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palavras-chave

resumo

Modelacdo morfodinamica, embocaduras, ribeira de Aljezur.

A morfologia de embocaduras € muito dindmica, devido & ac¢do combinada
das ondas, marés e caudais fluviais. As alteragbes morfologicas sé&o
particularmente relevantes em embocaduras pouco profundas e de pequenas
dimensdes, dado que ligeiras alteracbes na batimetria podem conduzir a um
efeito dramatico na propagacéo e distorcdo da maré. Ocasionalmente, estas
dindmicas complexas podem levar ao fecho da embocadura e
consequentemente a deterioracdo da qualidade da agua a montante. Os
modelos numéricos morfodinamicos constituem ferramentas atractivas para o
estudo destas alteragBes morfolégicas, embora a sua aplicagdo seja ainda
demorada e necessite de um conhecimento profundo sobre os processos
relevantes. Este estudo visa analisar a morfodinamica da embocadura de um
sistema costeiro de pequenas dimensdes e profundidades (ribeira de Aljezur),
através da implementacao, validacdo e exploracdo do sistema de modelagdo
morfodindmico MORSYS2D. A ribeira de Aljezur esta localizada na costa
sudoeste de Portugal e esta sujeita as ondas e ventos do Atlantico Norte e as
marés ao longo da plataforma Ibérica. A ribeira tem cerca de 36 km de
comprimento, com profundidades entre 1-3 m e uma largura entre 10-40 m.
Cinco campanhas de campo foram realizados entre 2008-2010, de forma a
adquirir dados de batimetria, niveis de agua, ondas e correntes, tanto no
estuario como na praia adjacente, para a compreensao da dinamica da ribeira
e para a aplicacéo, calibracdo e validacdo do MORSYS2D. Este sistema 2D de
modelacdo morfodindmica simula os processos de transporte de sedimentos
ndo-coesivos e a evolugcdo batimétrica resultante em zonas costeiras. O
sistema inclui um modelo de ondas (SWAN), um modelo de circulacéo
(ELCIRC) e um modelo de transporte de sedimentos e de actualizacdo de
fundo (SAND2D). A aplicacdo, calibracdo e validacdo do MORSYS2D foi um
procedimento sequencial, devido as inUmeras variaveis e processos
envolvidos (como por exemplo, parametros de forcamento, férmulas de
transporte). Este procedimento iniciou-se com simulagbes forcadas apenas
pela maré, e progressivamente foram adicionados os processos de agitacdo
maritima e de transporte de sedimentos. Diferentes conjuntos de dados (niveis
de agua, velocidades, dados de ondas e batimetrias) foram utilizados para
validar cada etapa. Simula¢cdes morfodindmicas para campanhas de campo
consecutivas, constituiram a validagéo final. De forma a investigar o efeito dos
Varios processos intervenientes na evolu¢cdo morfodindmica da embocadura
(como por exemplo, agitagdo maritima e os caudais de cheia), foram
realizadas simulacdes sintéticas. A partir da exploracdo do modelo, os
resultados mostram que a variabilidade morfodinamica da praia é condicionada
principalmente pelas ondas, enquanto que o fluxo do rio domina a
morfodindmica da embocadura quando os fluxos de pico ocorrem. O sistema
de modelos reproduz correctamente a hidrodindmica (agitagdo maritima, niveis
e velocidades), e produz previsGes batimétricas qualitativamente correctas.
Este estudo contribuiu para uma nova compreensdo do sistema e da sua
variabilidade.
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The morphology of tidal inlets is very dynamic, due to the combined action of
waves, tides and river flows. The morphological changes of small and shallow
inlets are particularly relevant, as even slight variations in the bathymetry may
induce a dramatic effect on tidal propagation and distortion. Occasionally, these
complex dynamics may lead to the closure of the inlet and thus degrade the
water quality upstream. Numerical morphodynamic models constitute attractive
tools to study these morphological changes, although their application is still
time-consuming and requires a deep insight into the relevant processes. This
study aims at analyzing the morphodynamics of the tidal inlet of a small and
shallow coastal system (the Aljezur coastal stream), through the
implementation, validation and exploitation of the MORSYS2D morphodynamic
modeling system. The Aljezur stream is located in the south-west coast of
Portugal and subject to the north Atlantic waves and winds, and tides along the
Iberian shelf. The stream is about 36 km long, 1-3 m deep and 10-40 m wide.
Five field campaigns were carried out between 2008-2010 to provide
bathymetry, water levels, waves and currents, both in the estuary and the
adjoining beach, for the understanding of the dynamics of the stream and for
the application, calibration and validation of MORSYS2D. This 2D
morphodynamic modeling system simulates the non-cohesive sediment
transport processes and the resulting bathymetric evolution in coastal regions.
The system includes a wave model (SWAN), a circulation model (ELCIRC) and
a sediment transport and bottom update model (SAND2D). The application,
calibration and validation of MORSYS2D were a step-by-step procedure due to
the numerous variable inputs and processes involved (e.g., forcings,
parameters, formulations). The procedure started with simulations forced only
by the tide, and progressively were added the wave and sediment transport
processes. Different data sets (water levels, velocities, wave parameters and
bathymetries) were used to validate each step. Morphodynamic simulations
conducted between consecutive field campaigns provided the final validation.
In order to investigate the effect of the several processes on the
morphodynamic evolution of the inlet (e.g., waves and peak river flows),
synthetic simulations were performed. From the exploitation of the model,
results show that the morphodynamic variability of the beach is dominated
mostly by the waves while river flow dominates the morphodynamics of the inlet
region when peak flows occur. The model system reproduces correctly the
hydrodynamics (waves, levels and velocities), and produces predictions of
bathymetry qualitatively correct. This study brought a new understanding of the

system and its variability.
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1. INTRODUCTION

1.1 MOoTIVATION

Estuaries are among the most productive natural habitats in the world, along with
the tropical rainforest and the coral reefs. Due to their unique characteristics, estuaries
are a vital part of regional and global ecosystems. Many species of fish, birds, reptiles and
mammals congregate to feed, find shelter, grow to adulthood, and stage migrations in
estuaries, making these dynamic ecosystems rich in biodiversity of fauna and flora. Along
with the ecological value, estuaries are also important economical regions for the local
populations, providing natural resources through commercial and recreation activities.

Estuaries are semi-enclosed bodies of water formed in the transition zone
between land and sea, where fresh water from rivers and coastal streams flows into and
mixes with salt water of the ocean (Pritchard, 1967). These coastal systems are subject to
both marine influences, through tides, waves and the influx of saline water; and riverine
influences, through flows of fresh water and sediment.

The dynamics of estuaries depends on their size. Small estuaries exhibit some
noteworthy differences relative to their larger counterparts. Because they are generally
shallow, small absolute changes in bathymetry can represent large relative changes in the
total depth. As a result, morphological variations may have a dramatic effect on tidal
propagation and distortion, on hydrodynamics and, ultimately, on the transport and fate
of water-borne material. For instance, some forcing conditions may induce severe
reductions in the inlet cross-section, or even its closure, constraining the water renewal
and putting public health at risk. Hence, the water quality in these systems depends
strongly on their time-dependent morphologies (e.g., Oliveira et al., 2007, 2010c).

This dependency justifies the need to assess the morphological behaviour of small
estuaries and inlets in order to understand and study their water quality. However, the
morphological behaviour is particularly difficult to simulate in small systems. First, some
simplifications usually valid in large estuaries are inadequate in smaller ones. For
instance, water level fluctuations due to wave setup or atmospheric pressure variations

are typically neglected in circulation models of large estuaries. However, when the total




depth of an inlet is very small at low tide (e.g., below 1 m), these fluctuations may affect
tidal propagation significantly. Secondly, space and time scales are highly correlated. A
small estuary will also tend to evolve more rapidly than a larger one. While this faster
evolution reduces the duration of the time series required to understand the variability of
the system, it also increases the required sampling frequency, and often poses severe
challenges to numerical morphodynamic models. Indeed, morphodyamic models are
more prone to spurious oscillations when sediment fluxes are high (Fortunato and
Oliveira, 2007).

