]).

The flux filter consists in filtering the fluxes by averaging the flux from the element (where

it is computed) to the nodes and back to the elements (cf. SAND2D Fortunato and Oliveira

[2004, 2007]; Bertin et al. [2009c]).

The diffusive filter, denoted by ε in Exner equation, is used by several authors to minimize

numerical fluctuations. SAND2D considers a diffusive coefficient in each flux direction which

is proportional to the sediment flux correspondent to that direction. This filter was already

introduced and presented in equation 4.11 [Fortunato and Oliveira, 2004].

4.4 Models setup and hydrodynamic validation

To perform the numerical simulations it is necessary to define several input grids and pa-

rameters in the numerical models ELCIRC, SAND2D and SWAN. In the next subsections

the setup of the models is described as well as the validation of the hydrodynamic and wave

models.

4.4.1 ELCIRC

The hydrodynamic model ELCIRC uses a computational domain that extends from the

upstream limits of the lagoon to the continental shelf. This domain was discretized with an

unstructured grid with 25819 nodes and 43169 elements, illustrated in Figure 4.2. This grid
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Figure 4.2: Unstructured grid of the Ria de Aveiro lagoon.

is a modification of that presented by Oliveira et al. [2007], with the inlet and nearshore

region refined in order to obtain a better prediction of the fluxes at the inlet. The spatial

discretization of the grid ranges from 1400 m offshore to 20 m at the inlet and 3 m at the

narrow channels upstream.

The bathymetric data considered as initial condition for the numerical simulations is created

by coupling bathymetric data collected from two surveys performed by A.P.A.: 1987/88 and

2001, illustrated in Figure 3.2. This is justified because the 2001 survey wasn’t performed for

all the computational domain defined and represented in Figure 1.1; it was only performed

at the inlet, navigation channel and adjacent offshore area. Therefore the bathymetric data

collected in 1987/88 was used to complete the computational domain and this coupled grid

was used as initial condition in the numerical simulations. A representation of the inlet

bathymetry considered as initial condition is illustrated in Figure 4.3.

For all simulations is considered a null horizontal eddy viscosity coefficient and a time step

of 90 s.

The calibration of the hydrodynamic model performed by Oliveira et al. [2007] was used as

basis. The tide was imposed at the oceanic open boundary of the ELCIRC grid through 11

harmonic constituents (Z0, MSf, O1, K1, N2, M2, S2, M4, MN4, MS4 and M6) being their

amplitude and phase prescribed at the oceanic open boundary of the ELCIRC grid. The

amplitude and phase of the harmonic constituents were obtained through the high-resolution

finite element model of barotropic tides for the Iberian Atlantic shelf, developed by Fortunato
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Figure 4.3: Bathymetry imposed as initial condition of the Ria de Aveiro lagoon.

et al. [2002]. The hydrodynamic simulations were performed using the depth-dependent

Manning coefficient proposed by Dias and Lopes [2006].

Hydrodynamic validation

The numerical simulations presented in this study are performed using a refinement of the

grid used by Oliveira et al. [2007] in the inlet area and nearshore. This refinement was

deemed necessary to better resolve the wave-generated currents. This modification justifies

a validation of the hydrodynamic model, which is performed at 11 stations within the lagoon

and illustrated in Figure 4.4. The data available for this study are from a field campaign of

2003. Sea surface elevations at the eleven stations were measured during a month every 6

min, except at Torreira, where measurements were performed every half-hour. These data

were collected in the framework of Araújo [2005].

To evaluate if the modifications performed in the original grid of Oliveira et al. [2007] don’t

deteriorate the quality of the predictions, numerical simulations considering the grid used by

Oliveira et al. [2007] were also performed.

To validate the present version of the hydrodynamic model, qualitative analysis are performed

between the numerical predictions obtained in this study and the measurements and also with

the predictions obtained using the grid of Oliveira et al. [2007].

The methodology used to validate the hydrodynamic model was based on several studies in
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Figure 4.4: Ria de Aveiro lagoon bathymetry and location of the stations where data field
data are available.

estuarine systems dominated by tides [Dias et al., 2009; Picado et al., 2010]. In these studies

the authors removed the low frequency signal from data and model results, using a cut-off

frequency of 0.0000093 Hz (30 h), once the high-frequency domain is the dominant signal

intended that the models reproduce with higher accuracy.

The comparison between the model results obtained with this study and the results of Oliveira

et al. [2007] and the observed sea surface elevation (SSE) is illustrated in Figure 4.5. It

is observed that the model is more accurate at stations close to the inlet (stations A-F)

reproducing correctly the amplitudes and phases either in high or low tide. For station N the

amplitude is correctly simulated by the model, although it is observed a phase delay, higher

for high tide than for low tide. For stations G-M, located at the inner channels of the lagoon

is observed that the shape of the SSE evolution is not correctly reproduced (mainly for low

tides), what may be justified by the low depths of these channels, which are characterized

by wet and drying areas. For stations H-M a phase delay is also observed, being more

pronounced for station H.

To quantify these differences and therefore the model’s ability to reproduce the data, the root

mean square errors (RMSE ) and the predictive skill at each station are computed (Table
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Figure 4.5: Comparison between predicted and observed SSE. Solic line: model results from
this study (red) and from Oliveira et al. (2007) (blue) simulations; black circles: measure-
ments. In the panels is referred the day of each compared period.
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4.1) through equations 4.17 and 4.18, respectively:

RMSE =

{
1

N

n∑
i=1

[ζ0(ti)− ζm(ti)]
2

}1/2

(4.17)

skill = 1−

∑
|ζm − ζ0|2∑[∣∣ζm − ζ0∣∣+

∣∣ζ0 − ζ0∣∣]2 (4.18)

where ζ0(t) and ζm(t) are the observed and computed SSE, respectively, n is the number of

measurements in the time series and the overbar represents the time average.

The RMSE should be compared with the local tidal amplitude [Dias et al., 2009]. If they are

lower than 5% of the local amplitude, the agreement between model results and observations

should be considered excellent. If they range between 5% and 10% of the local amplitude

the agreement should be considered very good.

The model predictive skill, based on the quantitative agreement between model results and

observations, indicates a perfect agreement between model results and observations if the

skill is 1, a complete disagreement if the skill is 0 [Warner et al., 2005] and if the skill is

higher than 0.95 is considered that there is an excellent agreement between predictions and

observations [Dias et al., 2009].

Additionally the harmonic constants determined by the model and the data at the 11 stations

are compared, in order to quantify the accuracy of the predicted tidal constituents.

In Table 4.1 are presented the RMSE and skill determined by comparing the results obtained

with the application developed in this study with the observations, as well as comparing the

results using Oliveira et al. [2007] grid with the observations.

The RMS errors show that the grid used in this study induces similar SSE predictions to

those obtained using Oliveira et al. [2007] grid. The refinement performed at the grid gener-

ated an improvement of the SSE prediction for the station located at the inlet (A - Barra),

when compared to the obtained with the grid used by Oliveira et al. [2007], with an am-

plitude error of 8 cm at this study and 17 cm for Oliveira et al. [2007]. For the remaining

stations there is no evident improvement. For the stations near the inlet (A - F) the RMSE

values indicate that the predictions are very good (≤10% of the local amplitude) with an

excellent agreement between the predictions and observations (skill>0.95). However, for the

remaining stations the RMS errors exceed the 10% of local amplitude, being the higher dis-

agreement achieved for the station G, followed by those for stations M, H, L and N.

These errors could be related to possible inaccuracies in the bathymetry as well as to possible

uncertainties in the observed data. In fact there is a discrepancy between the dates of the

bathymetry and the measurements, since the bathymetry data is from the year of 1987/88

completed with 2001 data and the measurements are from the year 2003. Also the deficient

representation of the narrow channels of both grids as well as possible inaccuracies of the
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Table 4.1: RMSE and predictive skill for 11 stations obtained with this study and with
Oliveira et al. [2007] grids.

This study Oliveira et al. [2007]
RMSE (m) ∆ (%) skill RMSE (m) ∆ (%) skill

Barra 0.08 2.2 1.00 0.17 4.7 0.98
São Jacinto 0.11 6.2 0.99 0.05 2.8 1.00
Cires 0.22 10.0 0.99 0.20 9.1 0.99
Lota 0.06 5.4 0.99 0.06 5.4 0.99
Ponte Cais 0.04 3.5 1.00 0.04 3.5 1.00
Costa Nova 0.16 7.0 0.98 0.12 5.2 0.99
Torreira 0.78 39.6 0.93 0.78 39.6 0.95
Vagueira 0.45 19.1 0.85 0.43 18.3 0.86
Cais Bico 0.36 14.5 0.91 0.36 14.5 0.91
Vista Alegre 0.34 19.5 0.94 0.30 17.2 0.95
Cacia 0.19 13.8 0.94 0.13 9.4 0.97

tidal forcing at the open boundary are likely sources of errors.

The RMSE and skill values obtained for the grid used in this study are similar to those

obtained in previous works concerning the Ria de Aveiro lagoon numerical modeling [Dias

and Lopes, 2006; Vaz et al., 2007; Rodrigues et al., 2009; Picado et al., 2010], as well as for

other estuaries [Oliveira et al., 2006; Dias et al., 2009], revealing that the numerical model

used and the refinement performed in the numerical grid reproduce accurately the lagoon’s

hydrodynamics.

Considering that the analysis performed evaluates the phase and amplitude errors coupled, a

harmonic analysis of the amplitudes and phases for the M2, S2, O1, K1 and M4 constituents

(major tidal constituents in the Ria de Aveiro), for one month time series of the measure-

ments, for the grids developed for this study and used by Oliveira et al. [2007], was made in

order to quantify these errors separately. The results obtained are illustrated in Figure 4.6.

The distributions of both observed and computed amplitude and phase (for both grids) are

very similar, mainly for M2, S2 and O1 and for the stations located near the inlet. For the

stations located far from the inlet (stations G-N), the differences between the observations

and the predictions are higher than those obtained for the stations A-F.

The semidiurnal constituents have mean amplitude errors of 19 cm and 5 cm for M2 and S2,

respectively, corresponding to about 22% of their amplitude for the grid used in this study.

A similar value was obtained for the grid used by Oliveira et al. [2007], with mean amplitude

errors for M2 and S2 of 21%. The mean phase errors are approximately 14o and 19o for M2

and S2, respectively, corresponding to an average delay between the predicted tide and the

observed of about 28 min for M2 and 39 min for S2. Similar delays are obtained when using
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Figure 4.6: Distributions of tidal amplitude and phase for M2, S2, O1, K1 and M4 con-
stituents. Measurements (dark green); model results obtained in this study (light green) and
using the Oliveira et al. [2007] grid (yellow).

the Oliveira et al. [2007] grid.

For the station A - Barra (located at the study area), is observed that the model predictions

are more accurate than for the remaining stations, with amplitude errors of 6 cm (6%) and

5 cm (12%) for the semidiurnal constituents M2 and S2, respectively. The phase errors for

this station are of approximately 4 min and 8 min, for M2 and S2, respectively. Concerning

the results for the Oliveira et al. [2007] grid, the amplitude of the main constituent M2 has

a smaller error, 4%, while for S2 the error is almost twice the obtained in this study (23%).

Additionally the phase errors obtained for the Oliveira et al. [2007] grid revealed higher phase

delays of 9 min for M2 and 18 min for S2.

The predictions for the diurnal constituents reveal a worse agreement between model pre-

dictions and observations, with average amplitude errors of about 12% and 97% for the

constituents O1 and K1, respectively. The results obtained for the grid used in this study,

are more (less) accurate for the O1 (K1) amplitude, occurring the opposite for the phase.

The results obtained for the M4 constituent reveal higher accuracy for stations A, B and

L than for the remaining stations, being the station A characterized by the higher phase

accuracy with an error of approximately 7 min. It is also observed that the M4 amplitude is

underestimated for stations A-E and overestimated for the remaining stations (F-N). At the

Barra station (A) the M4 amplitude underestimation is of about 56% for this study (60%
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for Oliveira et al. [2007]), predicting an amplitude of 0.0170 m (0.0157 m for Oliveira et al.

[2007]) when the amplitude observed is 0.0388 m. However the comparison with the M2

constituent amplitude (0.9963 m; approximately 4%) suggests that the influence of the M4

amplitude underestimation might not be significant. Indeed, these errors have been observed

in all hydrodynamic studies performed at the Ria de Aveiro lagoon and could be associ-

ated to bathymetric inaccuracies. Additionally, the relatively large errors associated with

M4 are not surprising, as overtides are typically much more difficult to reproduce correctly

than the major astronomic constituents [Picado et al., 2010]. Also, as mentioned before, the

bathymetry and the tidal data used in this study are not coincident in time; the bathymetry

was collected in 1987/88 and 2001 while the tidal data is from 2003.

