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Palavraschave

Resumo

Andlise Harmonica, Propagacdo da Makaré Astrondmica, Maré

Meteoroldgica Ria de Aveiro.

A Ria de Aveiro é um sistema lagunar pouco profundo situad
costa noroeste portuguesa, separado do mar pawaLilha barreira e est:
ligado ao mar por um canal fixado pelos molhes Norte e ISeste
trabalho petendese estudar as alteracdes das marés induzidas
modificacbes geomorfoldgicas entre 1987/88 a 20%@rificando as
alteragdes na amplitude e fase sloonstituintes de mard HY, 0 ,0
e 0 "Y Qurante esse intervalo de tempé&ste trabalho também visa
determinagdo da frequéncia das sobreelevacdes da maréle origem
meteoroldgicana Ria de Aveircentre 2012 e 2017, determinandpais
os fatores que mais asnfluenciam- variacdo na pressao atmosféric
intensidade e direcdo do vento e precipitacdo. Os dadibzados neste
trabalhoforamrecolhidospor marégrafosocalizadosios principaisanais
da lagunaForam elaboradosrgficos de variacdo anual danplitudee da
fasedos constituintes de maré® RY, 0 ,0 e0 "Y'@eterminados por
analise harménica usando a aplicadgé®ide do Matlab), para estudar &
sua evolucdo entre 1987/88 e 2017, permitindo assivarificar a
existéncia delteracdes relevanteao longo do tempo Sériesanuais da
maré meteoroldgicaforam determinadas para cada ano entre o peric
de 2012 a 2017, subtraindao nivel da agua medido nos marégrafo:
previsdo damaréastrordmica para se fazeo estudoda distribuicdo das
anomalias positivas e negativas emada estacdo estudadae
compreendendo a relacdo entre as variaveis meteorologicdsereacao
da sobreelevacdodas marés Com esta finalidade, foram elaborad:
graficos da pressdo atmosférica, intensidade e direcdo do ve
precipitacaq o nivel da dguanedido e com asesiduais A partir dos
resultados obtidosyerificase quepara cada estacdde uma forma geral
os valores anuais de amplitud#os constituintes estudadosstao a
aumenta enquanto a fase est@diminuir. Entre 1987/88 e 2002/03 houv
um aumento de amplitude nas estacdes estudad@ndo estanudanca
uma consegéncia do aumento da profundidade dos canais de naveg:
devido as operacdes de dragagesalizadasem 1998. De 2012 a 20,1¢
apo6s o aumento danolheNorte, 0s valores anuajgermitem concluir que
nao ha variacdes significativas na amplitude ou fase. Assim, o aumer
molhe Norte ndo produziu mudancas significativas na dindmica da r
na Ria de Aveiro. Através da analise da maré meteorolbgica, versic
gque as anomalias pitivas sdo mais fregntes do que anomalia
negativas. Dos diferentes eventos ocorridos entre 2012 e 2017, af
dois influenciaram toda a lamga tendo sido determinados pelas
condigcbes meteorologicas adversas verificadas a nivel naciosa
restantes apenas ocorreram localmenteOs eventosde anomalias
negativas ocorreraram menomumero.Verificouse aindague os valores
mais altos do nivel da agua do megistadosido resultaram da existénci
de marés meteorolégicas, mésram devides as maréssives. Portanto,a
ocorréncia conjunta de mareés vivas e condi¢cdes meteorologicas extr
seraum riscopara as zonas envolventes a lagujgaque poderao ficar
sujeitas anundacgoes.
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Ria de Aveiro is a shallow lagoon, located in the Northwes
Portugal, separated from the sea by a barrier island, with wisicbrineced
through an artificial kannelfixed by breakwatersThis work aimso study
the tidal changes induce by geomorphologic modificatioosurred in Ria
de Aveirobetween 1987/88&nd 2017 analysinghe variations on the tidal
amplitude and phase dfdal constituents:d hY, 0 ,0 and0 "YXThis
work also aims taletermine the frequency of stornsurge phenomena
occurrence, between 2012 and 2017, determining which factors influe
the generationof the storm- variation in atmospheric pressure, intgity
and direction of the wind and precipitatiorand verify the increase of th
water level in Ria de Aveiro caused by these meteorological evBats
were collected on tidal gaugés the main diannelsof the lagoon Annual
amplitude and phaseariation graplics of tidal constituentsd h'Y, 0 ,
0 andd "Y'@Whichwere computed using the-Tide Matlab packagewere
drawn for the different years Ths allowed to observe the annudidal
evolution and to verify if therdvad beenany relevant changeduring the
time interval in which the data collection took placé&nnual series of the
residualmeteorologicatide were determined for each yedetween 2012
and 2017, by subtracting the astronomical predicted tides from t
measuredtidal signal,andto identify the distibution of the positive and
negative anomalies in each station studied, arfithd the relationship
between meteorological variables and the generation of tidal elevatic
For this purpose, were drawgraphs of the atmospheric pressure, wil
intensity and d@rection, precipitation and water level and residual grap
From the results obtained, in general and for each station, the an
amplitude values are increasing while the phase is decreasing. Bet
1987/88 and 208/03 there was an increase in amplitadn the studied
stations. This change is a consequence of the increase in the depth «
navigation bannelsdue to dredging operations in 1998. From 2012 to 2(
and after the North breakwategxtensionthere are no significant variation
intidal amplitude or phase. Thus, trextensionof the North breakwater did
not produce appreciable changes in the tidal dynamics in Ria de Agil
the analysis of theneteorological tié was verified that positive anomalie
are more frequent than negativeFrom the different events occurring
between 2012 and 207, only two positive storm surgegnfluenced the
entire lagoonhaving beemeneratedby adverseaneteorological conditions
verified at national level. The remaiy were manifested only locallyhe
events wth negative anomalies occurred in a smaller numb&nom the
analysis of all the studied events, it was verified that the higher values ¢
level of the sea water did not result from the existence of meteorolog
tides, but from thespringtides. Therefore, the joining of a positive storr
event at high tideof spring tides wiltonstitute a high risk for the margin:
areas of the lagoon, which may be flooded.
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1. Introduction