Due to this complexity, the prediction and understanding of these morphological
variations require sophisticated models, able to represent all the relevant processes
involved, and with a detailed spatial representation. Numerical morphodynamic models
constitute the most obvious choice, as they encapsulate the current knowledge of the
hydrodynamic and sediment transport processes. They offer the possibility to assess
different scenarios, test engineering solutions and investigate the importance of different
processes.

However, in spite of recent advances, the development of these morphodynamic
models is still in its infancy and their predictive capabilities remain limited (Bertin et al.,
2010). The poor scientific understanding of many processes and their interactions leads to
many simplifications and parameterizations (e.g., many sediment transport formulae are
available). Models include many possible options, and it is not always clear which ones
are the most adequate for each application. Hence, existing models are difficult to apply
due to the large number of choices available to the modeller. The modeller is required to
have a thorough understanding of both the physical processes involved and the numerical
methods used. In addition, successful applications of these models to tidal inlets are still
scarce (Cayocca, 2001, Work et al., 2001, Bertin et al., 20093, c, Plecha et al., 2010). As a
result, each new application raises new questions, and there is little guidance on the best
procedure to apply, calibrate and validate these models.

The characteristics of the Aljezur coastal stream, located in the SW Portuguese
coast, make it an ideal system to perform this kind of morphodynamic modeling. It is a

small and shallow system with a very dynamic inlet subject to the combined action of




waves, tides and riverflows. Due to the small dimensions of the Aljezur stream, collecting
the necessary data for the calibration and validation of the models is relatively
inexpensive. Also this system is located in an important environmental protected area
(Parque Natural do Sudoeste Alentejano e Costa Vicentina), where different and
potentially conflicting uses exist, and the preservation of the water quality is a present
concern.

Several authors have studied the Aljezur stream from a biological and
geomorphological perspective (Magalhdes et al., 1987, Fidalgo e Costa et al., 2002, 2003).
Gama-Pereira (2005) performed a detailed geological study of the coastal system,
characterizing the geomorphology of the stream and some physical aspects of the system.
In particular, water level measurements along the stream showed that flood dominance
increases from the coast upstream. The characterization of the drainage basin, soil
occupation and use can be found in studies of land-use planning, performed to evaluate
the effect of floods in the Aljezur village, due to extreme precipitations events (Almeida
et al., 2000). However, the morphodynamics of the Aljezur tidal inlet and of the Amoreira
beach have not been studied. Hence, little is knownabout the processes controlling the
morphology of the inlet.

In the scope of the project MADyCOS, other models have been applied to the
Aljezur coastal system. Aiming at understanding the impact of the inlet variability on the
distribution of contaminants, Oliveira et al. (2010c) performed particle simulations for
two inlet configurations. In particular, these authors showed that the setup due to waves
can promote sediment transport towards the head of the estuary. Also, a water quality
model, ECOSELFE (Rodrigues et al., 2009), was applied to study circulation (including
salinity and temperature), the fecal contamination and the oxygen cycle in the stream
(Rodrigues et al., 2009, 2010), but did not account for the morphological evolution of the
inlet. These authors highlighted the strong sensitivity of residence times to the wind and
river flow. However, it remains unclear whether this sensitivity occurs in the whole
estuary or only in the upper estuary, where tidal currents are weak.

In order to complement these studies, a morphodynamic understanding of the

system is required, to identify the controlling physical processes that shape the inlet




configuration and ultimately help to evaluate the effect of the variability in the inlet in the

water quality upstream.

1.2 OBIJECTIVES

This work aims to contribute to the understanding of the physical (hydrodynamic
and morphodynamic) processes that govern small coastal systems through the
application, calibration and exploitation of the morphodynamic model MORSYS2D at the
small Aljezur system. Simultaneously, it seeks to provide some guidance on how to
approach the application and calibration of morphodynamic models to such systems.

This study was developed in the scope of the project MADyCOS (Multidisciplinary
integrated Analysis of the sediment Dynamics and fecal contamination in intermittent
Coastal Systems), which aims to provide a valuable and inexistent knowledge on the
hydrodynamics, morphodynamics, residence times and sanitary condition in the Aljezur

coastal stream, which is essential for its adequate management.

1.3 ORGANIZATION OF THE THESIS

In order to achieve the proposed objectives, three major tasks were undertaken:

Task 1 — Acquisition, processing and analysis of data of the Aljezur coastal stream:
= brief literature review of the main physical characteristics of the Aljezur stream,
aiming to characterize the system for the implementation of the models;
= treatment and organization of the field data collected between 2008 and 2010,

aiming at the implementation and validation of the models;

Task 2 — Implementation and calibration of the morphodynamic model for the Aljezur
stream and adjacent coastal area:

= review of the numerical models to be used in the coastal system;

= application, calibration and validation of the wave model (SWAN);

= application, calibration and validation of the hydrodynamic model (ELCIRC);




= application, calibration and validation of the morphodynamic model (MORSYS2D)
based on the calibration of the previous models and the sediment transport model
(SAND2D);

= sensitivity analysis of the morphodynamic model.

Task 3 — Exploitation of the morphodynamic model:

= simulation of several scenarios that may occur in the study area;

= analysis of the relevant physical processes by establishing and testing hypotheses.

Based on the approach adopted, the thesis is organized in seven chapters:

Chapter 1: a general introduction of the work, describing the main objectives and the
importance of this type of studies
Chapter 2: a brief characterization of the study area and the important factors which
affect the morphological processes
Chapter 3: description and analysis of the relevant data collected during the field
campaigns.
Chapter 4: brief description of the morphodynamic model and its various components
Chapter 5: application, calibration and validation of the models
Chapter 6: exploitation of the model

Chapter 7: discussion of the results and summary of main conclusions




2. STUDY AREA

The Aljezur stream (Figure 1) is a small coastal system subject to the action of
winds, waves, tides and river flows, and is located in the southwest coast of Portugal

(about 70 km south of Sines and 39 km north of Cape St. Vicente, Sagres).
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Figure 1 — Study site: a) location; b) bathymetry (in meters, relative to mean sea level); c) aerial photograph
of the Amoreira beach and lower estuary (source: Google Earth); d) Amoreira beach; e) upstream end of the
lower estuary.




The Portuguese coast is influenced by the North Atlantics winds and currents. The
wind regime is an important factor in the climate of the region, with a strong maritime
influence and with prevailing winds from the northern quadrant. The wave climate is
severe, due to the exposure of the coast to the North Atlantic. Waves are predominantly
from the NW/SW, with a mean significant wave height of 2 m. The ocean tides are semi-
diurnal with maximum range of 4 m (Gama-Pereira, 2005).

The climate of the Aljezur region is mesothermal, with dry summers and
occasional floods during the maritime winter (October to March). Despite the frequent
floods during the months of highest rainfall, the streams usually present a low flow during
most of the year, almost without natural drainage in drier seasons (Ribeiro et al., 1994).

The whole stream is about 34 km long and drains a basin of about 182.9 km?. It is
formed by the Areeiro, Cercas and Alfambras streams, coming from the north, east and
south, respectively. These streams connect near the village of Aljezur, running afterwards
along the valley and connecting to the sea at the Amoreira Beach (Costa, 1993, in Gama-
Pereira, 2005). The cross section of the stream varies along the valley. The stream is
about 10-40 m wide and 1-3 m deep close to the inlet, and becomes narrower and slightly
deeper in some regions upstream.