In summary it is concluded that the numerical results obtained using the grid developed in

this study reproduces the observed harmonic constituents with similar accuracy to the results

obtained with the grid of Oliveira et al. [2007]. For station A it is observed that the refined

grid reproduces better the S2 constituent while the Oliveira et al. [2007] grid reproduces more

accurately the amplitude and phase of the O1 and K1 constituents. Analyzing the M2 and

M4 constituents it is observed that the predictions with both grids are very similar, although

the refined grid reproduces more accurately the results for the phase and amplitude of the

M2 and M4 constituents, respectively.

Tidal asymmetry

In the Ria de Aveiro lagoon the dominant astronomical constituent is M2, the semidiurnal

lunar tide, being the most significant overtide its first harmonic M4, generated primarily

through the advective and finite amplitude terms of momentum equation. The tidal asym-

metry evaluates the relative importance of M2 and M4, where the amplitude ratio between

M4 and M2 indicates the magnitude of the tidal asymmetry (cf. Section 3.5). If the ratio

is zero, the tide is undistorted; as the amplitude ratio increases, the more distorted the tide

is, the higher residual currents are, and more flood or ebb dominant the systems turns into.

This asymmetry and consequently the residual sediment fluxes, play a significant role in the

sediment transport processes and morphodynamics [Brown and Davies, 2010], since flood

dominant estuaries tend to infill their channels with coarser sediments while ebb dominant

systems flush bottom sediments seaward more effectively, representing more stable geometry

[Aubrey and Speer, 1985].

Therefore the analysis of tidal asymmetry is very important in terms of estuarine morpho-

dynamics, and by this reason is analyzed in this study.

The amplitude ratio, the relative phase and the difference between ebb and flood durations

are computed for the four main lagoon channels, along the channels axis, considering the

model results obtained using the grid of this study and the one used by Oliveira et al. [2007]

(Figure 4.7).
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Figure 4.7: Asymmetric coefficients: amplitude ratio, relative phase (o) and difference be-
tween ebb and flood duration (hours) along the axis of the four main channels of the Ria de
Aveiro lagoon. Results obtained in this study (blue) and Oliveira et al. [2007] (green).

It is observed that the amplitude ratio is very low at the inlet increasing toward the channels

heads. Analyzing the relative phase at the S. Jacinto and Mira channels is visible the transi-

tion from ebb dominant (180o < φ <360o) at the inlet to flood dominant (0o < φ <180o) at

the upper channels. For the Espinheiro and Ílhavo channel this transition occurs far from to

the inlet than the distance plotted in this Figure. These results are in agreement with Dias

[2001]; Oliveira et al. [2007] and Picado et al. [2010].

In the lower panel of Figure 4.7 is presented the difference between the ebb and flood

durations, which indicates ebb (flood) dominance if the value obtained is negative (positive)

and consequently ebb currents higher (lower) than flood currents. It is observed that, as for

the relative phase, the lagoon has ebb dominance close to inlet and shifts to flood dominance

as moving along the channel (visible in this Figure for the S.Jacinto and Mira channels).

For the Espinheiro and Ílhavo channels this transition occurs upstream (cf. Oliveira et al.

[2007]; Picado [2008]).

With the analysis performed it is concluded that the hydrodynamic model reproduces

accurately the lagoon tidal dynamics and produces valid results when compared with the

previous studies performed for the Ria de Aveiro lagoon inlet. However the model under-

estimation of the M4 amplitude may result in a lower tidal distortion and consequently in
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lower ebb dominated residual currents, which in turn underestimate the sediment transport

fluxes. Considering that the lagoon export sediments to the adjacent ocean, the model

underestimation of the M4 constituent might induce a reduction of the sediments amount

that are flushed out of the inlet over long periods. Therefore, when performing long period

morphodynamic simulations, this inaccuracy in the hydrodynamic model may result in the

overestimation of the accretion trends and in the underestimation of the erosion trends

observed within the inlet and navigation channel.

4.4.2 SAND2D

Considering the SAND2D model, and taking into account that the aim of this thesis is to

study the processes at the inlet and adjacent areas, a sub-domain of the ELCIRC grid is

used in order to economize computational time. This grid extends from the open ocean

boundary of the ELCIRC mesh to the triângulo das marés, within the inlet. One of the

input parameters of the SAND2D model is the characteristics of the bottom sediment size.

In the scope of this thesis a heterogenous distribution of the bottom sediments was created

and is illustrated in Figure 3.11, and is used as model input. The morphodynamic time step

is adaptive and lies between the hydrodynamic model time step, which is 60 s, and 3600 s.

4.4.3 SWAN

In the present study two nested grids are used in the wave model with different dimensions

and characteristics (Figure 4.8). The grid with higher dimensions (Figure 4.8(a)), a regular

grid with element area of 125000 m2, extends from the offshore area with a coarser resolution.

In this grid are imposed the waves boundary conditions: a regular monochromatic wave or

a wave regime. The second grid (Figure 4.8(b)) encompassing the inlet area is curvilinear in

space and with finer resolution, with element area ranging from 1062 m2 at the inlet to 3500

m2 farther.

The SWAN wave model is used in stationary mode and several simplifications are performed

using the options available in SWAN: the effect of the wave interaction with currents, the

energy generation and dissipation by wind, the diffraction, the quadruplet interactions and

the whitecapping were neglected. It was considered in this setup the bottom friction, the wave

breaking, triad wave-wave interaction and wave propagation within a space and time-varying

water level fed up by outputs of water levels from ELCIRC.

Comparison between buoy records and WW3 model results

The waves are imposed at the open boundaries of the grid illustrated in Figure 4.8(a) through

two different forcing, the first as regular monochromatic waves and the second as a time series

of wave parameters of the WaveWatchIII model run at NCEP/NOAA [Tolman et al., 2002].

The regular monochromatic waves imposed belong to the set of waves obtained in Section
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Figure 4.8: Computational (a) regular and (b) curvilinear grids used in the wave model
SWAN.

3.7 considered to induce a longshore sediment transport equivalent to that obtained with

the complete wave regime. The time series imposed should be validated through comparison

with data obtained through a directional wave buoy located close to the study area. However

there aren’t any buoys located near Aveiro coast and consequently in this study are used the

records from the nearest wave buoy, located at Leixões, to validate the WW3 model results.

In spite of the different locations, it will be considered that the offshore regime is similar Coli

[2003].
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The records of the Leixões buoy are available for the period between 1996 and 2001, being

the most complete the year of 1998, which will be used to perform the wave parameter com-

parison between the wave data and ww3 model, illustrated in Figure 4.9. The comparison

shows that the time series used as boundary condition are very similar to the records ob-

served in the buoy, reproducing the trends observed. However there are differences in the

wave characteristics values, with RMS errors of 0.69 m for the wave height, 18% for wave

period relatively to the mean period observed and 28% for the wave direction.

In Figure 4.10 is illustrated the scatter diagram of measured versus modeled Hs for all the

entire period available. It is observed that the modeled Hs is overestimated when compared

with the Hs observed at the Leixões buoy, with a BIAS of 0.54 m. This trend is inverse to

the obtained by Dodet et al. [2010] (BIAS=-0.19 m), however these authors represented the

measured Hs for five more buoys than Leixões and for a different period.

The differences obtained between the imposed and observed time series can be justified by

the probable noisy nature of the wave records and by the different location and depth of the

buoy relative to the WW3 model results.

With this wave heights overestimation it is likely that the radiation stresses are also overesti-

mated, which in turn will originate more intense sediment fluxes in the waves action region.

Thus, the erosion (accretion) trends observed at the nearshore region and at the inlet may

be overestimated (underestimated) by the numerical model.

The consequences of the 0.7 m wave height overestimation in the morphodynamic predic-

tions, might be analyzed through the numerical simulations with a regular monochromatic

wave as sediment transport forcing, performed and described in Chapter 6.
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(a)

(b)

(c)

Figure 4.9: Data and model wave parameter comparisons from the wave directional buoy
located at Leixões (red) and from WW3 model offshore Aveiro (blue), for the year of 1998.
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Figure 4.10: Scatter diagrams of modeled Hs versus measured Hs for the entire data set. The
green line corresponds to y = x and the red line the linear regression for the data represented.



Chapter 5

Morphodynamic Simulations

Forced by Tidal Currents

One of the aims of this thesis is to study the influence of the tidal currents in the sediment

budget and in the bottom depth changes of the Ria de Aveiro lagoon inlet, as well as their

area of action. In order to achieve these goals, numerical simulations forced only by tidal

currents are performed and presented in this Chapter.

A sensitivity analysis of the numerical model to the activation of numerical filters, to the

sediment transport formulation considered for transport computations, to spring and neap

tide conditions and to depth and bottom sediment size distribution is also performed.

The influence of the currents in the dynamics of the inlet is evaluated by analyzing the

numerical results based on residual and total sediment fluxes, bathymetric changes, sediment

transport at sections illustrated in Figure 3.7 and sedimentation rates at the regions delimited

by these sections (also illustrated in Figure 3.7).

5.1 Sensitivity analysis

5.1.1 Numerical filters

The influence of the numerical filters that are implemented in the numerical model, used

to smooth the bathymetry and mitigate local instabilities [Fortunato and Oliveira, 2000],

described in Section 4.3.3, is tested and presented in this subsection.

The numerical simulations were performed for periods of 1 year and for all the formulations

mentioned in Section 2.5.1. However, only the results obtained by considering the EH sed-

iment transport formulation are presented in Figure 5.1, since the influence of the filters in

the remaining formulations is similar. The simulations were performed by activating each

one of the filters separately. The simulations considered the heterogeneous bottom sediment

size distribution described in Section 3.4 and the model setup described in Section 4.4.
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Figure 5.1: (a) Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after 1
year for EH formulation. (b) Difference between the computed final and initial bathymetries
(metre) for a 1 years simulation. From top to bottom: Considering the influence of: a non-
linear bathymetric filter, a gradient filter, a global filter, a flux filter and a diffusive filter
(Section 5.1.1). In (b) the solid lines illustrate the 2001 bathymetry. The negative (positive)
values represent erosion (accretion). The values in axes are in metres.
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The use of the gradient and global filters promote strong bathymetric changes, unrealistic

when compared to those expected based on surveys (Section 3.3). The final bathymetries and

bathymetric changes obtained when either of the remaining three filters is used, are closer to

those expected and observed in Section 3.3. The differences between these three predicted

results are not significant.

Considering this analysis, the gradient and global filters will not be used in numerical sim-

ulations hereafter. Taking into account previous experiences, the other three filters will be

activated with the aim of preventing numerical oscillations.

5.1.2 Influence of the choice of the sediment transport formula

In order to analyze the model predicted bathymetric changes at the tidal inlet computed

using the several sediment transport formulations mentioned in Section 4.4, numerical simu-

lations for periods of 1 year were performed, considering the model setup described in Section

4.4.

The residual sediment fluxes, the predicted bathymetry and the bathymetric changes simu-

lated for the 8 sediment transport formulations for the study area are illustrated in Figures

5.2 to 5.9. The white areas in the figures illustrating the difference between the final and

initial bathymetry represent unchanged depth, and the solid lines represent the bathymetric

initial contours (June 2001).

The results show that the residual fluxes are mostly seaward, with occasional exceptions.

One of these exceptions is at the region near the southern breakwater. All the formulations

predict similar patterns with exceptions to Bha (Figure 5.3), vR (Figure 5.8) and MPM

(Figure 5.7).

The residual sediment fluxes obtained with Bha formulation, Figure 5.3(a) and (b), differ

substantially from the other numerical solutions. These higher values obtained with Bha for-

mulation show an over-prediction of the bathymetric annual variations, with maximum rates

of accretion of 12 myear−1, which is clearly unrealistic (Figure 5.3(d)). This over-prediction

of the morphological changes is consistent with previous studies presented by Fortunato et al.

[2009] and Silva et al. [2009].

The vR formulation produce oscillations in the sediment fluxes (Figure 5.8(a) and (b)), visi-

ble for finer sediments and intermediate tidal velocities, also observed in the Subsection 2.5.1

when the transport rate was computed and analyzed. These oscillations induce instabilities

in bathymetric predictions and variations observed in Figure 5.8(c) and (d). The absence

of residual sediment flux in the navigation channel justifies the extreme accretion trend ob-

served in Figure 5.8(d).

Oscillations are also expected for Bi formulation, due to the instabilities obtained in Figures

2.5 and 2.6 for finer sediments and higher flow velocities. However they are not easily notice-

able in the residual sediment fluxes and bathymetric predictions for the study area. Despite
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the results obtained in Figure 5.6, this formulation will not be considered in the subsequent

numerical simulations due to its sensitivity to sediment size d50 illustrated in Figures 2.5 and

2.6.