1.1. Motivationand Aims

Coastal areas are subject to great natuand anthropogenic pressures. Due to their
physical characteristics, these areas provide exceptional conditions for biological produasvity,
well asindustry, commercial and urban development. Ria de Aveiro is an example of this, a very
important area on the Portuguese coast that provides natural conditions for harbour, navigation,
industry and recreational facilities, but also offers good conditions for agriculture and aquaculture.
Because of these exceptional conditions, it is a densely populatade pthat intensifies
anthropogenic pressures.

Ria de Aveirgs highly influenced by marine and fluvial interaction (Plestred, 2014) being
a dynamic system stronglyependent ontidal action. The lagoon has been subject several
changesnot onlycaused by natue, which includethe effects ofstorms, winds, tides ansea level
rise, on the local erosion and depositiphut also byanthropogenic factorswhich aregenerally
related to fishing, agriculture, tourism and coastal wofi{az and Dias, 2011Qver the last years
its geomorphology has undergone changleat will specificallyaffect their tidal characteristics,
making these systems more vulnerable to risks of flooding and increasing the salinization of the
adjacent land, as well as hinderingethavigation in the shallow channelhe propagation of tides
in coastal environmentdeavilydepends on their morphological configuration (Dias and Picado,
2011) 0 a constant motorization of these naturalystemsis necessaryn orderto predict the
consequences caused in their hydrodynamics and tbhustervene with some anticipatiarsince
these natural systems ai such socioeconomic importance.

Theextrememeteorological factors aralsoimportant in the dynamics of the estuargs
these willaffect the meteorological tidewhich isdirectly related to atmospheric pressure, wind
and precipitation having arimpactin the water levelelevation particularly in shallow areas such
asRia de AveiroAt times, these conditions interact in a compleayao increaseor decreasehe
water levels significantly above or under predicted tide heigBterm sirges generated through
these meteorological conditions induce great navigational and other hazards, such as the flooding
of adjacentland (Ribbat, 2012 Another factor that can cause flooding is the long periods of strong
winds, which caimnducewater accumulation on onsideof the channels.

This thesisntends to study the tidal changes indudeby geomorphologic modifications
between 1987/88and 2017,using the analysis of tidal constituents: (semidiurnal lunar tide),
"Y(solarsemi diurnal tide),0 (quadricdiurnal tide),0 (hexadiurnal tide) and) "Y'@bng period
tide) in several channels of Ria de Aveiro.