The Amoreira beach is about 600 m in the longshore direction and 300 m cross-
shore. It is protected by rocky cliffs to the North and to the South and has a large field of
coastal dunes. Aerial photographs from the last decades indicate that this dune field is
propagating inland, progressively covering the salt marshes (Gama-Pereira, 2005).

The downstream part of the Aljezur stream is a small estuary, as it is influenced by
both the tide and the freshwater flow. Although the inlet is usually connected to the sea,
the closure of the inlet (which happened in April 1982 — November 1983; and in 1986) can
occur in periods with exceptional wave, tide and flow conditions, isolating the stream
from the sea and preventing the water renewal (Gama-Pereira, 2005).

Most of the year, the inlet is predominantly subject to the waves and tides, except
in the short periods that follow extreme precipitations, which increase the flow and the
river currents may overlap the effect of ocean conditions (Costa et al.,, 1987, 1988).

Therefore, the bathymetry configuration of the inlet is mostly determined by the balance




between tides and waves. During the wet months, strong riverflows can flush river
sediments to the sea and contribute to the opening of the inlet (Gama-Pereira, 2005).

The tide is damped and distorted as it propagates upstream (Gama-Pereira, 2005).
In terms of water levels, the system is flood-dominated, with ebbs significantly longer
than floods (Gama-Pereira, 2005). However, because ebbs occur at lower tidal levels than
floods, velocities are larger on ebb than on flood (Oliveira et al., 2010c). Tidal asymmetry
is also affected by the mean water level in the coast, for instance due to wave setup
(Oliveira et al., 2010c). Besides tides and river flow, the circulation in the estuary was
shown to be affected by waves (Oliveira et al., 2010c) and wind (Rodrigues et al., 2010).

The distribution of the different size and type of sediments along the streams
results from the different sediments transport agents (waves, tides, river flow and wind)
and the sediments sources (river and sea) (Magalhdes et al., 1987). Gama-Pereira (2005)
divided the Aljezur stream (from the inlet to the village of Aljezur) in four main regions,
considering the type of sediments found in the superficial layer of the stream bed

(Figure 2).
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Figure 2 — Division of the Aljezur stream by regions according to the type of sediments: A — lower estuary; B
and C — mid-estuary; D — upper estuary; E — aquaculture ponds and salt marsh region; F — water treatment
station (WTS) and Aljezur village.




The first region (A) is composed exclusively of sandy sediments from marine
origin; the second region (B) is mostly sludge, and includes extensive salt marshes; the
third region (C) is a mix of sludge, gravel and sandy sediments and the last region (D) is
mostly gravel with a small percentage of fine sediments. Based on this classification, we
will adopt the following nomenclature: A — lower estuary; B and C — mid-estuary;
D — upper estuary.

The anthropogenic action had an important role in shaping the Aljezur estuary,
before it was integrated in the “Parque Natural do Sudoeste Alentejano e Costa
Vicentina” in 1988. In the past, the valley was intensively occupied with rice fields, which
covered most of the valley and constricted the margins of the stream. Nowadays, the
former agriculture fields are mostly used for cattle pastures. The last human intervention
happened in 1990 with the construction of aquaculture ponds in the salt marsh region
(Figure 2 — E).

Currently, all the valley of the Aljezur stream and the Amoreira beach are
established as a protected area, to safeguard the ecological interests of the zone. Due to
its natural resources in fauna and flora, and attractive landscape, this region is being
threatened by tourism, leading to a possible conflict between human and environmental
interests. Therefore, all interventions in the catchment area are held only upstream of the
water treatment station (Figure 2 — F). Downstream from this point, although still slightly
constricted by the cattle pastures, the river currents can lead to small adjustments of the

margins, especially during the rainy season.




3. SUPPORTING DATA ACQUISITION AND ANALYSIS

3.1 SUPPORTING FIELD CAMPAIGNS

This work is integrated in the project MADyCOS — Multidisciplinary integrated
Analysis of the sediment Dynamics and fecal contamination in intermittent Coastal
Systems. The general aim of this project is to improve the understanding of the effects of
the morphodynamics of tidal inlets on the water quality of the associated estuaries.

The Aljezur coastal stream is an adequate system for this analysis due to its small
dimensions, fast morphological dynamics and several contamination sources. Although
the present work is mostly based on numerical modeling analysis, the implementation,
calibration and validation of the models required extensive field data measured in
different bathymetry settings and forcing conditions.

In order to characterize the hydrodynamics and the morphodynamics of the inlet
of the Aljezur stream, four extensive field campaigns were conducted in 2008 and 2010 to
measure bathymetry, water levels, waves and currents (Table 1). Between the two major
campaigns in 2009, smaller campaigns were carried out to measure bathymetry alone.
These campaigns aimed at collecting data to calibrate and validate the morphodynamic
model. Other measurements were also carried out synoptically but their analysis is out of
the scope of the present work. The reader is referred to Oliveira et al. (2010c) and

Rodrigues et al. (2010) for these data and their analysis.

Table 1 — Main characteristics of the field campaigns.

STATIONS
CAMPAIGN TIDE SEASON BATHYMETRY  SEDIMENTS WATER
VELOCITY WAVE
LEVEL
Sorin End of
ZERO May p & maritime v v 6 2 5
o tide .
g winter
~ Nea End of
ONE SEPTEMBER tidep maritime v v 8 2 2
summer
Mean End of
Two May . maritime v v 9 2 4
o tide int
g winter
~ . End of
Spring "
THREE SEPTEMBER tide maritime v x 5 2 3
summer
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A preliminary analysis of the validity and completeness of the data sets revealed
that the May 2009 campaign produced the best quality and most complete data sets.
Therefore this chapter focuses on the description of the data collected during this field
campaign and the bathymetries collected in the small campaigns between May and
September of 2009. These data are later used in the application, validation and
calibration of the models (Chapter 5). Further details about the field campaigns can be
found in the technical reports of the field campaigns (Oliveira, 2009, 2010a, b;
Freire, 2010b).

This chapter also summarizes the wave and meteorological conditions during May
2009, based on the data from the sea station “Buoys” in Sines.

Campaign Two was carried out between 11 and 13 of May, during mean tide in
the end of maritime winter, for a whole tide cycle (13 hours). For this campaign, 11
stations were defined (Figure 3), distributed along the stream, from the Amoreira beach
to the water treatment station. The stations were distributed in order to characterize the

tide propagation, the incoming waves and the salinity intrusion.

=20 m

-25m

L 1000 m J

Figure 3 — Location of the stations along the stream during campaign of May 2009. The bathymetry is
colour-coded in meters, relative to mean sea level.
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Different instruments were used to collect the data. The water level fluctuations
were measured at all stations through pressure sensors or rulers. Velocities at the inlet
were measured using electromagnetic current meters (in stations 9 and 11A). The wave
data were also measured with pressure sensors in the Amoreira beach (in stations 11B,
12, 14 and 17). Values were collected with different intervals of acquisition, depending on

the nature of the target data. The data collected are summarized in Figures 4 and 5.
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Figure 4 — Hydrodynamic data collected during the campaign in May 2009: a) free surface water level
(relative to mean sea level) and b) velocities (positive values indicate flood).
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Figure 5 — Wave data collected during the campaign in May 2009: a) station 11B; b) station 12; c) station 16;
d) station 17 (relative to mean sea level).

A complete bathymetric survey of the nearshore area and the Aljezur stream up to
the limit of tidal propagation was performed during April 2008. In September 2008,
another bathymetric survey of the nearshore area was performed in the scope of the
project BAYBEACH (PTDC/CTE-GEX/66893/2006).