In contrast to the previous results, the solutions obtained with MPM formulation (Figure 5.7)

under-predict the sediment fluxes and consequently the maximum observed values of erosion

and accretion. This under-prediction is consistent with that obtained in Section 2.5.1 and

has been observed in other works [Pinto, 2010].

The numerical results obtained with the SvR (Figure 5.2), EH (Figure 5.4), kk (Figure 5.5)

and AW (Figure 5.9) formulations are similar between them and more realistic, predicting

maximum accretion values of 6 m and maximum erosion of 4 m.

The residual sediment fluxes pattern highlights four regions with higher values: at the inlet

and offshore area, at the center of the navigation channel (Region II in Figure 3.7) and at the

beginning of the S. Jacinto and Mira channels. The first two patterns are located in areas of

strong bathymetric variation. The first one, which present the largest flux, is located in the

transition from the deepest zone located between the breakwaters and shallow zones offshore.

At the navigation channel, between the head of the South breakwater and the tidal gauge, an

(a) (b)

(c) (d)

Figure 5.2: (a) and (b) Residual sediment flux (m2s−1) for SvR formulation. (c) Final
bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after 1 year for SvR formu-
lation. (d) Difference between the computed final and initial bathymetries (metre) for a 1
year simulation. In (d) the solid lines illustrate the 2001 bathymetry. The negative (positive)
values represent erosion (accretion). The values in axes are in metres.
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(a) (b)

(c) (d)

Figure 5.3: Same as Figure 5.2 for Bha formulation. Black areas represents data out of the
scale represented.

(a) (b)

(c) (d)

Figure 5.4: Same as Figure 5.2 for EH formulation.
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(a) (b)

(c) (d)

Figure 5.5: Same as Figure 5.2 for kk formulation.

(a) (b)

(c) (d)

Figure 5.6: Same as Figure 5.2 for Bi formulation.
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(a) (b)

(c) (d)

Figure 5.7: Same as Figure 5.2 for MPM formulation.

(a) (b)

(c) (d)

Figure 5.8: Same as Figure 5.2 for vR formulation. Black areas represents data out of the
scale represented.
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(a) (b)

(c) (d)

Figure 5.9: Same as Figure 5.2 for AW formulation.

intense residual sediment flux is also observed, although with low intensity when compared

to the former. This pattern appears in the shallower area located between the two deeper

areas that characterize the study area morphology. Once again, the transition from deeper to

shallower bottom originates convergence and consequently an intensification of the residual

sediment flux. The residual sediment flux patterns at the inlet generates an erosion trend at

the downstream side of the deeper zone located between the heads of the breakwaters. At

the upstream side of this bottom feature and due to the decrease in the residual sediment

flux, an accretion area is observed. The high magnitude of the residual sediment flux at the

beginning of the Mira and S. Jacinto channels (near the side walls) induces erosion trends at

these same locations, observed in the Figures illustrating the annual bathymetric changes. At

the downstream side of the bifurcation, the orientation and decrease of the fluxes generates

accretion trends.

In conclusion, the SvR, EH, kk, and AW formulations are those that a priori best describe

the observed tendencies of the bathymetric changes in the Ria de Aveiro lagoon inlet (Figures

3.2 and 3.3).

5.1.3 Impacts of spring/neap tide

In this Section the sediment fluxes for neap and spring tide conditions are computed, aver-

aging the sand fluxes during two M2 tidal cycles (2×12.42 hours) enclosing the sea surface

elevation and velocities illustrated in Figure 3.13. The results obtained using the kk (SvR)
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formulation are similar to those obtained using EH (AW) formulation, therefore only the re-

sults obtained using the latter formulations are presented in Table 5.1 and Figures 5.10. For

all sections, the upstream and downstream sediment transport for each section (see Figure

3.7) was computed and denoted by Fin and Fout, respectively. Negative (positive) values

represent outward (inward) sediment flux. At section 3, negative (positive) values mean sed-

iment flux into (out from) region III. The net transport is denoted by Net. The net sediment

flux in neap tide conditions is 3 orders of magnitude lower than in spring tide when the EH

formulation is used, having small values of transport. On the other hand, when considering

the AW formulation, the transport reaches almost zero in the entire study area, 7 orders

magnitude lower than at spring tide.

The sediment fluxes are always negative for all sections, representing downstream fluxes, ex-

porting sediments to the ocean. The higher values are found in section 3, the longest section

of the study area. In this section the negative values indicate flux of sediments from the

navigation channel to Region III. The analysis will be focused only in sections which have

fluxes in up/downstream direction. The higher fluxes are then obtained at sections 1 and 7,

the inlet and S. Jacinto channel section, respectively, for the spring tide condition. These

higher fluxes occur at spring tide due to the higher velocities occurring at this tidal phase

(cf. Figure 3.13).

Comparing the fluxes at the sections that limit the study area, at downstream section 1 and

upstream sections 6+7, it is observed that, for all simulations and formulations, accretion

Figure 5.10: Sediment flux (m2s−1) for EH formulation (top) and AW formulation (bottom)
for neap tide (left) and spring tide (right) conditions.
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Table 5.1: Sediment transport (m3day−1) through sections illustrated in Figure 3.7 at neap
tide, spring tide and residual conditions.

Form. Sect Neap Spring Res
Net Fin Fout Net Fin Fout Net Fin Fout

1 0.0 0.9 -0.9 -135.5 91.4 -226.9 -35.1 25.0 -60.1
2 0.1 0.5 -0.4 -15.3 101.3 -116.6 -4.5 26.6 -31.1
3 -1.4 -1.5 0.2 -359.9 -391.9 32.0 -95.2 -104.9 9.7

EH 4 -0.1 0.8 -0.8 -22.9 213.9 -236.8 -6.8 55.3 -62.1
5 -0.4 0.8 -1.2 -111.1 208.7 -319.8 -30.1 54.9 -84.9
6 -0.5 0.6 -1.0 -75.6 205.1 -280.7 -23.2 52.6 -75.8
7 -0.7 1.2 -2.0 -273.4 281.2 -554.7 -70.2 74.6 -144.8

1 0.0 0.0 0.0 -185.6 101.4 -287.0 -46.3 20.5 -66.9
2 0.0 0.0 0.0 -24.6 123.8 -148.4 -6.5 24.3 -30.8
3 0.0 0.0 0.0 -465.9 -487.3 21.4 -105.1 -109.0 3.9

AW 4 0.0 0.0 0.0 -32.6 274.2 -306.8 -9.0 62.5 -71.5
5 0.0 0.0 0.0 -148.6 259.2 -407.7 -37.4 57.3 -94.7
6 0.0 0.0 0.0 -88.1 253.7 -341.8 -27.9 60.6 -88.5
7 0.0 0.0 0.0 -346.0 336.6 -682.6 -89.9 75.9 -165.8

trends in the region exists flanked by the sections. The calculus performed for this analysis

are presented in Table 5.2 for EH and AW formulations. As expected, the sediment budget

obtained in spring tide condition is higher (3.5 times) than the residual.

The spatial distribution of the sediment fluxes in Figure 5.10 illustrate very well the mag-

nitude difference between neap and spring tide conditions. The spatial distribution of the

current velocity, illustrated in Figure 3.13, with zones of convergence and divergence, orig-

inates the sand fluxes pattern illustrated in Figure 5.10. This relation has origin in the

proportionality between U and qs. The sediment fluxes in spring tide are very similar to the

residual fluxes illustrated in Figures 5.4 and 5.9 in pattern but different in magnitude.

Table 5.2: Sediment transport (m3day−1) at the downstream (1), upstream (6+7) sections
and resultant budget.

Form. Sect. Neap Tide Spring Tide Residual

1 0.0 -135.5 -35.1
EH 6+7 -1.2 -349.0 -93.4

Budget -1.2 -213.5 -58.3

1 0.0 -185.6 -46.3
AW 6+7 0.0 -434.1 -117.8

Budget 0.0 -248.5 -71.5
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In summary, the net sediment flux in neap tide conditions is several orders of magnitude

lower than in spring tide. As in the previous section, the sediment fluxes are always negative

for all sections, representing downstream fluxes, exporting sediments to the ocean.

5.1.4 Depth and bottom sediment size distribution

In Section 5.1.2 the influence of the formulation used to compute the sediment transport

was analyzed. The patterns of the residual fluxes and the bathymetric variations obtained

using SvR, EH, kk and AW formulations were very similar. In this Section the origin of the

observed patterns is investigated. With this aim, runs for 60 days, considering a constant

sediment size distribution (d50=0.5 mm), a initial constant depth at the study area (h=10

m) and the two cases coupled were performed. Only the results obtained using the EH for-

mulation to compute the sediment transport are presented herein, being the results for the

remaining three formulations similar.

In Figure 5.11 and 5.12 the residual sediment fluxes, the final bathymetry computed and the

bathymetric changes are illustrated considering a constant d50 distribution (Figure 5.11) and

considering both d50 distribution and depth constants (Figure 5.12). The results obtained

considering constant depth and a heterogeneous sediment size distribution are similar to

those represented in Figure 5.12 and are not shown. This similarity shows that the sediment

size heterogeneity does not modify the general residual sediment fluxes pattern.

The analysis of Figure 5.11(a) and (b) reveals that the residual sediment flux is very similar

to the obtained using a heterogeneous d50 distribution (Figure 5.4(a) and (b)). Thus the

sediment size distribution for this system, considered to vary between 0.1 and 1.8 mm, does

not has much influence on the residual fluxes pattern, suggesting that they are related to

bottom depth changes. The bathymetric variations obtained are almost restricted to the

upstream side of the deeper area located between the breakwaters. The smaller variations

are located in regions where strong bathymetric changes occur. The erosion trend located

at the inlet in Figure 5.4(d) is not perceptible suggesting that it can arise due to the local

variation of depth.

To analyze if the fluxes pattern is generated by changes in bathymetry, the initial depth

was set to constant in the study area domain. The results obtained considering a constant

d50 distribution coupled with a constant depth are analyzed and illustrated in Figure 5.12.

Comparing the residual fluxes obtained in this simulations with those illustrated in Figures

5.4 and 5.11, it is observed that the fluxes pattern at the inlet and offshore area are similar

in shape, however with higher magnitude. This magnitude increase is justified by the mod-

ification performed in the bathymetry: in this case (constant depth) the depths are lower

than in the reality, inducing higher sediment fluxes. The shape of the fluxes pattern, similar

in all simulations, denotes the influence of the North breakwater, guiding the fluxes in a

southwestern direction.
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(a) (b)

(c) (d)

Figure 5.11: (a) and (b) Residual sediment flux (m2s−1) for EH formulation considering d50
constant in space. (c) Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed
after 60 days for EH formulation. (d) Difference between the computed final and initial
bathymetries (metre) for a 60 days simulation. In (d) the solid lines illustrate the initial
bathymetry. The negative (positive) values represent erosion (accretion). The values in axes
are in metres.

In the navigation channel, near the walls of the North breakwater, the residual flux is al-

ways oriented W-E. This was not observed when the real bathymetry was used as initial

condition. When the real bathymetry was considered, several eddies were observed near the

walls, forcing changes in the fluxes direction, related to changes in depth. In this case, due

to the constant depth in the study area, an opposite flux is observed all along the domain,

generated by the study area configuration.

Therefore, the patterns illustrated in Figure 5.12 are originated by the study area config-

uration: very strong residual sediment fluxes are observed at the inlet and offshore zone,

and with a minor magnitude in the navigation channel. This latter pattern induces erosion

between the channel bifurcation and the tidal gauge and accretion downstream. A very rel-

evant pattern is observed near the head of the northern breakwater, where a strong erosion

trend is obtained, compromising the stability of that structure. An accretion trend is also

formed offshore the inlet.

Furthermore, these fluxes, neglecting the dredging activities, reshape the bottom of the study

area, originating the deeper and shallower areas characteristic of the bathymetry of the Ria

de Aveiro lagoon inlet.
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(a) (b)

(c) (d)

Figure 5.12: (a) and (b) Residual sediment flux (m2s−1) for EH formulation considering d50
and h initially constant in space. (c) Final bathymetry (metre) of the Ria de Aveiro lagoon
inlet computed after 60 days for EH formulation. (d) Difference between the computed final
and initial bathymetries (metre) for a 60 days simulation. In (d) the solid lines illustrate the
initial bathymetry. The negative (positive) values represent erosion (accretion). The values
in axes are in metres.

5.2 Period June 2001 - March 2003

In Section 5.1.2 it was concluded that the SvR, EH, kk and AW formulations are those that

best describe the observed tendencies. In this section, an additional formulae selection is

made, performing numerical simulations for 1.75 years, in order to find the best formulation

that produces more realistic results. The predicted bathymetries are analyzed and compared

with March 2003 survey data, illustrated in Figure 3.2. The bathymetric changes simulated

are compared to those observed and illustrated in Figure 3.5. The numerical results illustrat-

ing the simulated bathymetry and the bathymetric changes are illustrated in Figure 5.13.