Thisthesisalso ains to determine the frequencgf storm surgephenomenaoccurrence
between 2012 and 207, determining which factorsnostinfluence thegenerationof the storm-
variation in atmospheric pressure, intensity and direction of the wind and precipitataord to
verify the increasén water level in Ria de Aveiro caused by these meteorological events.



1.2. Work Structure

This MSc thesis includes six Chapters.

Chapter 1 pesents the motivatiorandaims,the structure of this worland the state of the art
about the poblem that is researched.

Theoretical conceptaboutastronomical and meteorological tidesdescribedn Chapter 2.
In Chapter 3are describedhe main characteristicand locationof Ria de Aveiro.

The description ofhe methodology followed in thig/ork is presened in Chapter 4including
the details abouthe waterleveland themeteorologicallata, andalsothe data processing analyses
(tidal harmonic and noitidal components).

Chapter 5 includgthe results and the discussion concerning tisal components analysed in
this workg tidal harmonic analysis and meteorological residual analysis.

Finally, the main conclusiomse presentedn Chapter 6

1.3. State of the Art

Coastal systermare natural environments of extreme importance, not only becafdbeir
biological richness, but also because they are places with optimal conditions to accommodate
infrastructures of various sectors, namely agricultural, port, industrial and recreational, among
others Consequently, these coastal systeans constatly sufferingwith pressures of natural and
anthropogenicrigin.

The understanding of the evolution of the lagoon systems at several levels, as biological,
chemical, physical and others, led the scientific community to carry out several studies that later
resulted in several publications. Ria de Aveiro is an example ofafdan beverified by thelarge
number ofworkson physical processes that have bgaiblishedover the years, mainlygesuling
from numerical modelling simulations.

One of the first tudies carried out on hydrological characterizatiohRia de Aveirovas
done by Diagt al (1999) where authorsconcluded thathe astronomical tide is the main forcing
agent driving water circulation in the lagoon. The tisisemidiurnal and the tidakave propagation
in the lagoon has the characteristics of a damped progressive .\ildeelunar principal) , and
the solar principal)Y, are the main tidal constituent§.hese authoralso showed thaRia de Aveiro
can be considered as vertically homogeneous, except occasionally when fresh water inflows are
high,and the upper parts of the lagoon canesent vertical stratification.

Properties of tide and tidal currents in Ria de Aveiro are characterized and discudsiad by
et al (2000. These authors showed that tide propagsfeom the inlet are present in the entire
lagoon There is a tidal distdion inside the lagoon and during the propagation the tidal wave



amplitude decrease and the phase lag increasesults also found by Aradjo (200%)e author
compared amplitudes and phases values between 1987/88 and 200J/6i3. author also
determinedthat until 1987/88most of the lagoon was floedominant and since then the central
section of Ria de Aveiro has become edminant while the northern and southerrsections
remain flood-dominant. Dias (2011) pointed out that the deepening of theet channeland
surrounding area is one of the main causes for the changes in the characteristics of the tide that
have been reported byeveralworksabout this topic Diaset al. (1999) Diaset al(2009)and Araujo
(2009).

To evaluate the effects on the &de Aveirchydrodynamicsdue to changesin several
natural and anthropogenic factors over the last years, other studies have been carriddiasiand
Picado (2011) studied the tidal dynamics changekiced by morphologicanthropogenic and
naturalmodificationsin channels depth and geometry of Ria de Avelitweirresults of the model
used,suggest that the amplitude of the tidal constituenis and0 has increased and its phase
hasdecreased in response to the increased depth of the inlet chafiblenan enlargement of
the flooded area is assumed, a slight decreasdasl amplitude and an increase in phase lag are
observed.The tidd prism at thelagoonmouth has increaseftom the pastto the presentand the
enlargement of the flooded areasoincreasel the tidal prism Similar conclusions were presented
by Picadcet al (2011)in relation to the increase of the flooded area. Instlwvork,the authorsalso
evaluated the consequences thie meanseawaterrisein the hydrodynamics of the Ria de Aveiro
This results inthe amplitudeincreaseand a phase decreasas well asncreasing flood and ebb
currentsand inthe dominance of ebiflood) in the central zone (upstreantjopeset al(2013)also
studied the changes induced by local morphological modifications in flooding exteasiorll as
in the tidal prism between 1987 and 2012These authorsoncluded that the lagoon deepening
observed led to a generalized increase in the extension of the lagoon flooded area asiwtike
tidal prism, making the lagoon more vulnerable to oscillations.