The Amoreira beach and the inlet bathymetry were measured during the four
extensive field campaign. Between the two major campaigns in 2009, two smaller
campaigns were made, targeting only bathymetry. The major surveys were performed in
order to characterize the seasonal variability of the system and the smaller surveys to
define the inlet geometry and its variation between late winter and late summer. The
inlet topo-hydrographic data were measured using a total station and a DGPS. Figure 6
summarizes the data obtained. Due to some uncertainty, a few corrections in the
bathymetry were performed, such as the removal of some points with unrealistic values

and the improvement of the interpolation schemes.
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Figure 6 — Bathymetry collected in the inlet and lower estuary a) May; b) June; c) July; d) September. The
bathymetry is colour-coded in meters, relative to mean sea level.
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In addition to the bathymetry data, several photos were taken to the Amoreira
beach from station 13 (Figure 3) and nearby locations, between April 2008 and

September 2010 (Figure 7 to Figure 9).

6.May.2008

11.Septemben2@08

12.May.2009

Figure 7 — Amoreira beach photos taken between April 2008 and May 2009.
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1o Malich. 2010

20.March.2010

Figure 8 — Amoreira beach photos taken between April 2009 and March 2010.
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30.May.2010
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31-0October.2010

Figure 9 — Amoreira beach photos taken between May and October 2010.

The bathymetric data in the lower estuary and the Amoreira beach photos
indicate that there is a significant variability of the configuration of the main channel of
the stream, especially in the inlet region. Although shallow depths were measured in the
inlet during the data and photos acquisition, the stream was never isolated from the

ocean.
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Sediments samples were collected in the Amoreira beach and in the lower
estuary, and analysed in laboratory to determine their grain size distribution (Figure 10).
The samples were collected in the main morphosedimentary units (beach, dune field,
sand bar, estuary, inlet, salt marsh). Results reveal a strong uniformity in the sediment

size, with Dsg= 0.3 mm (Freire et al., 2010a).
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Figure 10 — The sediment samples collection: a) location and values of the D5, of the sediment samples at b)
beach and c) stream inlet.

3.2 DATA FROM THE SINES SEA STATION

Data from the sea station in Sines were also analysed in order to determine the
boundary conditions for the tidal model. In addition, these data provided a validation of
the boundary conditions used to force the wave model. The Sines buoy is located at 97 m
depth, at the coordinates 37°55’16"’N 8°55’44’W (Figure 1). Figure 11 summarizes the sea

and meteorological conditions registered from May to September of 2009 in Sines.
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Figure 11 — Data from Sines from May to September 2009: a) sea surface elevation (relative to mean sea
level); b) significant wave height; c) peak wave period; d) wave direction; e) wind intensity and direction and
f) atmospheric pressure, recorded by the Portuguese Hydrographic Institute (IH) near the Port of Sines.

As already mentioned, small fluctuations in the water level associated with
meteorological phenomena are usually neglected in deeper coastal systems. However, in
shallower systems, these fluctuations can be significant relative to the total depth.
Therefore, to evaluate the effect of these fluctuations, the values of atmospheric pressure
(Figure 12b) were converted in to values of low frequency water level (Figure 12d)

through the expression:

P(t) = (P)=p-g-(Z0(t) —(Z0)),
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where P(t) is the observed atmospheric pressure, (P) is the mean atmospheric pressure,

Z0(t) is the real water level, (Z0) is the mean sea level, p is the sea water density

and g is gravity. Using the difference between the sea surface elevation predicted by

harmonic synthesis and the observed one (Figure 12c) and the values of water levels

fluctuations, the correlation between these two variables was calculated (Figures 12e).

Results (Figure 12e) show a very high correlation between the two signals

(R* = 0.905). The correlation function was therefore used in the model calibration and

validation to infer the water level fluctuations from atmospheric pressure data as a

boundary condition.
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Figure 12 — Data used to calculate the values of water level fluctuations from May 2009: a) sea surface
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4. THE MORPHODYNAMIC MODELLING SYSTEM MORSYS2D

4.1 GENERAL DESCRIPTION

The 2D morphodynamic modelling system MORSYS2D simulates the non-cohesive
sediment transport processes and the resulting bathymetric evolution, forced by tides,
wind, river flows and waves (Fortunato and Oliveira, 2004, Bertin et al.,, 2009b).
MORSYS2D was developed for coastal regions, with a focus on tidal inlets.

The present version of MORSYS2D, driven by waves and tides, has been applied
with success at three tidal inlets: Anc3o (Bertin et al., 2009a), Obidos lagoon (Bertin et al.,
2009c; Bruneau et al., 2010) and Santo André lagoon (Nahon et al., 2010). Several other
applications were carried out, either driven by tides alone (e.g., Fortunato and Oliveira,
2004; Plecha et al., 2010), or to synthetic cases (Nahon et al., 2009). The model has
proven to be able to predict physical processes such as the formation of meanders, the
migration of tidal inlets and the generation of sand bars (Bruneau et al., 2010), and its
predictions agree with the extensive empirical knowledge and models (Nahon et al.,
2009).

MORSYS2D consists of a C-shell script that runs independent models of waves,
circulation, sediment transport and water quality, controlling the transfer of information
between them and performing control checks (Figure 13). Computational efficiency is
sought through the use of an adaptive time stepping procedure (Bertin et al., 2009b), the
partial use of parallel codes (Bruneau et al., 2010), and the optimization of information

transfer between modules (Costa et al., 2010).
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Figure 13 — Scheme for MORSYS2D. Only the models used in the present application are shown.

This modelling system has been developed at LNEC and offers a choice between
different modules for waves and currents. At present, it has two hydrodynamic models
(ADCIRC — Luettich et al., 1991, and ELCIRC — Zhang et al., 2004), two wave models
(REF/DIF1 — Kirby and Dalrymple, 1994, and SWAN — Booij et al., 1999), and a sediment
transport and bottom update model (SAND2D - Fortunato and Oliveira 2004; 2007c).

In this chapter, only the modules used in this study are briefly described. A
detailed description of previous and present versions of the model are given in Fortunato

and Oliveira (2004; 2007a), Bertin et al. (2009a) and Bruneau et al. (2010).

4.2 THE CIRCULATION MODEL: ELCIRC

ELCIRC (Zhang et al., 2004) is a 3D baroclinic circulation model, which solves the
shallow water equations through a combination of Eulerian—Lagrangian methods and
finite volumes on unstructured grids. ELCIRC is an open source model developed at the
Centre for Coastal Margin Observation and Prediction
(www.stccmop.org/CORIE/modeling/elcirc/index.html). This model was developed for
simulations from ocean to small river scales, considering the several physical processes

due to the different atmospheric, ocean and river forcings.
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Within MORSYS2D, ELCIRC is run with a single vertical layer, i.e., in 2D depth-
averaged model (Bertin et al., 2009a). The possibility of using unstructured grids allows

local grid refinements, resulting in better results with low computational costs.

4.3 THE WAVE MODEL: SWAN

The 3™ generation numerical wave model SWAN (Booij et al., 1999) solves the
spectral action balance equation with sources and sinks. SWAN is used to simulate the
wave propagation from deep to shallow water regions.

This spectral model accounts for the processes of generation, propagation and
dissipation of waves, forced by wind, including refraction and diffraction, bottom friction
and wave breaking (The SWAN team, 2010). In MORSYS2D, SWAN is used with structured

grids and in stationary mode (Bertin et al., 2009a).

4.4 THE SEDIMENT TRANSPORT AND BOTTOM UPDATE/EVOLUTION MODEL: SAND2D

SAND2D is the sediment transport and bottom update model used in MORSYS2D.
It uses the information of waves and currents, provided by the hydrodynamic models, to
compute the sand fluxes through one of the several empirical formulas implemented.
Solving the Exner equation, the model computes the final bathymetry for each time step
(Fortunato and Oliveira, 2004; 2007a). The time step can be specified by the user or
adjusted automatically to approach a target Courant number of 1 (Bertin et al., 2009a).