Analyzing the numerical results for the overall study area it is verified that the SvR and

the kk formulations over-predict the maximum erosion and accretion trends observed for the

areas where strong bathymetric changes are observed. These trends are also identified in

Figure 5.14, where the depth observed and simulated are illustrated. The over-prediction

referred is more visible in the longitudinal section (bottom of Figure 5.14). On the other

hand, the EH and AW formulations slightly under-estimate the depth changes observed.

In Figure 5.13 are identified four zones with different trends, which are directly related to
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Figure 5.13: Left: Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after
1.75 years for (from top to bottom) SvR, EH, kk and AW formulations. Right: Difference
between the computed final and initial bathymetries (metre) for a 1.75 year simulation (the
solid lines illustrate the 2001 bathymetry). The negative (positive) values represent erosion
(accretion). The values in axes are in metres.
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Figure 5.14: Depth along the sections illustrated in Figure 3.7 observed in June 2001 (o) and
March 2003 (+) surveys and simulated with the formulations: SvR, EH, kk and AW. The
set of figures at the top panel correspond to the sections 1-7 and the figure at the bottom
panel correspond to the longitudinal section (dashed line in Figure 3.7). The y (x) values in
the x-axis increases from South to North (West to East).
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the bottom topography. For the first one, downstream of the deeper area, located between

the head of the breakwaters, the numerical simulations predict erosion. The same trend

is predicted for the shallower zone located between the two deeper areas in the navigation

channel. At the upstream sides of the deeper and shallow areas, accretion is predicted. These

alternate patterns are also identified in Figure 3.5, but not so intensely. An opposite trend is

obtained in the navigation channel close to the North breakwater, which was also identified

in Figure 5.14, sections 1 and 2.

In the longitudinal representation of the depth (Figure 5.14) all the numerical solutions show

an offshore movement of the deeper area between the breakwaters that exceeds the observed

migration of this area.

The sedimentation rates (m3day−1) were computed for the regions defined in Figure 3.7 and

are illustrated in Figure 5.15. Positive values indicate accretion and negative values erosion.

All sediment transport formulations predict the same trends for all sections. For region I,

which coincides with the deeper area located at the inlet, all formulations predict erosion.

This region is eroding at a rate of approximately 33 m3day−1 given by EH formulation and

44 m3day−1 in case of AW formulation. Region II and III also show erosion trends, but with

small values, taking into account that SvR and kk formulations over-predict the bathymetric

changes, as previously referred. The small value for the sedimentation rate for region II indi-

cates that the predicted erosion and accretion trends (illustrated in Figure 5.13) have almost

the same order of magnitude. In region IV, high values of sedimentation rate indicate an

infilling of the deeper area located between the tidal gauge and the bifurcation of the channel

Figure 5.15: Sedimentation rate between June 2001 and March 2003 obtained using the
sediment transport formulations of SvR, EH, kk and AW.
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at a rate of approximately 49 and 66 m3day−1 for EH and AW formulations, respectively.

Positive values are also obtained for the region that encompasses the S. Jacinto and Mira

channels, region V. The rate of sedimentation in this region is nearly 2 and 3 times smaller

than at region IV, for EH and AW, respectively.

From the analysis performed it is expected that the SvR and kk formulations will produce,

for a longer period of simulation, stronger over-predictions of the bathymetric changes and

that AW and EH will be more accurate.

5.3 Period June 2001 - September 2005

A longer set of simulations was then performed, to assess the ability of the morphodynamic

model to represent longer periods and to validate the previous conclusions. The simulations

performed for a period of 4.25 years using SvR and KK formulations revealed, as expected, an

over-prediction of the observed trends. The results obtained with EH and AW formulations

are very similar. Taking into account all the analysis performed so far, only the results

obtained for the EH formulation are presented in Figure 5.16. In this Figure are illustrated the

computed final bathymetry (Figure 5.16(a)) and the bathymetric changes predicted (Figure

5.16(b)).

These results are compared with those presented in Figure 3.6. It turns out that the patterns

of erosion and accretion at the inlet are very similar to the numerical solutions obtained for

1 year and for 1.75 years. However, small differences, already observed between the solutions

described in previous Sections, are now enhanced and result in increased erosion/accretion

rates. In fact, the 4.25 years simulation results show maximum variations of 6 m for erosion

and 5 m for accretion. Concerning the patterns observed, the numerical solutions show to

some extent the same trends previously identified: the offshore propagation of the deeper

zone located between the heads of the South and the North breakwaters, with erosion on the

(a) (b)

Figure 5.16: (a) Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed
after 4.25 years for EH formulation. (b) Difference between the computed final and initial
bathymetries (metre) for a 4.25 years simulation. In (b) the solid lines illustrate the 2001
bathymetry. The negative (positive) values represent erosion (accretion). The values in axes
are in metres.
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ocean side and accretion on the inland side; the alternate patterns of erosion and accretion

between the tidal gauge and the bifurcation, corresponding to the infilling and downstream

movement of this deeper zone; and finally, erosion in the shallow area between the two deeper

zones. Qualitatively, at the inlet, these patterns are consistent with the observed bathymetric

changes (Figure 3.6). However, the observations northward of the South breakwater show a

patch of erosion on the right slope of the outer deep zone, whereas the numerical solutions

show accretion. This may be a consequence of the underestimation of the tidal distortion

and consequently an overestimation of the accretion trends (referred in Section 4.4.1).

In Figure 5.17 the depth observed in September 2005 and predicted by the numerical model

using the sediment transport formulation EH, along the sections presented in Figure 3.7, are

illustrated. The predicted depths for each of the section is very similar to those observed,

with exception of the zone close to the breakwater structures.

In spite of these results, the longshore section prediction shows that the depth at the upstream

side of the two deeper areas is not well reproduced, being overestimated by the model. These

differences between the observations and predictions are also illustrated in Figure 5.18, where

the observed and simulated sedimentation rates are presented. A good prediction of the

bathymetric changes at the inlet is achieved, but the trends found for the navigation channel

(regions II and IV) are not consistent with those observed. In these two regions is observed

strong erosion, more significant in region II. Observing the residual sediment fluxes at the

lagoon inlet, illustrated in Figure 5.4, the substantial sedimentation rate that occurred at

region II was not expected as well as the erosion trend at region IV. Taking into account

the analysis performed in Section 4.4.1, it was expected that the trends of erosion were

underestimated, however and due to the location of these regions, in the navigation channel,

it is inevitably to correlate the deepening under prediction with dredging activities that were

performed to facilitate the access of large ships to the harbor.

5.4 Discussion

The bathymetric changes in the Ria de Aveiro lagoon inlet were numerically simulated and

analyzed, forced only by tidal currents. It was concluded that large modifications in the

bottom morphology occurred at the inlet system, showing areas of intense erosion between

the two breakwaters. These modifications are supposed to be a natural response of the

system to the physical forcing and a consequence of management activities performed over

the last 30 years.

It is observed an offshore migration of bedforms as result of the offshore residual sediment

transport, characteristic of ebb-dominated coastal systems. It is also observed the lower

magnitude of the sediment fluxes in neap tide conditions when compared with the fluxes in

spring tide conditions, resulting from the higher magnitudes of the tidal current velocity in

this case.
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Figure 5.17: Depth along the sections illustrated in Figure 3.7 observed in September 2005
(+) and predicted using EH formulation (-). The set of figures at the top panel correspond
to the sections 1-7 and the figure at the bottom panel correspond to the longitudinal section
(dashed line in Figure 3.7). The y (x) values in the x-axis increases from South to North
(West to East).
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Figure 5.18: Observed and predicted sedimentation rate between June 2001 and September
2005 .

The residual sediment fluxes patterns consist in very strong fluxes at the inlet and offshore

zone and in fluxes of lower magnitude in the navigation channel. Defining constant depth and

sediment size distribution it was concluded that the sediment size distribution and the bottom

morphology are not mandatory on the definition of these patterns, which are essentially

induced by the configuration of the study area.

The bathymetric changes obtained when the Bhattacharya et al. [2007] formulation is used

to compute the sediment transport are over-predictions of the observations. The Bijker

[1967] and van Rijn [1984a,b,c] generate oscillations in sediment transport fluxes, while the

formulation of Meyer-Peter and Muller [1948] under-predicts the bathymetric variations. The

results obtained with the formulations of Soulsby [1997], Engelund and Hansen [1967], Karim

and Kennedy [1990] and Ackers and White [1973] seem to result in predictions more consistent

with the observed changes, and among these, the best results considering the overall inlet

system, were obtained with the formulations of Engelund and Hansen [1967] and Ackers and

White [1973].

Numerical simulations of 4.25 years performed with the EH formulation showed that this

formulation is able to reproduce the tendencies of erosion and accretion observed at the inlet

channel. However, the underestimation of the M4 amplitude analyzed in Section 4.4.1, might

have influence on the overestimation (underestimation) of the predicted accretion (erosion)

trends at the navigation channel.

Analysing the regions where sediment transport occur, it is concluded that the tides induce

the bathymetric changes in the navigation channel, also contributing for bottom changes at
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the inlet. Consequently, all the solutions show an offshore movement of the deeper areas

between the breakwaters, however exceeding the observed trends.

Considering only the tidal forcing, the observed bathymetric changes at the nearshore regions

and the southward inflection of the deeper area between the breakwaters, are not numerically

predicted. It is expected that with the inclusion of the wave regime as an additional sediment

transport forcing a higher accuracy in morphological predictions is reached. It is believed

that the wave radiation stress generates sediment transport at the nearshore region and its

onshore component pushes the sediment towards the inlet [Bertin et al., 2009a], reproducing

the southward inflection of the deeper area located between the breakwaters. Nevertheless,

this eventually leads to a reduction of the offshore residual sediment transport in the Ria de

Aveiro inlet. Although this process may be inactive in a large part of the time at Aveiro

inlet, due to the presence of two long breakwaters, it may be relevant during storms waves,

which break over the ebb-delta in front of the inlet.
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Chapter 6

Morphodynamic Simulations

Forced by Tidal Currents and

Waves

To study either the influence of a single wave or a wave regime coupled with the tidal currents

in the morphodynamic of the Ria de Aveiro lagoon inlet, the wave forcing was included in

the numerical simulations. This represents a step forward in the assessment of the sediment

budget and bathymetric changes in the local environment under study.

Similarly to the methodology followed on the study of the tidal effect, the first step in this

study consists in performing a sensitivity analysis of the numerical model to the sediment

transport formulation. Then, the formulation found to be more adequate is used to compute

the sediment transport fluxes induced by the coupled forcing between tidal currents and a

regular monochromatic wave or a wave regime.

The sediment transport forcing imposed offshore at the model’s open boundary consists in

tide and waves properties. The tidal forcing imposed was interpolated from a high-resolution

finite element model of barotropic tides for the Iberian Atlantic shelf [Fortunato et al., 2002]

as described in Chapter 4. The waves are imposed considering two different approaches: the

first considering regular monochromatic waves and the second time series of wave parameters

from the WaveWatchIII model run at NCEP/NOAA [Tolman et al., 2002].

The regular monochromatic waves are imposed in order to identify the wave characteristics

that induce the largest changes in the inlet morphology. The real wave regime is imposed

with the aim of understanding its influence on the morphodynamic of the inlet and to com-

pare model predictions with the real bathymetric changes observed.

The evaluation of single wave effects is performed by analyzing the residual sediment fluxes,

the bathymetric changes and the sedimentation rates induced by eight regular monochro-

matic waves at the inlet. This set of waves was obtained in section 3.7 and is considered that
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they induce a longshore sediment transport equivalent to the obtained with the complete

wave regime. The real wave climate is imposed as a time series of wave parameters, with a

mean wave height of 1.8 m and a mean period of 8.15 s.

The morphodynamics from June 2001 to March 2003 and June 2001 to September 2005

are studied, analyzing the residual sediment fluxes, the bathymetric changes and the sedi-

mentation rates and comparing them with the bathymetric changes observed through local

surveys.

As in the previous chapter, the residual fluxes are obtained by averaging the results for

60 days simulations (starting the simulation in 1st June 2001) during two MSf constituent

periods (2×14.78 days). The averaging is performed between the 14th and 44th days.

6.1 Sensitivity analysis

6.1.1 Influence of the choice of the sediment transport formula

Three formulations are available in MORSYS2D to compute the sediment transport when

the coupled forcing between tidal currents and wave regime is simulated (cf. Chapter 2).

A sensitivity analysis of the numerical model to each one of the formulations (AW, Bi and

SvR), prior to the model application, should be performed and is presented in the following.

The results obtained, considering the tidal currents coupled with a real wave regime as sed-

iment transport forcing, for the three formulations presented (AW, Bi and SvR), for 1 year

simulations, are illustrated in Figures 6.1, 6.2 and 6.3, respectively.