Recently, Dias (20&p presented results of investigations carried out mainly using
numerical modellingtechniques The mairobjectivewas tocharacterse and study the temporal
evolution of the tide in the Ria de Avejrbetween 1987/88 and 2012n the context of the
geomorphological evolution of the lagooDuring this time, a significant gufification of the tidal
amplitude and its faster propagation aloribe lagoonmain channels was identified. It was
concluded that the properties of the tide in the Ria de Aveiro neairited are strongly dependent
on the characteristics of the oceanida. Therefore, smaller differences are identified in the central
area ofthe lagoonwhich arelarger in theheadof the main channeldt was also verified that the
evolution of the tide in the Ria de Aveiro is extremely influenced by the induced gebmiogic
changes, both of natural and anthropogenic origihigesultsin the increaseof the tidal amplitude
andin the decrease of the phase verified in the last decades, which are in pamsequencef
the deepening of thénlet channeland the man chanels of the lagoon. Another variable studied
was the increase in the floodable areatloé lagoonthat indirectly leads to an increase in theet
channel depth Thisrespordsto the intensification of dominanébb currents in this zone, which in
the future may lead to an increase the tidal amplitude.

The morphological evolution of theia de Aveirinlet was analysed bilechaet al (2011),
since 198/88, three years after the anclusion of the works for the configuration of the



breakwaters to 2005. It wasfound that the inletchannel deepening was motivated by the new
inlet corfiguration, which changed thgediment dynamicand the region that surrounds thdorth

jetty, putting at risk thestability of this structureThe residual sedimentary ftes at the entrance
channel are mostly directed offshores and significantly lower than observed at the nearshore area,
evidencing the lagoon capacity to export sedime#tiso,the impact ofthe extension on the inlet
breakwaters(200 metersin 2012 on the hydrodynamis of Ria de Aveiro wastudied byDias and
Mariano (2011}hrough a numerical modelling approackhiswork showsthat the jetty extension
slightly changesthe local hydrodynamic patterngnd may induce modifications in the overall
lagoon aiculation related with the tidal prism decreagsund for the main channels.

Coastal hazards, such as inundation and coastal erosion, caused by natural or
anthropogenic factorshave been widely studied all over the world due to their harmful
consequencesThe main natural cause of coastal hazards arises Wweather extremes such as
storm surges and the cycles in ocestmospheric response (see level and currents). The
dependencef this phenomenoron the wind andon the variation of the atmospheric presse was
made by Pore (1963Who studied the relation of these two meteorological factors with the
extratropical storm surges in Atlantic City. It was also defined by this author that meteorological
tide (storm surge) is the algebraic difference betweea tibserved and the predicted tideshich
is considered to be the meteorological effect on sea level.

Ribbat (2012alsorelated the effect of wind and atmospheric pressure on the formation of
storm surges in Torres Strait, Australf&is authofoundthat the response of residual sea level to
barometric pressure is most significant during periods of low pressure syskemm relation to
the wind these phenomendepends on the wind speed, direction and duratiofhis workalso
concludedthat the wind wauld be least influential in these events.

Overelevation of the tide due to meteorologiafects has also been subjectsifidies in
Portugal, since it is an important factor for the occurrence of floods, namely in Ria de Avé#lo.
exchanges are comtilous and predictable as they are periodic. However, subtidal process are less
predictable as they are generated by meteorological forcing.

Processes affecting the exchanges between laga@mikthe adjacent inner continental
shelf are controlled by tidalral subtidal oscillations. Dias and Fernandes (2006)iedutthe
propagation of tidal and subtidal oscillation throughout the access channel of Patos Lagoon (Brazil)
and the main channels of Ria de Aveiro Lagéam.Ria de Aveiro, the tidal energy is stgenthan
the subtidal energy, propagating into the far end of chann@le semidiurnal and diurnal tidal
signals are similarly attenuatedhereas the quartediurnal signal is essentially generated inside
the lagoon. The subtidal energy is usually vesy,lhowever the energys amplified along the
lagoon channels when associated with sporadic extreme weather events connected with coastal
sealevel changes or high river discharge

Tabordaand Diag1992) analysed storm surge during two storms in Febriayth 1978
andin December 1981on the Portuguese coastheycharactersed these storms usingide gauge
data (Viana do Castelo, Leix8es, Aveiro, Cascais, Lisboa, Troia, Sines anaridgosilicted
astronomical tide to calculate the meteorologicaldj founding a relationship between theurge



levels with theatmospheric pressure variatiorend the wind speednd suggest that the surge
levels were mostly related with the local meteorological conditions.