The Exner equation is solved on an unstructured grid. While MORSYS2D offers the
possibility to use different grids for flow and transport, it is used here the same grid for
ELCIRC and SAND2D to minimize interpolations and improve computational efficiency.
The model also offers several filters to avoid the typical numerical problems of the

morphodynamic models (Fortunato and Oliveira, 2007b).
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5. APPLICATION, CALIBRATION AND VALIDATION OF THE MODEL MORSYS2D

5.1 GENERAL PROCEDURE

Because MORSYS2D combines several models, its application, calibration and
validation is a lengthy procedure. In particular, the variable inputs are too numerous to
vary simultaneously: forcings (e.g., river flow, waves), parameters (e.g., friction
coefficient, wave breaking coefficient), geometry description (e.g., grids, bathymetry
interpolators), formulations (e.g., sediment transport formulation), numerical
formulations (e.g., bathymetric filters), etc. In addition, the number of manageable
simulations is limited by the high CPU costs: typical morphodynamic simulations in the
Aljezur stream run at 30% of real time, when run in serial mode.

To deal with these difficulties, a step-by-step procedure was adopted, starting
with the simplest simulations, and progressively adding more processes and models. This
approach allowed the calibration of one model at the time, using data from the stations
to validate each new step and where neglecting some physical processes seemed
acceptable (e.g., wind). Still, the number of parameters and other input choices
prevented a full optimization of the model setup.

This chapter summarizes the process of application, calibration and validation of
the MORSYS2D. The procedure was the following:

1. First the circulation model was implemented. The computational grid and
the bathymetry interpolation were verified by forcing the model only with
tides and river flow. Sensitivity analyses coupled with field campaigns led to
adjustments in the model domain and friction coefficients. Preliminary
values for the unknown mean sea level for each campaign were also
determined in the calibration phase.

2. Coupled tide / wave simulations were conducted next. At this stage, the
breaking formulation and parameter were selected through a comparison

with wave data.
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3. The circulation model was then further tuned by including atmospheric
pressure effects at its ocean boundary. A final validation of the wave and
tidal models was carried out.

4. Morphodynamic simulations, forced by waves and currents, were performed
next. The sediment transport formula and the filtering parameters were
selected to avoid spurious oscillations and other non-physical behaviours.
And finally, morphodynamic simulations between consecutive field
campaigns were conducted to assess the performance of the model.

These various steps are described in detail below.

5.2 TIDAL CIRCULATION

The bathymetry used in the simulations combines several sets of available data:
data collected in the scope of the project BAYBEACH in September 2008 in the external
zone in front of the Amoreira beach; data collected during the May 2009 field campaign
for the beach, inlet and lower estuary area; data collected by the Hitop campaign in April
2008 for the mid- and upper-estuary; and data measured on September 2009 in the salt
marshes.

Based on the available data, bathymetries and aerial photographs, an
unstructured grid for ELCIRC and SAND2D was created using SMS, xmgredit (Turner and
Baptista, 1993) and the grid post-processor of Fortunato et al. (2010) (Figure 14). The grid
extends from the water treatment plant, where river flows were measured, to 9 km away
from the inlet. The grid covers the Aljezur stream downstream of the water treatment
station, most of the salt marshes region, the Amoreira beach and the offshore area up to
a maximum depth of 65 m. To ensure the propagation of the tide upstream, several
refinements were required in the inlet and estuary region, resulting in a grid with a spatial
resolution ranging from 2.5 m to 500 m. These refinements also ensured a better
resolution in the morphological changes in the area of interest. In spite of the small
extent of the system, the final grid has approximately 40000 nodes due to the very high

resolution required to represent the narrow inlet and the breaking zone. The weak
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bathymetric filter of Fortunato and Oliveira (2000) was used to eliminate small-scale

bathymetric features unresolved by the grid.
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Figure 14 — Computational grid for ELCIRC and SAND2D: a) grid and bathymetry; b) detail of the beach and
inlet area, c) lower estuary and d) salt marsh region near the aquaculture ponds. The bathymetry is colour-
coded in meters, relative to mean sea level.

The first simulations were performed for 15 days (starting on 1* May 2009), with a
constant time step of 5 s. The model was forced at the ocean boundary by eleven tidal
constituents (Z0, 01, K1, M2, S2, N2, K2, M4, MN4, MS4 and M6), taken from a regional
tidal model (Fortunato et al., 2002), and by a constant flow of 0.3 m>/s at the river

boundary. This value was based on the data measured during the May 2009 field

campaign. The values of Z0 taken from the regional model are very small (of the order of
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a few millimetres). However, they are retained as their gradients generate residual
currents in the coastal zone.

Since computational time is a major concern, an artificial hotstart file is generated
at the beginning of each simulation, allowing a faster equilibrium of the system which
starts with a fully inundated domain, rather than a constant level, cold-start conditions.

The velocity and water levels simulations results were compared with field data at
stations 4,5, 6,7, 8,9, 11B and 12 (Figure 3).

Several sensitivity tests were performed to calibrate the model and verify the
sensitivity to parameters variations. One of the first parameters to be tested was the
variation of the mean sea level value. This is a key factor in the variation of the
propagation of the tide along the stream, because a higher sea level promotes the
propagation of the tide further upstream. To simulate these variations, different mean
sea levels were considered at the oceanic boundary: 2.10, 2.15 and 2.20 m. These values
were added to the Z0 amplitudes taken from the regional model. Based on the analysis of
data from Sines (average of the period 2008 — 2009), the mean sea level is about 20 cm
above the official value from 1970 (i.e., the mean sea level is now 2.20 m above chart
datum). The comparison between data and the results of simulations for this period
revealed that the optimum value for May 2009 is only 15 cm above this official value,
showing the possible influence of other factors which occur during the period of the
campaign along with the setup due to waves.

The second parameter to be tested was the drag coefficient (or Manning
coefficient), varying values from 0.01 to 0.02 m*3/s (with a step of 0.002 m1/3/s), constant
in the entire domain. These values were based on the sediment type present in the
Aljezur stream (Figure 2). The lowest value led to better results (especially at the
upstream stations), although the value of 0.01 m1/3/s is unrealistic for the lower estuary
and beach regions where bottom sediments are exclusively sand and large bedforms
occur. In order to solve this problem, other simulations used a drag coefficient variable in

1/3

space, with 0.01 m™°/s in the upper- and mid-estuary, where bottom sediments are

mostly sludge, and 0.02 m1/3/s elsewhere. These last tests with the drag coefficient
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showed that the values used in the inlet zone are the ones that mostly affect the
propagation of the tidal wave upstream.

The third parameter to be tested was the effect of the variation of the stream
flow. The values used range from 0.1 to 0.5 m>/s and are based on the data collected
during field campaigns. This test demonstrated that the lower values of river flow allowed
the tide to propagate further upstream.

During these sensitivity tests a setup of 0.10 m was used to simulate the effect of
waves. The increase of this value revealed the importance of the setup of waves in the
propagation of the tide inside the stream.

Figures 15 and 16 present the final simulation results with best comparison with
the data collected in May 20089.

To evaluate the performance of the model, the root mean square error (RMS) and
the predictive skill were calculated between the observed data and the simulation results:

1

N 2
1
RMS = N;[Ed(ti) - fm(ti)]z}

where &,;(t) and &,,(t) are the observed data and model results, respectively and N is

the number of measurements in the time series,

Zlfm - Edlz
S(6m — | + |62 = &)

Skill =1 —

where &,represents the time mean of the observed data.

RMS values scaled by the local tidal amplitude are considered excellent when they
are lower than 5 % and very good when they are between 5 % and 10 % (Dias et al.,
2009). When considering the predicted skill, the values closer to 1 classified the model
results in perfect agreement with the observed data, while values near 0 demonstrate the

opposite.
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Figure 16 — Velocity, comparison between data collected and the ELCIRC simulation results.