The results for the three formulations are very similar. It is observed that, for all numeri-

cal formulations, the wave regime inclusion induces residual sediment fluxes magnitudes five

times higher than those previously obtained considering only the tidal currents forcing.

The flux pattern in the navigation channel is similar to that obtained for simulations forced

only by tidal currents. At the nearshore areas higher residual transport rates are observed,

predominantly directed North-South. This flux is induced by the longshore currents gener-

ated by the wave regime typical of the study area. At the inlet the fluxes are still dominated

by the outward residual tidal currents.

All results show that the presence of the North breakwater induces a discontinuity on the

longshore residual sediment fluxes.

As for the case of tidal forcing only, the residual fluxes predicted by the SvR formulation

are more intense than those obtained by the AW formulation. The results obtained with the

Bi formulation are closer to those obtained with AW formulation. However, and taking into

account once more its sensitivity to the sediment size d50, illustrated in Figures 2.5 and 2.6,

it was decided not to use this formulation in the numerical simulations for long time periods.

The residual fluxes analyzed induce a strong erosion trend near the head of the North break-

water and an accretion trend at the offshore area of the inlet. The SvR formulation predicts
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(a) (b)

(c) (d)

Figure 6.1: (a) and (b) Residual sediment flux (m2s−1) for AW formulation. (c) Final
bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after 1 year for AW formu-
lation. (d) Difference between the computed final and initial bathymetries (metre) for a 1
year simulation. In (d) the solid lines illustrate the 2001 bathymetry. The negative (positive)
values represent erosion (accretion). The values in axes are in metres.

also other erosion trend eastern of the accretion trend referred, with higher magnitude than

the observed when are used the other two formulations.

These results are in agreement with those obtained by Bertin et al. [2009c] that compared

the instantaneous fluxes obtained from these three formulae and concluded that the Bi and

the SvR formulae produce 5–10 times larger fluxes than the AW formulation. Also when

integrated over a tidal cycle and compared to the transport rates evaluated from tracer ex-

periments, was observed that the SvR formulae produces 5–12 times larger sand fluxes than

those observed while the AW formulation gave values in good agreement with tracer results.

Comparing the results for the three formulations, the AW formulation is chosen as the more

adequate for the remaining analysis.
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(a) (b)

(c) (d)

Figure 6.2: Same as Figure 6.1 for Bi formulation. Black areas represents data out of the
scale represented.

6.2 Simulations forced with a single wave

6.2.1 Simulation considering a regular monochromatic wave with height 0

m

To understand the influence of the waves in the morphodynamic of the inlet, it is necessary

to remove from the results obtained herein (considering the forcing of tidal currents coupled

with a wave regime), the effect of the tidal currents forcing. With this aim, are performed

numerical simulations considering the tidal currents forcing coupled with a wave with height

equal to 0 m. Therefore, the results obtained are considered the result of tidal currents

forcing only, using all other conditions equal.

In Figure 6.4 are illustrated the residual sediment fluxes obtained, which are similar to those

represented in Figure 5.9 of the previous Chapter.
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(a) (b)

(c) (d)

Figure 6.3: Same as Figure 6.1 for SvR formulation. Black areas represents data out of the
scale represented.

(a) (b)

Figure 6.4: (a) and (b) Residual sediment flux (m2s−1) for AW formulation considering the
wave height equal to 0 m.
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Table 6.1: Wave simplified regime computed through a longshore sediment transport formula.
H0,eq is the wave height at deep water of the equivalent wave in meters, α0,eq is the wave
angle at deep water of the equivalent wave in degrees and Tp,eq is the period of the equivalent
wave in seconds.

Wave Frequency (%) H0,eq (m) α0,eq (o) Tp,eq (s)

#1 0.1429 0.71 20.52 8.65
#2 0.4574 1.36 22.10 9.28
#3 0.2475 2.23 20.76 10.75
#4 0.0971 3.13 19.41 11.50
#5 0.0387 4.14 20.22 12.19
#6 0.0119 5.10 22.73 13.76
#7 0.0023 5.87 18.87 14.06
#8 0.0013 6.81 15.25 14.88

6.2.2 Simulations forced with a regular monochromatic wave

In this subsection the results obtained considering the model forced by tidal currents and a

regular monochromatic wave are presented. The main aim of this study is to identify the

wave characteristics that induce the largest changes in the inlet morphology. The set of waves

used was obtained by grouping waves from a complete wave regime in wave height classes

of 1 m interval, computed in section 3.7, with the offshore characteristics presented again in

Table 6.1. These 8 regular monochromatic waves differ in height, period and direction, and

have different frequencies of occurrence. The 0o incident direction (αb,eq) is referenced to the

West-East direction and the angles are measured counter-clockwise.

The offshore characteristics of each one of these regular monochromatic waves were imposed

as boundary forcing in the morphodynamic modeling system MORSYS2D [Fortunato and

Oliveira, 2004; Bertin et al., 2009c].

To compute the sediment transport rate, the Ackers and White [1973] formulation modified

by van de Graaff and van Overeem [1979] is used in order to take into account the waves

effect. The single wave influence in the morphodynamics is performed by analyzing for each

wave the residual fluxes at the entire study area, the residual sediment flux at seven sections

(sc1 to sc7), the sedimentation rates in the regions delimited by the sections (regions I-V)

and the bathymetric changes at the study area (see Figure 3.7).

To analyze the bathymetric changes generated only by the regular monochromatic waves,

the changes obtained only by the tidal current forcing (section 6.2.1) were removed from the

bathymetric changes obtained for the coupled forcing.

Waves #1 to #4 are frequent on the adjacent coast of the study area, while waves #6 to #8

are already considered storm waves with a lower frequency of occurrence. In Figures 6.5 to

6.12 the results obtained for these waves are illustrated.
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The final bathymetries presented herein are those predicted after 60 days of simulation and

are also illustrated the bathymetric changes between the final and the initial bathymetry,

induced by the correspondent regular monochromatic wave imposed. Once more, the white

areas represent unchanged depths or changes induced by tidal currents only and the contour

lines represent the initial bathymetry. Positive values for bathymetric changes represent ac-

cretion and negative values represent erosion trends.

The waves influence on the bathymetric changes is almost restricted to the adjacent coastal

zone; however for higher wave heights also the inlet area is affected. For smaller waves, smaller

bathymetric changes are obtained. For example, Wave #2 induces bathymetric changes be-

tween +2 m (accretion) and -2 m (erosion) for the 60 days numerical simulations while Wave

#6 induces higher bathymetric changes, in particular near the head of the North breakwater.

These changes are induced by the residual fluxes also illustrated in these figures. It should

be pointed out the differences in magnitude of the fluxes induced by these two waves. For all

waves, a longshore southward net sediment flux is found, attached to a littoral current which

is characteristic of the study area. The width of the longshore residual current, northern of

(a) (b)

(c) (d)

Figure 6.5: (a) and (b) Residual sediment flux (m2s−1) for Wave #1. (c) Final bathymetry
(metre) of the Ria de Aveiro lagoon inlet computed after 60 days. (d) Difference between
the computed final and initial bathymetries (metre) for a 60 days simulation. In (d) the
solid lines illustrate the 2001 bathymetry. The negative (positive) values represent erosion
(accretion). The values in axes are in metres.
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(a) (b)

(c) (d)

Figure 6.6: Same as Figure 6.5 for Wave #2.

(a) (b)

(c) (d)

Figure 6.7: Same as Figure 6.5 for Wave #3.
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(a) (b)

(c) (d)

Figure 6.8: Same as Figure 6.5 for Wave #4.

(a) (b)

(c) (d)

Figure 6.9: Same as Figure 6.5 for Wave #5.
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(a) (b)

(c) (d)

Figure 6.10: Same as Figure 6.5 for Wave #6.

(a) (b)

(c) (d)

Figure 6.11: Same as Figure 6.5 for Wave #7.
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(a) (b)

(c) (d)

Figure 6.12: Same as Figure 6.5 for Wave #8.

the inlet, depends on the wave height: for instance Wave #2 induces a residual current 300

m wide, while for Wave #6 the width is larger, approximately 500 m.

The residual flux field for smaller waves shows that at the inlet the fluxes are dominated by

the seaward tidal currents, due to the small wave height simulated. For storm waves, the

longshore sediment transport is continuously southward even across the inlet, which means

that the tidally induced residual fluxes at the inlet are surpassed when higher waves are

considered. The transport current is clearly identified and interrupted by the presence of

the North breakwater. Furthermore, the tidal currents at the inlet are superimposed to the

longshore current generated by the wave simulated.

Although storm waves induce considerable changes in the bathymetry they have a smaller

frequency of occurrence. Despite the different frequencies of occurrence of the waves, the

cumulative effect of the smaller waves is still low when compared with the effect of a storm

wave, such as Wave #6.

The residual fluxes in the seven sections chosen are illustrated in Figure 6.13. Negative (pos-

itive) values represent sediment flux in the downstream (upstream) directions. At section 3,

negative (positive) values mean sediment flux into (out from) region III.

To analyze the residual sediment fluxes generated by different regular monochromatic waves,

at the seven sections, the residual fluxes obtained only by the tidal current forcing were



124 Morphodynamic Simulations Forced by Tidal Currents and Waves

Figure 6.13: Residual sediment flux (m3day−1) for the 8 representative waves.

removed from the residual fluxes values obtained for the coupled forcing. These computed

fluxes are considered to be resultant of the regular monochromatic wave forcing.

The frequency of occurrence of each wave (Table 6.1) was taken into account for the residual

sediment fluxes and sedimentation rates computation and was obtained in Subsection 3.7.2.

The results for the residual fluxes represented in Figure 6.13 show that the waves influence

is very small for the inner sections of the lagoon, with smaller magnitude than at the inlet.

Comparing the combined fluxes with those obtained through the simulation performed con-

sidering only the tidal currents, it is observed that at the inner sections of the study area

(sc5, sc6 and sc7) the fluxes induced by the tidal currents are approximately 100, 30 and 80

times higher, respectively, than those presented in Figure 6.13. For the remaining sections,

the fluxes are on average 3 times higher. Consequently, the influence of each wave in the

bathymetric changes is essentially restricted to the lagoon mouth and adjacent coastline, as

referred earlier.

It is observed in Figure 6.13 that considering the frequency of occurrence of the regular

monochromatic waves, the two highest waves, Wave #7 and #8, with 0.36% of frequency of

occurrence, have almost a null influence in the sediment fluxes for all cross-sections. Never-

theless, it is interesting to recognize that, in the inlet cross-section, the third highest wave

(Wave #6) with Hb=5.39 m, even though with a low frequency of occurrence of 1.19%, in-

duce almost twice the flux corresponding to the sum of the first four waves, with a combined

frequency of occurrence of 94.49%. Also Wave #5 has a large influence in the residual sedi-

ment flux.
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The sediment flux in section 1 is seaward (negative values) but small, for simulations with

the lower wave heights. For higher wave heights the residual sediment flux is upstream,

transporting sediments inside the lagoon. Comparing the residual fluxes in the upstream

(sc6 and sc7) and downstream (sc1) sections (sections that delimit the study area) for each

wave, it is observed that high wave height induces accretion at the domain, since the flux at

the inlet is always positive and higher in magnitude than at upstream sections (e.g. Waves

#4 to #8). On the other hand, small wave height induces erosion at the study area, with

higher and negative flux values (pointing seaward) at the inlet section than at the upstream

sections. Considering the case of tidal currents only, accretion is observed, however with

higher values than those obtained herein.

Thus, the analysis of the net residual fluxes at selected sections (1-7) give information about

the morphological changes at the regions that they delimit (I-V), which are illustrated in

Figure 3.7.

To analyze the erosion or accretion tendency for each region, the sedimentation rates (in

m3day−1) for the five regions defined and presented in Figure 3.7 were computed and are

illustrated in Figure 6.14. Positive values indicate accretion trends and negative values ero-

sion. As before, the tidal current signal was filtered.

The results show that sedimentation rates obtained for region I are higher than those ob-

tained for the remaining regions. For almost all regions and waves studied accretion was

found for the study area. The highest waves (except Wave #8), despite their low frequency

of occurrence, induce higher sedimentation rates (accretion) than the first four waves.

In conclusion, it was observed that the wave induced residual sediment fluxes in the cross

sections upstream the lagoon mouth are smaller in magnitude than at the inlet, restricting

the influence of the waves to the lagoon mouth and adjacent coastline.

For the sections located at and near the inlet (sc1 and sc2), Wave #5 and #6 are those that

Figure 6.14: Sedimentation rate m3day−1 for 60 days obtained for the 8 representative waves.
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mostly contribute to the residual sediment fluxes. Despite the importance of each one of

the 8 regular monochromatic waves to the accurate reproduction of the longshore sediment

transport, it can be considered that Waves #1, #7 and #8 are those with the lower con-

tribute to the sediment balance in the study area.