The workdevelopedoy Picadet al (2013) had a principal aim to evaluate the storm surges
amplitude impact in the hydrodynamicsfdria de Aveiro lagogrihrough numerical modelling
simulations These authorsoncludedthat the most significant changes occur at the main channels
head for alreturn periods analyse@2, 10 and 100 yearggvealing that these regions are the most
vulnerable to marginal flooding. Also, storm surges induced higher velocities and tidal prism in the
lagoon, increasing the marginaiosionrisk, as well as thealinzation of the lagoon marginal lands.

Coastal waveegime isalso importantmainly in lagoons such as the Ria de Avdiszause
they are exposed to a highly energetic wave climatazet al (2013) studékd the influence of the
coastal wave regime at the inlet @hnel dynamics and concluded that although the dominant
forcing of Ria de Aveiro inlet hydrodynamics is the tide, the sea level and current velocity
fluctuations depend also on the wave regime. Consequently, the storm events induce important
waves selp that maychange the inlet hydrodynamics

To study theconsequences of the extreme sea levels caused by the combination of high
tides, storm surges and wirgknerated waves, was one of the aims.opes(2016) Ph.D. Thesis.
This author analysedthe influenceof the simutaneous occurrence of high tide astbrm surges
onthe risks of flooding, especially when these phenomena occur in neap or spring tide conditions
This workconcludeal that the most intense storm surge events do not always induce extreme sea
levels,since theydepend also on the tidal leveAlso,were not found significant evidences that
climate changes wuld modify tidal and storm surge levels in the Ria de Aveiro adjacent coast.



2. Theoretical Concepts

As will be discussed in the followjtheoretical conceptsgravitational forces of the Moon,
Sun and Earth are the main causes of stenn sea level fluctuations throughout ocean basins,
known as tidal movements. These movements are termed astronomical tides, because of the forces
already mentioned. Other stimuli impacting sea level elevation is the meteorological forcing
(atmospheric pressure, wind stress and precipitation), that in certain conditions interact in a
complex way to elevate or reduce water levels significantly above or iprédicted tical heights,
known as storm surges. Any sequence of measurements of sea level elevation will have a tidal
component (astronomical tide) and a ndidal component (meteorological tide).

Areview of theoretical concepts about astronomical andteweological tides is performed
in this section.

2.1. Astronomicallides

Sincethe Earth rotatesaroundits axis, the effecof the interaction betweergravitational
pulling forces of the Moon and the Sun on Eawhd the centrifugalderived from the system
rotation is responsiblefor the generation of the astronomicalde. The tide generated force
(resuliing from the interaction between thegravitational force and the centrifugal forcejcts
directly over the ocean generatingwaves characterised bya long period. The novements
originated bythese forces are termedsgravitationalor astronomicatides. These progress to the
coast, wheredue to the reduction of depthit is possible to identify them by the regular rise and
fall of the surface of the sedhis periodic vertical movement of water on the surface of the Earth
isfrequentlyknown as tide.

Theconcept oftide can beunderstoodasthe sum of many constituents or partial tides, where
the respective periods correspond to the period of one of theammical movement between
the Earththe Sun and the Moan

Each harmonic constituent can be described mathematically in terms of amplitude and period
by:
60 ™OAIT106 Q , (2.1)

where0 is the value of the variable elevation @ne 6, 'O is the amplitude of the oscillation, is
the angular velocity which is related to theeriod “Y, and "Q is the phase lag rative to some
defined time zeroand o is time. The time zero foiQ is often taken a the plase lag on the
Equilibrium Tide phase at the Greenwich Meridian (Pugh, 2008 different harmonic
constituents obtaineddy the harmonic analysis allathe prediction and determination of tidal
characteristics

A tideis considered ideaif it presenstwo high tides and two low tides of uneven height
during a lunar dayHowever, such scenarines not happen in all places due to changes caused by



different depths, dimensions and shape of the ocean basins. Therefore, tides have different
characteristicsnamelydiurnaltide, semidiurnétide or mixed tide.