From the results of these tests several parameters was determined to be used
henceforth. The values that led to the best results were 2.15 m for the mean sea level and
the drag coefficient variable in space (between values of 0.01 in the upper and mid
estuary and 0.02 in the lower estuary). The sensitivity test to the river flow, showed the
sensitivity of the model to this parameter. In spite of this fact, the value of 0.3 m/s
measured in May 2009 was established to be used in futures simulations. Table 2
summarizes the RMS and performance Skill for each station, for the final simulation

results with best similarity with the data.

Table 2 — RMS and Skill of the simulation results of water level and velocity for each station.

Station RMS (m) Skill
4 0.140 0.037 ]
5 0.129 0.404
7 0.131 0.824
Water Level 8 0.090 0.887
9 0.058 0.972
11B 0.031 0.999
12 0.025 0.999
Velocity 9 0.513 0.528 ]
118 0.303 0.825

Both the RMS and the skill show the excellent performance of the model at the
stations closer to the ocean (station 11B and 12), and a decreasing accuracy towards the

head of the stream, possibly due to the several limitations of the bathymetric data.
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5.3 WAVE-INDUCED CIRCULATION

SWAN was run with two nested grids, to propagate waves from offshore to the
inlet. The first grid is 17.5 km long and 14.8 km wide, and has a constant spacing of 200 m
(about 7000 nodes). The second grid is curvilinear, with a maximum resolution in the surf
zone and in the inlet, with spacings between 3 and 25 m. It is 1.7 km long and 1.2 km wide

and covers an area of 21 km?, with approximately 11000 nodes (Figure 17).
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Figure 17 — Limits of the computational grids for SWAN and location of the WW3 outputs.

The boundary conditions for the coarser grid were provided by results from the
regional wave model WW3 of Dodet et al. (2010). SWAN was run every 20 min, being
forced at the final grid by the boundary conditions from the coarser grid and water levels
from ELCIRC.

These simulations were performed for the period of 8-14 May 2009, using the
coupled hydrodynamic component of MORSYS2D, so that the water level variations were
provided by the previously calibrated ELCIRC and the radiation stresses from SWAN are
used to force ELCIRC.

SWAN was calibrated for the parameters of breaking (0.5 — 0.8), dissipation rate
(0.5 — 1.5) and variation of the beach slope (0.01 — 0.04), through comparisons with
measured significant wave height (Hs), and mean wave period (T). Boundary conditions

were validated against data from the Sines buoy (Figure 18)
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Figure 18 — Wave data from Sines and the boundary conditions from SWAN for May 2009.

The model results reveal a good agreement with the data from Sines. Some
discrepancies between the model and the data may be due to the different location and
depth of the buoy relative to the point where model results were taken (in front of
Amoreira beach at 15 m depth).

From the sensitivity tests, the parameters which led to the best results were a
constant breaking parameter of 0.8 and a dissipation rate of 0.5. These values are used
henceforth in the calibration of sediment transport model.

Figure 19 presents the final simulation results with the best similarity with the
wave data for the stations 11B and 12. Figure 20 shows the water level results for the

simulations with and without waves, for stations 5, 8, 9 and 12.
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Table 3 — RMS and Skill of the simulation results of water level and velocity for each station.

RMS Skill
Station
No Waves Waves No Waves Waves
4 0.140 0.141 0.037 0.072
5 0.129 0.115 0.404 0.581
7 0.131 0.092 0.824 0.920
Water Level 8 0.090 0.057 0.887 0.958
9 0.058 0.054 0.972 0.978
11B 0.031 0.040 0.999 0.999
12 0.025 0.038 0.999 0.999
9 0.513 0.501 0.528 0.544
Velocity
11B 0.303 0.304 0.825 0.830

The results of the hydrodynamic component of MORSYS2D revealed the
importance of the effect of waves inside of the system (Figure 20). The setup of the waves
allows a further propagation of the tide, allowing a significant renewal of the water mass.
The introduction of waves improved the values of RMS and skill performance especially in
the mid-estuary stations (5, 7, 8 and 9).

From this calibration, the parameters with best results were afterwards used in

the calibration of wave and sediment transport models.

5.4 Low FREQUENCY WATER LEVELS

One important aspect in small coastal systems is the small variability in the water
column. Considering the shallow depths in the inlet, the effect of atmospheric pressure in
sea surface elevation should not be neglected. In chapter 3.2, the atmospheric pressure
data from Sines Buoy was converted to values of water level fluctuations. Tests were
performed to confirm the importance of the variability of the atmospheric pressure on
the water depth, and its effect on the tidal propagation and the hydrodynamics in the
Aljezur stream, by introducing this forcing along the boundary conditions of the

circulation model (Figure 21).
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Figure 21 — Boundary condition for the simulation for the period May 1 — 15 2009, without (A) and with (B)
the effect of the water level fluctuations (WLF)."

Coupled wave-hydrodynamic simulations were performed for 15 days (starting
on 1* May 2009), and the parameters were set equal from the previous calibrations of
the circulation and wave models. Figure 22 shows the model results for simulations with
and without the effect of atmospheric pressure between 9 and 13 of May 2009, for the
stations 8 and 12, with special focus to the 10t day, when the water level fluctuations
were large.

Figures 23 and 24 show the comparison between these model results and the data
collected. For these simulations the RMS and Skill performance of the model were also

calculated and are summarized in Table 4.
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Figure 22 — Comparison between the water level data and the model results without (A) and with (B) the
effect of the small water level fluctuations induced by the atmospheric pressure, for the period 9™ — 13"
May 2009, for the stations: a) 8 and b) 12.
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Table 4 — Mean square error of the hydrodynamic simulation results of water level and velocities for each
station.

RMS Skill
Station
No WLF WLF No WLF WLF
4 0.135 0.135 0.054 0.041
5 0.124 0.129 0.467 0.395
7 0.106 0.121 0.873 0.829
Water Level 8 0.073 0.084 0.918 0.887
9 0.080 0.079 0.943 0.943
11B 0.069 0.061 0.995 0.996
12 0.056 0.047 0.997 0.998
) 9 0.493 0.497 0.527 0.513
Velocity
11B 0.305 0.311 0.820 0.807

Although the differences between simulation results are negligible for the
campaign day (12th May 2009 — Figures 23 and 24), the results demonstrate how these
small water level fluctuations forced in the boundary can affect the tidal propagation
upstream (e.g., May 9, Figure 22). In conjunction with other factors, such as wind or
waves setup, the global merging of the forcings has considerable impact in the total depth
of the water column. Consequentially, this factor can lead to an alteration of the
morphological behaviour and of the water renewal of the coastal system.

The addition of these small fluctuations improved slightly the values of RMS and
performance skill. Although the improvement of the results for this particular period was
smaller than expected, the effect of small variations in the total depth should not be

neglected for simulations for long periods.

5.5 IMORPHODYNAMICS

In spite of the limited skill of the model in the upper estuary, its ability to
reproduce waves, water levels and currents in the tidal inlet area was considered
adequate to study the morphodynamics in this region. From the previous calibrations, the

major parameters were set to the following values: mean sea level — 2.15 m; drag

1/3 1/3

coefficient — variable in space, 0.01 m™?/s in the upper and mid estuary and 0.02 m™°/s in
the lower estuary; river flow — 0.3 m®/s (the value measured in May 2009); wave breaking

coefficient — 0.8; wave dissipation rate — 0.5.
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SAN2D simulations were performed with the same unstructured grid used in
ELCIRC to avoid interpolations. The sediment grain size D5y was specified as spatially
variable, from 0.26 to 0.34 mm, based on the collected sediment samples (Figure 10).
Since the area of interest was the inlet region (lower estuary), bottom evolution was
prevented in the mid- and upper-estuary, thereby reducing computational costs and
avoid dealing with cohesive sediments. The time step was set to be adaptive from 2 min
to 30 min, to avoiding spurious oscillations and reduce computational costs.