This analysis in terms of residual sediment fluxes and sedimentation rates revealed that each

wave has more influence at a given section or region.

6.3 Simulations forced with a wave regime

6.3.1 Storm events

In this subsection the influence of a storm event on the morphodynamic changes of the inlet

is analyzed. The changes induced by the storm event are expected to be more significative

when compared with the predicted annual changes.

Considering the period of 1 year studied in Section 6.1.1, comprised between June 2001 and

2002, three storms occurred in the West coast of Portugal, according to the records of the

WaveWatchIII model run at NCEP/NOAA [Tolman et al., 2002]. This value is in agreement

with the reference values published in the literature: according to Pita and Santos [1989] on

average 3 storms per year occur in the Portuguese coast and, according to Andrade et al.

[1996], 2.7 per year with mean duration of approximately 4 days [Ferreira, 1998].

To analyze the influence of storm events, numerical simulations for a period of 1.5 months

are performed, comprised between 1 October and 15 November 2001, enclosing the storm

events illustrated in Figure 6.15. The offshore wave heights at this storm period reach 6.15

m with predominantly directions NW-NNW.

The significant wave height and wave orbital velocities are illustrated in Figure 6.16 for two

(a) (b)

Figure 6.15: Characteristics of the period chosen enclosing a storm event: from 1 October
to 31 December 2001. Offshore (a) waves height (metre) and (b) distribution of wave height
and direction.
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(a) (b)

(c) (d)

Figure 6.16: (a),(c) Significant wave height and (b),(d) wave orbital velocity for a day in
normal conditions (01 Oct, top panel) and in a storm event (09 Oct, bottom panel).

distinct days: one day with offshore wave height of approximately 2 m (1st October) and

other with wave height of 6 m (8th October). The analysis of the significant wave height

shows that, in the navigation channel, the waves have small heights and therefore small in-

fluence on the dynamics of the inner sections of the study area, for both conditions. The

higher wave heights, observed in a storm day, reach closer to the North breakwater than

in normal conditions, subjecting this structure to highly energetic conditions. The orbital

velocities at storm events are larger closer to the adjacent coastal area and breakwater at

the North side of the inlet, than for wave heights of 2 m. Also, the width of the region with

high orbital wave velocities decreases, inducing a stretching of the width of the nearshore

sediment transport.

To analyze the influence of the storm event on the morphodynamics of the Ria de Aveiro

inlet, the bathymetric changes for the 1.5 month period are computed and illustrated in

Figure 6.17. The predictions show trends of erosion and accretion in equal magnitude, with

maximum values of approximately 4 m.

Comparing these changes with those predicted for the 1 year period (Figure 6.1) the pat-

terns are coincident, with the development of an erosion trend near the head of the North

breakwater and accretion slightly further South. However, the magnitude of the bathymetric

changes induced by the storm event are smaller than those predicted for the 1 year period.

According to Teixeira [1994] the amount of wave transported sediments is function of the

wave height and period (Q ∝ H2T ). For the period of 1 year between June 2001 and 2002,
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Figure 6.17: Bathymetric changes (metre) computed after 1.5 months simulation enclosing
a storm event, for simulations forced by tidal currents coupled with a wave regime. The
solid lines illustrate the initial bathymetry. The negative (positive) values represent erosion
(accretion). The values in axes are in metres.

the relative frequencies of H, H2 and H2T are illustrated in Figure 6.18. The results consid-

ering the storm wave height limit (H=5 m) show that the group of waves with wave height

lesser than 5 m has frequency of occurrence of 90% and is responsible for 3/4 of the sediment

transport. The storm waves, defined by wave heights higher than 5 m, with only 10% of

frequency of occurrence, are responsible for 1/4 of the sediment transport.

The distribution of the square height is similar to the obtained for H2T , illustrating that

the influence of the high wave periods, characteristic of the storm waves, is surpassed by

the lower wave periods, which occur with higher frequency of occurrence. Therefore, the

majority of the potential sediment transport occurs for wave heights smaller than the limit

for storm wave height. In summary, it was observed that the storm waves, defined by wave

heights higher than 5 m and with only 10% of frequency of occurrence, are responsible for

1/4 of the sediment transport, while the group of waves with wave height lower than 5 m,

Figure 6.18: Relative frequency of H, H2 and H2T , considering the wave data between June
2001-2001.
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with frequency of occurrence of 90%, is responsible for 3/4 of the sediment transport. It is

then concluded that the majority of the potential sediment transport occurs for wave heights

smaller than the limit for storm wave height. However, the storm waves have also strong

influence on the sediment transport, transporting 25% of sediment in only 10% of occurrence.

6.3.2 Period June 2001 - March 2003

The influence of the full wave climate on the inlet morphodynamics is analyzed by comparing

the numerical results obtained through simulations forced only by tidal currents and by tidal

currents coupled with the wave regime.

The 2001 bathymetry presented in Figure 4.3 is considered as the initial condition for the

morphodynamic simulations. The bathymetric changes and sedimentation rates obtained

for 1.75 years simulations (between June 2001 and March 2003) induced by the wave regime

coupled with the tidal currents, are computed and analyzed. From this analysis, areas with

erosion and accretion trends are identified and the influence of the wave climate in these

changes is understood.

The residual fluxes induced by the combination between tidal currents and wave regime are

illustrated in Figure 6.4 and were already analyzed in Section 6.1.1.

To access the relative importance of tidal currents and wave regime in the sediment balance

at the inlet, the residual sediment fluxes for the sections 1-7 defined in Figure 3.7 were com-

puted, and are illustrated in Figure 6.19(a), as well as the results obtained when considering

only the tidal currents forcing.

The sediment fluxes for the simulations forced by tidal currents and wave regime are very

similar to those obtained forced only by tidal currents: as mentioned above, the sediment

fluxes are outward for almost the cross-sections; the waves influence is very small for the

inner sections analyzed. The comparison between the tidally induced flux and the one driven

by the combination between the wave regime and tidal currents, shows that at the inner

sections of the study area (sc 4-7) the fluxes induced by the tidal currents are approximately

30, 20, 10 and 20 times higher, respectively.

At sections 1, 2 and 3 the influence of the wave regime in the sediment fluxes is more

obvious. In order to understand the influence of the wave regime on the residual sediment

fluxes, the fluxes obtained for the simulations forced only by tidal currents were removed

from those obtained for the simulations forced by tidal currents coupled with the wave

regime. For sections 2 and 3, the residual sediment fluxes induced only by tidal currents are

approximately 4 and 26 m3day−1, while those induced by the wave regime are approximately

25% and 63% of these values. The influence of waves surpasses the influence of tides in

section 1, where the flux due to the wave regime is approximately 1.5 times higher than the

flux generated by tidal currents.

The analysis of the residual fluxes budget between sections provides information about the
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(a)

(b)

Figure 6.19: (a) Residual sediment fluxes (m3day−1) in the seven sections defined at the inlet
and navigation channel, only with tidal currents forcing (�) and for tidal currents coupled
with a wave regime forcing (�). (b) Residual sediment fluxes (m2day−1) for the sections
located at the offshore area of the inlet Ext1-5.

morphological changes at the regions delimited by them (Figure 3.7). Thus, to analyze the

erosion or accretion trend for each region, the sedimentation rates (in m3day−1) for the

regions defined and presented in Figure 3.7 were computed and are illustrated in Figure

6.20(a).

The results show that for region I, which is the deeper area of the inlet, the observed erosion

is predicted by the numerical model. This means that this region is deepening at a rate of

about 20 m3day−1. Region III also has an erosion trend but with a smaller rate, even for

the simulations forced by the tidal currents and wave regime. For the remaining sections

is predicted accretion at rates between 10 and 40 m3day−1. The higher sedimentation rate
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(a) (b)

Figure 6.20: Sedimentation rate (m3day−1) in the nine regions defined (a) at the inlet and
navigation channel and (b) nearshore region.

values in region IV indicate that exists an infilling of the deeper area located between the

tidal gauge and the channel bifurcation at a rate of approximately 33 and 38 m3day−1, for

simulations forced only by tidal currents and by tidal currents coupled with a wave regime,

respectively. The accretion rates in region II and V are approximately 10 m3day−1.

Analyzing the residual sediment fluxes and the sedimentation rates for the inlet and nav-

igation channel, it is concluded that the wave regime influence diminishes from the inlet

up to the navigation channel and channel bifurcation, being negligible in this upstream region.

Figure 6.19b illustrates the cross-shore distribution of the residual sediment fluxes and

the bathymetry for the five exterior sections (Ext1-Ext5) located in Figure 3.7.

The residual fluxes North of the inlet (Ext1-3) are directed from North to South and parallel

to the shoreline. They are related to the drift currents generated by the breaking waves.

The higher fluxes are observed at the section located close to the North breakwater, where

the influence of this structure is experienced.

The residual sediment transport North of the inlet is limited to a partial extent of the section

(approximately 800 m for Ext1, 510 m for Ext2 and 450 m for Ext3). This limited extent

can be related to the depth of closure, which is the most landward depth offshore of which

there is no significant change in bottom elevation and no significant net sediment exchange

between the nearshore and the offshore [Kraus et al., 1988]. Different estimations of the

depth of closure nearshore of the study area are found in literature, although the value is not

known precisely: Ferreira [1993] suggested the range 14-17 m, Teixeira [1994] 12.2-14.8 m

and Coelho [2005] 12.1-16.8 m. Coelho [2005] illustrated the cross-shore distribution of the

longshore sediment transport as a function of the width of the active profile and concluded

that the integrated flux reaches almost 90% of the net volume at just half of the width of

the section. Figure 6.19b reveals that the zone where the longshore fluxes are significant is
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close to the previous estimation.

An evaluation of the annual longshore transport at sections Ext1-3 was also performed. For

sections Ext1 the longshore transport obtained is 1.17×106 m3year−1, for section Ext2 is

0.77×106 m3year−1 and 1.68×106 m3year−1 for Ext3, all directed North-South. Comparing

these values to those published in literature and cited in Sections 3.6 and 3.7: 1×106

m3year−1 [Larangeiro and Oliveira, 2003] and 1-2×106 m3year−1 [Andrade et al., 2002] was

found their agreement. Thus, it can be concluded that the numerical model MORSYS2D is

accurately reproducing the littoral sediment transport.

The ”uniformity” observed northward of the inlet is not found at the southward sections.

The re-circulations observed are induced by the breakwaters that define the artificial inlet

and by the existence of local submerged sandbanks. Thus, the inlet substantially influences

the extension and magnitude of the residual fluxes. These re-circulations are also observed

in Figures 6.19.

For the outward sections, the sedimentation rates obtained for the simulations forced only

by tidal currents are always lower than 12 m3day−1, which is negligible when compared with

the rates obtained for the simulations forced by tidal currents coupled with the wave regime.

Consequently, in Figure 6.20b only the rates obtained for the later simulations are presented.

The analysis of the residual sediment fluxes of Figure 6.19b give information about the trends

of the exterior regions: the lower value of the longshore transport at Ext2 when compared

with Ext1 and Ext3 might induce accretion in the region delimited by Ext1 and Ext2

sections (region Ext I); and erosion by the one delimited by Ext2 and Ext3 (region ExtII).

The results obtained for the sedimentation rates (Figure 6.20(b)) show accretion in region

ExtI, at a rate of approximately 400 m3day−1. In the remaining exterior regions, erosion

is observed at rates of approximately 140, 300 and 1000 m3day−1. Grouping the northern

and southern regions of the inlet, is found accretion at North and erosion at South, at rates

of approximately 250 and 1500 m3day−1, respectively. These trends are in agreement with

the observations along the years since the construction of the breakwaters [Dias et al., 1994].

The bathymetry predicted and the bathymetric changes are illustrated in Figure 6.21.

The numerical results, for simulations forced only by tidal currents and tidal currents cou-

pled with a wave regime, for the inner part of the lagoon and for the time period studied are

similar. Higher changes are found at the mouth and at the offshore adjacent area. The wave

climate changes the dynamics of the study area, pushing the sediments towards the inlet, as

shown by the South inflection of the bathymetric contour lines for the area outside the inlet.

These results demonstrate the local North-South littoral drift induced by the wave climate.

Near the northern breakwater head the predictions reveal a strong erosion trend.

The comparison between the bathymetric changes predictions considering the coupled forc-

ing of tides and waves (Figure 6.21), the tidal currents forcing only (Figure 5.13) and the

bathymetric changes observed (Figure 3.5) shows that the inclusion of the wave regime
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(a) (b)

Figure 6.21: (a) Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after
1.75 years and (b) Difference between the computed final and initial bathymetries (metre) for
a 1.75 years simulation for simulations forced by tidal currents coupled with a wave regime.
In (b) the solid lines illustrate the initial bathymetry. The negative (positive) values represent
erosion (accretion). The values in axes are in metres.

in the numerical simulations improves the accuracy of the predictions. Thus, the results

obtained through simulations forced by tidal currents and wave regime confirm that the

model reproduces the trends observed in the collected data, but slightly underpredicts the

amplitudes of the bathymetric changes.