Tidal wave distortions are usually expressed as simple constituents with frequencies that
are multiple, sums or frequency differences of fundamental harmonic constituents.

In addition to the durnal tidal cycle, there is also fartnight cycle due to thechanging
positionofthe moorQa NB f | {4 WHgSthelmdon 8Newdr Eill, the springtidesoccur, with
an approximate perioaf two timesa month and are characterized by an increasdidal rarge.
Neaptides,with small tidal rangepccurnear the time of the first and last lunar quarters, between
spring tides.

2.2. Meteorological Tides

The sedevel is characterisely having a tidal (astronomical tide) and a ntitlal component
(meteorological tile). The nortidal component is the part of the sea level that remains once the
astronomical tidal component has been removed and is called the residual or meteorological
residual (Pugh, 1996).

The general representation of the observed ledelp that varies with time may be writtehy
the following equation

o GO bo Do, 2.2)

where® 0 is the mean sea level, which changes very slowly with tome, is theastronomical
part of the variation and) 0 is themeteorological surge component.

From EquationZ.2), the meteorological tidas the difference between the observed and
the predicted sea levels atgiven timed.

Do Mo Go bo . 2.3)

The termmeteorological tide, ostorm surgeis used for the excess sea levels generated
by a severe storm, produced by meteorological causes (atmospheric pressure gradient and extreme
nearsurface wind stress) (Pugh, 200Bhese two meteorological effectdie atmospheric pressure
gradient and thewind tension parallel to the surface of the sea water, are the main factors
responsible for the occurrence of ovelevation of the water. However, there are others thten
occurring simultaneously with those mentioned above, may increase storm surgeh, as the
occurrence of spring tides, an increadgrecipitation that driveso an increasingf river flow, and
the formation of waves due to wind.

The water movementcan be described by hydrodynamic equatipmich are defined
considering a Cartesiamnordinate system, witliand waxsin the horizontal plane and thé axis



directed vertically upwards, and zero level for vertical displacements is taken as theetonmean
sealevel. The mamentumequations are:

— W @ -— - I -— (24)

— Q0 -— - I -— (25)

and the continuity equation

— — — T (29

where — is thefree surface elevation 6 and U are the horizontal velocity components,is the
water density,; Qs the gravitational acceleratiofJs the Coriolis parameter, is the atmospheric
pressure,t andt are the frictional terms arising from shear stress across horit@ismesand
—lis the tidegenerating potential

By integrating through a verticabater column from the bottomd "Qto the surface
& —and defining the componen{&ftof the volume transpord by the following two equations:

~
¥

Y o', (27

v

W VQa (2.8)

v

The depthintegrated equations may bebtainedas

, (29)

,(2.10)



and

— — — T (211

The velocity components andV, and the transport compaents“Yand wrefer to the tidal
constituents and the meteorological effects. In coastal waters atdidexten, the direct effects
of the tide-generating potential, represeatl by —f can be neglected. The componerits and
are the angential shearing stress of the wind on the sea surfdce.and t represent the
components of stress at the bottom (Bowden, 1984).

As already mentioned, the effect of atmospheric pressure and wind are the main factors
for the occurrence o& storm surge. Thereford,is necessary to analyse separately how sea water
behaves with the vdations of these two factors:tmospheric pressure and wind stress.

2.2.1. Atmospheric Pressure Effeetnverted Barometer Effect

Changes in atmosphericgssuremayincrease or reduct¢he sea level heightlependng
on the type of prevailing systerAs a result of the inverted barometric effeaiy pressure systems
elevate sea levelsyhile high pressure systems tend to depreéeem (Ribbat, 2012)The physical
behaviour of this barometric effect can be explkdconsidering equation (2), neglecting the
effect related to the termt Tt , assuningthat V = 0 (considering the sides of the channel
parallel to the®@axis), anctonsiderthe variation & vy G KNR dzZAK2dzi GKS OKI yy St
to its length.The equationobtainedis:

— _— . (2.12)

If the variationsY— (sea level variations) and (local variations of atmospheric pressure)
are relatedto a finite and horizontal displacemeixty then equation 212 becomes:

= —Yn , (2.13)

in which the decrease in atmospheric pressurélkbwed by an increase in sea levebight, and
vice versa (Bowden, 1984).