Sensitivity analyses to various physical and numerical approaches were
performed. The tests included two alternative weak numerical filters (Fortunato and
Oliveira, 2000), two sediment transport formulae (the Ackers and White formula (1973)
adapted to waves by Van de Graff and van Overrem (1979) and the Soulsby - Van Rijn
formula (Soulsby, 1997)) and two drag coefficient formulas (Soulsby and Manning). The
Manning drag coefficient was used as either constant or variable in space. Figure 26
summarizes these sensitivity tests, which were performed for 15 days (starting on 1** May

2009) using as initial bathymetry the data from May 2009 (Figure 25).

Figure 25 — Initial conditions of bathymetry. The bathymetry is colour-coded in meters, relative to mean
sea level.
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Figure 26 — Results from the sensitivity tests for the calibration of the sediment transport module. The
bathymetry is colour-coded in meters, relative to mean sea level.

Several simulations led to unrealistic behaviours, including small-scale oscillations
and cross-shore sand bathymetric features (Figure 26a, b and e). The options that led to
the best results were retained: the sediment transport formula of Ackers and White and
the variable Manning drag coefficient in space and filter 2 (Figure 26h). This filter damps
2Ax oscillations by eliminating local extrema (Fortunato and Oliveira, 2000).

Using these parameters, longer simulations were performed from May 10" till July
27" (78 days), a period that includes Campaign Two and the smaller coverage

surveys (Figures 27 and 28).
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Figure 27 — Bathymetry at the lower-estuary, inlet and beach on June 25" 2009: a) data; b) model results.
The bathymetry is colour-coded in meters, relative to mean sea level.

S5m S5m
4m 4m
3m ¢ 3m
2m / 2m
1m 7 1m
0Om i 0Om
-1m -1m
2m 2m
-3m -3m
-4m -4m
-5m -5m
-6 m -6 m
-Tm -Tm
-8m -8m
9m 9m
-10m a -10m
-11m 3 4 A -11m
-12m -12m
-13m -13m
-14m -14m
-15m ; -15m

v
4
27.July.09 ' | a

Figure 28 — Bathymetry at the lower-estuary, inlet and beach on July 27" 2009: a) data; b) model results.
The bathymetry is colour-coded in meters, relative to mean sea level.
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Figure 29 — Difference between: a) final data and initial conditions and b) simulations results and initial
conditions on June 25" 2009. Positive (negative) values indicate erosion (accretion).
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Figure 30 — Difference between: a) final data and initial conditions and b) simulations results and initial
conditions on July 27" 2009. Positive (negative) values indicate erosion (accretion).

Results show that the model is able to qualitatively reproduce the behavior of the
tidal inlet (Figure 29 and 30), including the deepening of the tidal inlet, the slight
northward migration of the channel and the growth of the sand bank north of the inlet.
Some trends are more pronounced in the model than in the data, suggesting that
sediment transport is over predicted, but results appear adequate to investigate the

gualitative effect of different forcings on the morphodynamic behavior of the inlet.
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6. EXPLOITATION OF THE MODEL

The coastal system of Aljezur was monitored from 2008 till 2010. During this
period, different configurations of the bathymetry were observed (Figure 27 and Figure
28), due to the variability of all forcings. This chapter aims at understanding the effect of
some forcings on the behavior of the inlet through the exploitation of the
morphodynamic model.

Two situations were studied: the influence of waves in the morphodynamic
configuration of the Aljezur stream and the effect of very large river flow occurrences. In
order to isolate these two aspects of the coastal system, all other forcings were kept
unchanged. The model was forced by synthetic tides using one or two tidal constituents
in order to simplify the interpretation of the results (M2 and M2S2, representing a spring
and a neap tide, Figure 31) and simulations were performed for 15 days. The drag
coefficient, time steps, artificial hotstart, computational grids and initial bathymetry were

the ones defined in the calibration of MORSYS2D.
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Figure 31 — Initial bathymetry (12th May 2009) and boundary conditions for the exploitation simulations: a)
one tidal constituent and two tidal constituents for b) a spring tide and c) a neap tide.

6.1 WAavEes

The wave climate of the southwest coast of Portugal is severe due to the influence
of the North Atlantics winds and currents. Waves are predominantly from the NW/SW,
with a mean significant wave height of 2 m. Tests were performed in order to understand

the effect of waves on the morphodynamics of the Amoreira beach. Simulations were
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performed with different significant wave heights, mean wave periods and directions, for
the two synthetic tides. Table 5 summarizes the model setup for each simulation. Figures

32, 33 and 34 summarize the results after 15 days of simulation.

Table 5 — Characteristics of the synthetic numerical tests for the wave forcing simulations. The color lines

correspond to the figures below: Figure 32 ( ), Figure 33 (mm=) and Figure 34 s ).
Tide M2 M2S2
T(s) 5 10 15 10
Hs (m) Direction | \w w sw |[nw w sw |[nw w o osw nw  ow sw
b c
a b Cc e f g h i a b C
g h i

Results show that the erosion of the Amoreira beach increases with the wave
energy. Indeed, both an increase in wave height (Figure 32) and period (Figure 33) push
the isobaths further offshore. In contrast, the wave direction has a profound effect on the
configuration of the channels (Figure 32). NW waves push the channel northward, close
to the cliffs, whereas W and SW waves push the channel southward. SW waves also
create a secondary channel and a large bank that follows the beach northward. A channel
of this type has been observed both in the spring and summer 2010 (Figure 9). Finally, the
comparison between Figures 33 and 34 suggests that the morphodynamic changes in the

Amoreira beach due to the effect of waves are fairly insensitive to the effect of tides.
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Figure 32 — Effect of the significant wave height (1, 2 and 3 m) and the wave direction (NW, W and SW) on
the morphology of the Amoreira beach. See Table 5 for details.
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Figure 33 — Effect of the wave period (5, 10 and 15 s) and the wave direction (NW, W and SW) on the
morphology of the Amoreira beach (see Table 5 for details).
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Figure 34 — Wave exploration results for a constant significant wave height (Hs = 2 m), constant wave period
(T =10 s) and with a variation of the wave direction (NW, W and SW), for a synthetic tide M2+S2.

6.2 HIGH RIVER FLOWS

The second set of exploitation tests aimed at understanding the response and
recovery of the system under high river flows resulting from large precipitation events.
This set of tests also aims at distinguishing when the river flow is able to overlap the
effect of tidal currents in the morphodynamics variability of the inlet, through the
variation of the maximum and duration of the peak flows.

Several tests were performed with the two synthetic tides: M2 and M2S2. For the
M2, four peak flows were simulated with maximum flow of 1, 5, 10 and 15 m3/s during
different durations of 5, 10 and 15 hours. Simulations were performed for a period of 15
days. The river flow was constant (0.3 m>/s) in the beginning of the simulation and the
peak flows started at the 5t day of simulation. For the M2+S2, these tests target the
analysis of the periods of spring and neap tides. A peak flow of 5 m®/s during 10 hours
was set to begin during these tides, at the 9" day of simulation. Wave conditions were set
to be constant, with a direction from NW, a significant wave height of 2 m and a wave

period of 10 s, representing a typical situation in the SW Portuguese coast.
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Figure 35 shows the results for the different maxima for the peak river flow for the
7" day, and Figure 36 shows the results for the peak flow of 5 m®/s with different
durations, for the 7, 10" and 15™ day of simulation for a synthetic tide M2. Figure 37
shows the simulations for the synthetic tide M2+S2.

Along with the visual analysis of the bathymetry, a cross section analysis was
performed to measure the variability of the channel under these different conditions.