It is important to realize that the strong erosion pattern observed at the head of the North

breakwater is now reproduced by the model, but slightly closer to the structure. The

accretion trend found offshore this structure can not be compared to the observed pattern

because it lies out of the area where the surveys were performed.

In Figure 6.22 the depths along the sections represented in Figure 3.7 observed in June

2001 (o) and March 2003 (+) surveys and simulated with the AW formulation for tidal cur-

rents and wave regime forcing are illustrated. The set of figures at the top panel correspond

to sections 1-7 and the figure at the bottom panel corresponds to the longitudinal section.

In Sections 5, 6 and 7 data was not collected in the 03/2003 survey, thus only the initial and

predicted depths are illustrated.

At the remaining sections, the depths predicted are very similar to those observed, with

exception to the areas close to the structures, where slightly accretion trends are observed

while the numerical model predict erosion trends. The erosion trends at the center of

Sections 1,2 and 3 and the accretion trend at Section 4 are predicted by the model. However,

their magnitude is slightly underestimated.

The longitudinal section, illustrated at the bottom panel of Figure 6.22, reveals that the ero-

sion trend observed at the seaside of the inlet is predicted, but underestimated in magnitude.

The center of the deepest area is characterized by a slight accretion trend, overestimated

by the model. In the shallower area is observed erosion at the side walls and accretion

at its center, narrowing this bottom feature. However, the model predicted erosion at the
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center and a slightly accretion at the side walls, stretching this shallower feature. With this

simulation it is noticeable the improvements in the morphodynamic predictions when the

wave regime is added as sediment transport forcing. The observed offshore migration and

inflection of the deeper area between the breakwaters and the erosion trend at the head of

the northern jetty, are reproduced in this case.

6.3.3 Period June 2001 - September 2005

The period between June 2001 and September 2005 was also studied through numerical sim-

ulations considering the coupled sediment transport forcing between tidal currents and a real

wave regime. In Figure 6.23 the bathymetry predicted after 4.25 years and the bathymetric

changes induced by the coupled forcing are illustrated. These results are compared to the

data observed (Figures 3.3 and 3.6) and with the simulations forced by tidal currents only

(Figure 5.16).

The results show that the wave regime typical of the coastal zone adjacent to this study area

generate a strip of shallower depths, induced by the sediments transported by the longshore

currents. These currents push the bathymetric lines to South, inflecting the deepest bottom

feature located at the inlet. The North breakwater is also subject to the influence of these

strong currents resulting in a strong erosion trend at its head of more than 9 m.

Inside the inlet, at the navigation channel and channel bifurcation, the trends observed are

very similar to those obtained in the previous chapter, when only tidal currents were consid-

ered. This is also observed when comparing the depth along Sections 3 to 7 in Figure 6.24

with those illustrated in Figure 5.17. These patterns were expected, since the influence of

the waves inside the lagoon inlet is negligible when compared with the tidal currents.

The comparison between model results and the data shows that the predicted accretion trend

located offshore the inlet is not observed, as well as the accretion at the navigation channel

(both with predicted changes of approximately 5 m). These accretion trends predicted and

not observed might be justified with the regular dredging activities that are performed off-

shore the inlet and at the navigation channel in order to guaranty the secure navigation.

To compare these results with observations, the sedimentation rates (m3day−1) in the nine

regions defined at the inlet and navigation channel and nearshore region are computed and

are illustrated in Figure 6.25.

The analysis of Figure 6.25(a) reveals erosion at most of the overall domain. The erosion

trends predicted at the inlet (Region I) and near the tidal gauge (Region IV) are consistent to

those observed, however the model underestimate these trends, with rates of approximately

8 and 5 m3year−1, respectively. At outward regions (Figure 6.25(b)) the model reproduces

the observed erosion trends, however with minor magnitude.

The differences between observations and predictions may be explained by several factors.

Near the head of the North breakwater the differences can be justified, as referred in the
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Figure 6.22: Depth along the sections illustrated in Figure 3.7 observed in June 2001 (o) and
March 2003 (+) surveys and simulated with the AW formulation for tidal currents and wave
regime forcing. The set of figures at the top panel correspond to the sections 1-7 and the
figure at the bottom panel correspond to the longitudinal section (dashed line in Figure 3.7).
The y (x) values in the x-axis increases from South to North (West to East).
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(a) (b)

Figure 6.23: (a) Final bathymetry (metre) of the Ria de Aveiro lagoon inlet computed after
4.25 years and (b) Difference between the computed final and initial bathymetries (metre)
for a 4 years simulation forced by tidal currents coupled with a wave regime. In (b) the
solid lines illustrate the initial bathymetry. The negative (positive) values represent erosion
(accretion). The values in axes are in metres.

previous chapter, by the presence of structural rocks that collapsed from the breakwater

and by the emergency works performed in 2004 to repair this structure, that deposited large

amount of rocks at the breakwater and near its bottom. Also the scarce survey data close to

the structures does not allow reliable analysis.

Considering the analysis performed in Section 4.4.1, where it was observed that the imposed

wave height regime is overestimated and recalling the analysis of the results obtained with the

numerical model forced by tidal currents and a regular monochromatic wave (Section 6.2.2),

a probable justification for the predicted trends near the North and South breakwaters can

be made. Considering that the yearly mean wave height is 2-2.5 m and considering that

the overestimation of the wave regime imposed is of about 0.7 m, it is possible to perform

an analogy between the morphodynamic changes originated by the Wave #3 (H =2.23 m)

and Wave #4 (H =3.13 m). Comparing the bathymetric changes illustrated in Figures and

, it is observed that the wave regime overestimation induce overpredictions on the erosion

trends located North of the North breakwater and on the accretion trends located South of

the South breakwater head.

Offshore the inlet is predicted a strong accretion trend which is not observed in the sur-

veys. In fact the wave height overprediction of the imposed regime can generate stronger

sediment fluxes directed North-South (approximately one order magnitude), inducing a long-

shore sediment transport continuously southward even across the inlet. Additionally to this,

the absence of this predicted accretion trend in the surveys, can be eventually justified by

the regular maintenance dredging works performed by the Aveiro Harbour Administration

(due to sand accumulation in the inlet) that remove an unknown amount of sediments.
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Figure 6.24: Depth along the sections illustrated in Figure 3.7 observed in September 2005
(+) and predicted using AW formulation for coupled forcing of tidal currents and wave
regime(-). The set of figures at the top panel correspond to the sections 1-7 and the figure
at the bottom panel correspond to the longitudinal section (dashed line in Figure 3.7). The
y (x) values in the x-axis increases from South to North (West to East).
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(a) (b)

Figure 6.25: Sedimentation rate (m3day−1) in the nine regions defined (a) at the inlet and
navigation channel and (b) nearshore region.

6.4 Discussion

In this Chapter the waves were considered as coupled forcing with tidal currents in the sed-

iment transport in order to improve the bathymetric predictions accuracy and understand

their influence in the morphodynamics of the study area.

The numerical simulations performed considering the Ackers and White [1973], Bijker [1967]

and Soulsby [1997] formulations to compute the sediment transport in simulations forced by

tidal currents coupled with a wave regime, revealed similar results. The residual fluxes pre-

dicted by the SvR formulation are more intense than those obtained by the AW formulation,

which are similar to the results obtained with the Bi formulation. However, considering the

high sensitivity to sediment size d50 of the Bi formulation and the transport overestimation

with the SvR formulation, the AW formulation was chosen to compute the sediment trans-

port.

Considering a regular monochromatic wave forcing in the sediment fluxes, the numerical re-

sults revealed that waves with heights between 4 m and 5 m are those that mostly contribute

to the residual sediment fluxes. Despite the importance of each one of the 8 regular monochro-

matic waves simulated to the accurate reproduction of the longshore sediment transport, it

can be considered that the waves with heights below 1 m and above 5 m are those with the

lower contribution to the sediment balance in the study area. This conclusion was enhanced

by the analysis of the influence of a storm period in the sediment transport. This simulation

revealed that the group of waves with wave height lower than 5 m has a frequency of occur-

rence of 90% and is responsible for 3/4 of the sediment transport. The storm waves, defined

by wave heights higher than 5 m, with only 10% of frequency of occurrence, are responsible

for 25% of the sediment transported.

The sediment fluxes in the navigation channel are mainly induced by the seaward tidal cur-
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rents, dominating the long term transport in this zone. At the inner sections of the lagoon

mouth the fluxes induced by the tidal currents are higher than those produced only by the

wave regime, restricting the influence of the waves to the lagoon mouth and adjacent shore-

line. At the inlet, the fluxes are still dominated by the seaward tidal currents, however near

the northern breakwater, they are affected by the longshore currents, which are generated

by the wave regime. At the inlet and adjacent shoreline, the wave regime in addition with

the tidal currents forcing induces sediment fluxes magnitudes five times higher than those

obtained with only the tidal currents forcing. At the nearshore area, the sediment fluxes

are generated by the wave regime and their residual patterns are modified by the northern

breakwater.

The residual fluxes patterns and the values for the sedimentation rates illustrate accretion

at the northern shoreline of the inlet, whereas erosion was found at the southern shoreline.

This pattern is characteristic of this kind of structures along the Portuguese coast, due to

the North-South littoral drift.

Through the comparison among the final predicted and observed bathymetric changes be-

tween 2001 and March 2003, it was concluded that the wave climate forcing coupled with

tidal currents provide better predictions of the trends observed than those obtained consid-

ering only the tidal forcing. It were reproduced the offshore migration and inflection of the

deeper area between the breakwaters and the erosion trend at the head of the northern jetty,

in agreement with the patterns observed in surveyed data.

Comparing the bathymetric changes observed and predicted between June 2001 and Septem-

ber 2005, a few differences were observed and are probably justified by some factors such

as the presence of structural rocks that collapsed from the breakwater emergency works

performed in 2004 to repair this structure, that deposited large amount of rocks at the

breakwater and near its bottom. Also the amounts of sediment that are removed from the

offshore inlet area and at the navigation channel by the Aveiro Harbour Administration, due

to sand accumulation and that are unknown, contribute to the differences observed.

Considering all the analysis performed in this chapter, it is concluded that the predicted

bathymetric changes are in agreement with the erosion and deposition trends observed for

the predictions of 1.75 years, which were not rigourously reproduced by the previous numer-

ical simulations, that considered only the tidal currents forcing in the sediment transport

fluxes. For longer simulations the overprediction of the wave height regime and therefore

the overpredicted sediment fluxes, reveals erosion in regions where the numerical simulations

predict accretion.

In conclusion, the inclusion of a wave regime in the numerical simulations increases the ac-

curacy of the morphological predictions. These simulations provided knowledge of the Ria

de Aveiro lagoon inlet morphodynamics and could be useful in future studies concerning this

study area.
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Chapter 7

Conclusions and Future Work

The morphological changes of the Ria de Aveiro lagoon inlet and it’s relation with the

hydrodynamic processes were weakly studied before this study. It was the aim of this work

to give a contribution to the knowledge of this lagoon inlet morphodynamic characteristics

and dominant processes, through a combination of data analysis and numerical model appli-

cation. To achieve this goal several information published in literature concerning historical

records, bathymetric data collected from surveys and data concerning the bottom sediment

size distribution were collected and analyzed. Additionally, the numerical modeling system

MORSYS2D was implemented and applied to the Ria de Aveiro lagoon inlet in order to

understand the processes governing the sediment transport at the inlet and nearshore area.

The historical records of the Ria de Aveiro lagoon inlet give the information about the mor-

phological evolution of the inlet and surrounding areas along the years. These data shows

that the bathymetric configuration of the lagoon inlet and navigation channel is composed

by two deeper areas, with the deepest located between the head of the breakwaters and

the other located between the tidal gauge and the triângulo das marés. The analysis of

the bathymetric data collected between 1987/88 and 2010 by the Administration of the Ria

de Aveiro lagoon (A.P.A.), revealed an offshore and southward movement of the former

deeper area and an infilling of the latter. However, the analysis of the bathymetric changes

based on data analysis alone turned out to be very difficult due to the unknown information

concerning dredging activities and data collection.

The study area is also characterized by a heterogeneous distribution of the bottom sediment

size, with coarser sediments near the North breakwater, which decrease in size up to the Meia

Laranja Beach. Despite this heterogeneity had been used in the numerical simulations, it was

concluded that its influence on the sediment transport fluxes is negligible, being mandatory

the navigation channel and breakwaters configuration at the study area. However, the

hydrodynamics of the lagoon and the bottom sediment size can be related to the erosion

and accretion trends observed: areas with finer sediment correspond to shallow accretion

zones characterized by small flow velocities while areas with coarser sediment correspond to
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deeper zones where higher flow velocities are observed.

The hydrodynamic model results of this study revealed that the magnitudes of the tidal

currents velocity in neap tide conditions are lower than in spring tide conditions. These

results also revealed that the Ria de Aveiro lagoon has ebb dominance at the inlet and central

area and flood dominance at the upstream regions of the lagoon. This tidal asymmetry is

characterized by the higher duration of flood currents when compared with the ebb currents.

Additionally to tidal forcing in the sediment transport, the adjacent coast of the Ria de

Aveiro lagoon inlet is subjected to a highly energetic wave climate, that induces a littoral

drift evaluated in a range of 1-2×106 m3year−1. To study the influence of a single wave in

the sediment transport, eight regular monochromatic waves were derived taking into account

the principles of conservation of wave power and longshore sediment transport capacity,

constituting a simplified wave regime. This simplified wave regime was obtained by grouping

the waves by the corresponding incident height or angle. In the present study, wave height

classes of intervals of 1 m were grouped and were obtained eight equivalent waves with

different heights, periods and directions, having different frequencies of occurrence. This

equivalent regime induce a littoral sediment transport of 1.90×106 m3year−1.

The numerical results show that the sediment fluxes observed in the overall study area

are not generated by a single forcing, revealing that the tide and the wave regime have

different importances on distinct parts of the system. The tidal currents are responsible for

the sediment fluxes and consequently bathymetric changes at the navigation channel, also

contributing for bottom changes at the inlet, while the influence of the waves is restricted

to the lagoon mouth and adjacent shoreline. The tidal sediment fluxes, stronger at the inlet

and offshore zone than at the navigation channel, are directed offshore (characteristic of the

ebb-dominated coastal systems), exporting sediments and promoting the observed offshore

migration of the bedforms. The fluxes at the inlet, near the North breakwater, are also

affected by the longshore currents which are generated by the wave regime. At the nearshore

area, the presence of the North breakwater interrupts the longshore sediment fluxes.

Additionally, the numerical results show that the waves contributing most for the residual

sediment fluxes are those within 4 m and 5 m height. The waves higher than 5 m height,

considered storm waves, have approximately 10% of frequency of occurrence and are respon-

sible for 1/4 of the sediment that is transported. The smaller waves are responsible for 75%

of the sediment transport, having a frequency of occurrence of 90%.

The sediment fluxes generated by the tide and the wave regime induce different bathymetric

changes at the study area: changes at the navigation channel are promoted by the tide, at

the inlet are promoted by the coupled effect of tide and waves and at the nearshore area are

promoted exclusively by the wave regime. The trends of erosion and accretion observed in

the navigation channel were reproduced by the numerical simulations considering the tides

as the only sediment transport forcing. When the wave regime is included through coupled

forcing, trends at the nearshore area are predicted, consisting in accretion at the North side
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of the inlet and erosion at the South side, which is consistent with the observations. Also,

the offshore migration and inflection of the deeper area between the breakwaters and the

erosion trend at the head of the northern jetty, were numerically reproduced and are in

agreement with the patterns observed in the surveyed data.

These numerical results, obtained with the inclusion of the wave regime in the sediment

transport forcing improved the accuracy in the predictions of the trends observed, when

compared to those obtained when the tidal currents is considered as single forcing. How-

ever, the longer simulations showed considerable differences between the observed and the

predicted changes.

The differences between the trends predicted and those observed might have several sources

such as uncertainties in measurements and numerical errors.

Concerning the data observed, it is known that structural rocks that collapsed from the

breakwater are located near the head of the North breakwater. Additionally the data used

to validate the numerical predictions have several gaps. The initial bathymetry used in

numerical simulations was obtained by coupling surveys from different periods, 1987/88 and

2001, consequently there are regions where the bathymetric evolutions concerns changes

from 1987/88 and not from 2001. The regions close to the structures are not sampled in

all surveys illustrating trends that doesn’t occur in reality. Additionally, the surveyed data

is interpolated generating errors in the numerical bathymetries and consequently in the

numerical predictions. A very relevant uncertainty lies in the lack of information about the

dredging activities performed in the study area. In fact, the periods, areas and amounts

of sediments removed from the study area are not known, increasing the difficulty of the

bathymetric changes analysis disregarding anthropogenic actions.

Numerically, despite the errors induced by neglecting physical processes (e.g. effect of the

wave interaction with currents, the energy generation and dissipation by wind and the effect

of wave diffraction), each model component induce errors in the predictions.

Hydrodynamically it is considered that the tidal dynamics is quite well reproduced by the

model since the errors in the SSE reproduction are considered small and similar to the works

published in the literature. However, it was observed that the amplitude of the M2 first

harmonic (M4) is underestimated by the model predictions. This underestimation might

induce a reduction of the amount of sediments that are exported due to the attenuation

of the tidal distortion and consequently the lower residual currents and the lower sediment

transport fluxes towards the adjacent ocean. When performing long period morphodynamic

simulations, the M4 amplitude underestimation in the hydrodynamic model may result in

the underestimation of the erosion trend observed in the region between the head of the

south breakwater and the tidal gauge, and in the overestimation of the accretion trends

between the tidal gauge and the triângulo das marés.

Concerning the wave model, the simplifications performed by neglecting non-linear and
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generation terms (enumerated in the models setup section) induce inaccuracies in the re-

production of the observed wave regime characteristics and processes. It was also observed

that the wave regime imposed is an overestimation of the regime observed at the Leixões

buoy. Indeed, an overestimation of approximately 70 cm of wave height might induce an

overestimation of the sediment fluxes of almost one order of magnitude. This overestimation

induces not only higher bathymetric changes at the nearshore area of the Ria de Aveiro

lagoon inlet but also in the region within the lagoon closer to the inlet. Indeed the wave

regime overestimation may induce overpredictions on the erosion trends located North of the

North breakwater, and on the accretion trends located South of the South breakwater head.

Additionally, the predicted strong accretion trend offshore the inlet (not observed in the

surveys), might be generated by the overestimated longshore sediment transport across the

inlet. Furthermore, the absence of this predicted accretion trend in the surveys, can be

eventually justified by unknown amounts of sediments removed through regular maintenance

dredging works performed by the Aveiro Harbour Administration, due to sand accumulation

in the inlet.

These uncertainties are inputs of the formulations that evaluate the sediment transport and

consequently the morphodynamic predictions. Additionally, the formulations are very sen-

sitive to small variations in the sediment size, the velocity or tidal constituents. Therefore,

a small error in these characteristics is amplified in the sediment fluxes computation. These

formulations, on the other hand, were developed and calibrated for specific environments,

inducing inaccuracies on the sediment transport evaluation in a real and complex system as

the Ria de Aveiro lagoon inlet.

In summary and considering the main research questions of this work (Chapter 1.1) it

is concluded that in the Ria de Aveiro lagoon inlet and nearshore area the bathymetric

trends at the navigation channel are originated by the tidal currents, at the nearshore area

originated by the wave regime and at the inlet by both forcings. The configuration of

the lagoon’s inlet controls the sediment fluxes pattern, which are directed offshore at the

navigation channel, where accretion is observed and leads to an infilling of the deeper area

located between the tidal gauge and the triângulo das marés. At the inlet the sediment fluxes

are dominated by the tidal currents when the wave heights are small and surpassed at the

offshore region by the influence of the wave regime when storm waves occur. In this region

is observed erosion and an offshore and southward propagation of the deeper area. At the

nearshore area it is observed accretion at the North side of the inlet and erosion at South as

a result of the North-South longshore sediment fluxes generated by the wave regime. These

sediment fluxes are interrupted by the North breakwater originating a strong erosion pattern

near its head. In this study area the storm waves, despite the low frequency of occurrence,

have an important influence on the rate of the sediment transport when compared with the

most frequent and lower height waves, reaching 25% of the total transport.
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Considering the numerical results obtained it is believed that if dredging operations weren’t

performed, a strip of shallower depths would be observed offshore the inlet. Also a strong

erosion near the head of the North breakwater would approach the bathymetric contour of

15 m depth to this structure, endangering its stability.

The conclusions presented in this thesis are restricted by the limitations of the work itself,

namely those concerning the amount and quality of the data available. In fact, the basis of

an accurate modeling study lies in the knowledge of good quality data to define the initial

conditions and to calibrate the numerical predictions. The study performed herein would

benefit if there was a wave directional buoy near Aveiro to provide the characteristics of the

wave regime at the Ria de Aveiro lagoon inlet, in spite of using wave records from buoys

located far from the study area. Also, the accuracy of the predictions could improve if regular

bathymetric surveys data were available in the overall domain as well as the knowledge of

the exact amount of sediment that is withdrawn at dredging activities, in order to reproduce

accurately the sedimentation rates observed. Additionally, a good knowledge of the bottom

sediment size distribution, despite its low influence in the sediment transport, might improve

the predictions. Future works would benefit if these data were available.

Concerning the numerical model, the sediment transport was computed using formulations

that evaluate the bottom transport and estimate the suspended load, however the total

transport would be more accurate if a description of the sediment fluxes above the bed was

implemented in the model.

The research developed in this study opens new avenues of investigation for the future.

On the numerical modeling side, the morphodynamic modeling system MORSYS2D can

be further improved through the integration of a suspended sediment transport module,

rather than just using a total transport empirical formulae. This improvement will allow

an accurate estimation of the suspended sediment transport, important in the case of non

steady effects resulting from phase lags between the sediment and the flow regimes.

The current application of MORSYS2D to the Aveiro lagoon can also improved, through

more complete set of forcings. For instance, previous studies [Dias et al., 2011b,c] showed

that the occurrence of storm surges at the Aveiro coast produce an increase in the water

level and in the tidal amplitude in Ria de Aveiro lagoon, influencing the tidal currents and

the tidal prism. These modifications in the hydrodynamics induce changes in the sediment

transport, that could modify the inlet bathymetry and therefore constitute an interesting

challenge to evaluate through future morphodynamic simulations. This work can also consti-

tute the basis to study the influence of hydrodynamic changes or modifications at the study

area morphology on the sediment transport and consequently on the bathymetric trends

and changes, essential to understand and predict the future evolution of the Ria de Aveiro

lagoon.

As consequence of the climate changes, a sea level rise is expected at the Portuguese coast,

as well as modifications on the wave regime, such as a clockwise rotation of 5o to 15o in the
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future wave climate direction, relative to present conditions [Dodet et al., 2010]. Previous

studies [Lopes et al., 2011; Dias et al., 2011c] on the Ria de Aveiro hydrodynamics show

that the sea level rise will increase the tidal amplitude and velocity, inducing an increase

in the tidal prism. The rotation of the wave regime has a direct influence on the longshore

transport, enlarging the future coastal erosion by 15 to 25%. These changes in the tide

and wave regime characteristics modify the forcing agents of the sediment transport fluxes.

Consequently the study of the impact of the climate change in the bathymetry of the lagoon

should be considered as research to perform in the future.

Other example of future applications of the products developed in this thesis lies in the study

of possible long term morphologic changes of the inlet channel induced by anthropogenic

interventions. The modification of its geometry and bathymetry, due for instance to the

intent of the Aveiro Harbor Administration to extend the North breakwater and perform

dredging works outside the inlet, in order to allow the navigation of larger ships to the

inner harbour, will have an impact on the morphology of the system that needs to be

quantified. Previous studies [WW - Consultores em Hidráulica e Obras Maŕıtimas SA, 2009;

Dias and Mariano, 2011; Dias et al., 2011c] concerning the influence of these works in the

hydrodynamics of the lagoon revealed that the differences found are not very large. In fact,

minor changes were predicted for the tidal propagation along the lagoon or for the tidal

amplitude, but some differences on the tidal currents close to the North breakwater were

identified. However, these studies did not take into account the long period morphological

changes. Despite the fact that expected hydrodynamic changes are small, they may modify

the sediment transport and intensify the accretion and erosion trends observed, changing the

inlet bathymetry along the next years. Furthermore, previous studies [Araújo et al., 2008;

Dias et al., 2011a] on Ria de Aveiro lagoon concluded that changes at the inlet water depth

have influence in the entire lagoon hydrodynamics. Additionally, changes at the breakwaters

configuration will interfere with the longshore sediment transport and consequently with the

sedimentation rates observed, possibly increasing the accretion at the North side of the inlet

and the erosion problems at the beaches South of the inlet lagoon

The study of all these processes should be considered as challenging topics to research in the

near future.
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Appendix

In this Appendix the bathymetries of the Ria de Aveiro lagoon inlet obtained through surveys

and interpolated through the Nearest Neighbor method are presented.
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bilidade de um sistema de modelos morfodinâmico. In Conferência Nacional de Métodos

Numéricos em Mecânica dos Fluidos e Termodinâmica. Portugal.
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