Figures 38 and 39 summarize this analysis.

Const: 0.3 m¥/s 1 m/s

Cross
Section

-15 -14 -13 -12-11-10 9 -8 -7 6 -5 4 -3 -2 -1 0 1 2 3 4 5
Figure 35 — Simulation results for the 7t day of simulation of: a) constant river flow of 0.3 m>/s and to
maximum peak flow of b) 1 m*/s, ¢) 5 m*/s, d) 10 m*/s and e) 15 m*/s during 10 h; and f) correspond to the
location of the cross section analysis. The results correspond to the simulations with a synthetic tide M2.
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Figure 36 — Results to the peak flow of 5 m>/s, during 5 (a, b and c), 10 (d, e and f) and 15 h (g, h and i). The
results correspond to the 7, 10 and 15 days of simulation for a synthetic tide M2.
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Figure 37 — Results to the peak flow of 5 m3/s, during 10 hours. The results correspond to the 9, 11 and 15
days of simulation for a synthetic tide M2+S2. Neap tide (a, b, c) and spring tide: (d, e, f).

The temporal evolution of the inlet after the maximum flow shows that the
increase of the flow affects mainly the region near the inlet, along and up to the end of
the cliff to the south (Figures 35 and 36).

In the simulations with the synthetic tide M2, results show a stronger erosion of
the inlet region with the increase of the duration of the peak flow but especially with the
increase of the maximum peak. From Figure 36, the results show the recovery of the inlet
with the growth of sand banks 5 days after the event, suggesting that although the
impressive momentum effect, the tidal currents and waves tend to eliminate the

morphological changes produced by these type of events after a few days.
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The inlet cross section tends to increase gradually during the simulation, although
with tidal fluctuations. A small peak flow of 1 m3/s further increases the cross-section,
but does not affect the growth trend (Figure 38 — b.

With a longer and larger peak flow, the cross section tends to suffer a dramatic
change for a short period but is able to re-establish the previous values after a few days.
Also, the analysis shows that the maximum cross section increases with the duration and
maximum peak flow volume (Figure 38 —c).

From the simulations with the two tidal constituents, representing a neap tide and
a spring tide, results show the combination of both effects. Morphodynamic changes are
more intense during the spring tide, keeping the same position of the channel at the
beach. For the neap tide the channel tends to shift southward towards the cliff. During
the neap tide, the erosion is smaller than in the spring tide.

The cross section analysis of these simulations show that the cross section tends
to increase with the increase of the tidal amplitude (Figure 39 —a). When the peak flow
events occur, the inlet suffers erosion, which is amplified with spring tides.

From these exploitation scenarios the model demonstrated how important this
type of events are to the morphologic changes in the inlet, keeping the stream connected

to the sea.
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7. DIscUSsSION AND CONCLUSIONS

The main goal of this study was to contribute to the understanding of the
morphologic variability of the coastal system of the Aljezur stream, through the
application, calibration and validation of MORSYS2D. Throughout this work, the
simulation of the morphodynamics of this coastal system proved to be a challenging task:
many forcings must be taken into consideration (e.g., tides, waves, river flow,
atmospheric pressure), the bathymetric data were scarce in many areas and model
documentation was poor.

This work was divided into three major steps: 1) extensive field campaigns were
conducted to provide the necessary data; 2) the morphodynamic model MORSYS2D was
implemented in the system, then calibrated and validated with the field data collected in
the campaigns; 3) the model was then used to investigate selected aspects of the
morphodynamic behavior of the Aljezur inlet.

The field campaigns provided the data required to better understand and
characterize the coastal system and its variability. The bathymetric data and the Amoreira
beach photos, acquired every few months, reveal the morphological characteristics
during the two years of monitoring. The high variability in a single spring tide cycle was
surprising, revealing the vulnerability of the stream to potential disturbances.

During field campaigns, a few obstacles were presented by the system. Station
locations were limited to the regions where the dense vegetation along the stream
allowed the access to the stream. Also, the dense vegetation combined with the type of
sediments (mostly regions with sludge), the shallow depth and the narrow width of the
stream, led to a poor bathymetry acquisition in the mid and upper estuary. In the lower
estuary and beach, the need to measure the bathymetry only at low tide also led to a
sparse acquisition of bathymetry during the small surveys.

The processing and analysis of the data revealed some inconsistencies, and part of
the data had to be discarded. However, in the end, the data was adequate, quantitatively
and qualitatively, to characterize the coastal system.

The amount of data with good quality was essential to perform a realistic

implementation of the morphodynamic model. Water level, velocity and wave data
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collected along the stream and at the beach were used to calibrate the hydrodynamic
component, and the several sets of bathymetry allowed the final calibration of the
morphodynamic component.

MORSYS2D was an essential tool for this study. Several model runs were
performed for each step to calibrate each component of MORSYS2D. The final results
show in general a good performance, although the accuracy of the hydrodynamic model
progressively degrades upstream. The RMS errors range from 3% to 10% of the local
amplitude, and skill values higher than 0.89 were reached for the stations in the lower
estuary (stations 8 to 12) for elevations. The calibration for velocities was less successful.
The RMS errors were about 30% to the station 11B and 50% to station 9, and skill values
higher than 0.8 and 0.5 to station 11B and 9, respectively. The calibration procedure
revealed the importance of including waves (and, to a smaller extent, atmospheric
pressure fluctuations) to accurately propagate tides upstream.

Differences may be due to the complexity of the coastal system, where the shape
and the morphodynamics of the inlet, strongly affect the tidal propagation. Also, small
inconsistencies in the initial bathymetry and data may increase the error.

Relatively to the morphodynamic component, the model was able to reproduce
the main characteristics observed during the smaller campaigns, such as the deepening of
the tidal inlet, the slight northward migration of the channel and the growth of the sand
bank north of the inlet.

Computational costs were an important limitation of the model. In spite of the
significant computational resources available (a 264-node cluster), and the improvements
in the model efficiency implemented in parallel with this work (Bruneau et al.; 2010,
Costa et al.,, 2010), the simulations were performed almost in real time due to the
dimensions of the computational grid (about 40000 nodes).

After the accuracy of the model application was established, MORSYS2D was used
to understand the behavior of the system under different forcings. In particular, it was
examined the impact of wave characteristics on the beach behavior, and the response of

the system to high peak river flows.
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The morphodynamic variability of the beach is dominated mostly by the waves,
which shifting (northward or southward) the channel depending on their directions. The
amplitude of the tide affects how far upriver and onshore the waves can reach.

The river flow dominates the morphodynamics of the inlet region when peak flows
occur, overlapping the tidal currents and waves effect. During the dry season, when river
flow is almost inexistent, the cross section of the inlet tends to increase with the tidal
amplitude. When the peak flow events occur, the inlet is eroded, a behavior that is
amplified on spring tides. High river discharges thus contribute to keeping the stream
connected to the sea.

This study brought a new understanding of the system and its variability. The
exploitation of MORSYS2D offers the possibility to answer questions about the
morphodynamics of this coastal system.

The exploitation tests performed in chapter 6 provided some insight into the
behavior of the system. However, other exploitation simulations should be performed to
answer further questions on the system behavior. For instance, the salt marsh region has
been severely reduced by the construction of the aquaculture ponds in the 1990’s. The
change in the surface area of the salt marsh is likely to affect the tidal prism, and
ultimately the morphodynamics of the inlet, as has been shown in other systems (e.g.,
Picado et al., 2008). MORSYS2D could be used to quantify these changes. Also, storm
events are likely to have a profound effect on the inlet. Again, MORSYS2D could be used
to assess the extent of these changes and the time needed for the beach to recover. The
effect of wind-generated currents and setup could be investigated using the model.
Finally, it would be interesting to simulate past events that led to the closure of the

system to understand which processes and forcings were the most relevant.
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