An increase in atmospheric pmage of one millibar will produce a theoretical decrease in
seawater of one centimetrg(Pugh, 2004).
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2.2.2.Wind Stress Effect

When a storm approaches the coast, the alongshore component of wind stress drives an
Ekman setugfthe net transport of water by the wd occurs at a 90angle to the right of the wind
vector in the Northern hemispheregt the coast located to the rigkdide of the wind. As an
important consequence, the coastal region located to the Hgjie of the storm track usually
suffers larger stom surge and damages than the coastal region located to the left side (Bertin,
2016).

Considering the accumulation of sea water on the Portuguese coast, the entrance of
seawater into Ria de Aveiro can increase significanthgsponse to Ekman transppimduced by
southward winds. iaice the tidal wave in the lagoon is forced by the oceanic @adncreasein
water level inside the lagoois observed.

The surface currents generated by the wistlessbehave differently depending on the
depth of the sitebeing studiedFor a wind blowing along a narrow channel of constant degbid
steadystate effect of wind drag on the slope of the sea surface is to pile up water up at the
downwind end and to produce higher sea levels there. Thigesuit froma balarce between the
wind stress and the pressure gradient that opposes it (Pugh, 2004).

Considering a closed channel at one of itsgaddthat the bottom stress is near zero and
considering a small compaedto the height of the water columiQQ equation (29) can be reduced
to:

- — (2.14)

Where—is the slope formed ithe sea water due to windandt the effective tangencial stress
of the wind on he sea surface (Bowden, 1984). The equatioh ofs:

t 8" o , (2.15)

wherew is the wind speed measured at a given height, usually taken 10 m above the sea surface,
" is the density of the air and is adimensionlesgirag coefficien{Bowden, 1984).

By integrating equation (2.14) through the horizontal length L:

- —0Q®» —9D , (2.16)
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From the equatior{2.16),it can be verified that when the wind blows alonglzannel the
effect on the slope of the water, due to its accumulation, willHigherthan if the wind blows
perpendicular to the channel

Also, ly using equations (24) and (2.5), the following is obtained

i aé N9 . (2.17)

Formula (2.77) mathematicallyrepresentsthe important fact that thewind effect onsea
levels increases inversely with the water deffPugh, 2004).

A comparisonbetween the eevation generated bythe wind stressand by the direct
atmospheric pressure, estimated by equation @, Iindicates that for depressions in rdatitude
the wind stress effect is usually an order of magnitinigherthan the pressure effect (Bowden,

1984).
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3. Study Area: Ria de Aveiro

Ria de AveirdFigure 1)s a shallowwater coastallagoon system, located on the northwest
coast of Portugal (438'N, 844'W) separated from the sea by an extensive sand &ad
integrated in theVouga river basin It is 45 km long and 10 km wide, covering an area of 8922 km
at a high spring tide, which is reduced to 64.%kmneap tide conditions (Dias, 2001; Log¢sl,
2010). It has a very irregular and complex geometry, charaeterby narrow chanels, large areas
of mud flatsand salt marshes. The lagoon has afear main channetsMira Channel, ilhavo
Channel, Espinheiro ChanmldS. Jacinto Channel
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Figure 1 ¢ Map of the Ria de Aveirpwith the location of the man channels and freshwater sources

The average deptbf the lagoonis about one meterexcept in the navigation channels
where dredging operations are frequently carried oliie channel connecting the lagoon with the
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Atlantic Ocearnas a depthhigher hantwenty metersand the other navigation channels are about
seven metersleep. The inlethannel haspproximatelyl.3 km long an@50 mwide and idixed
by the North and South breakwatéDiasat al, 2000, Picadet al, 2011).

The lagoon receives frealater from the following rivers: Vouga river (draimg in the
Espinheiro Channegnd representingthe main source of freshwater to the lagoontué river
(drainingin the Laranjo basin, the second stdmportant river), Bocaiver (drainingin the ilhaw
Channel), &ster, Gonde and Fontela rivers (flmgin the SJacintoChanne) andvarious effluents
flowing into the upstream end of the Mira Channel (Dias, 2001)

The lagoon hydrodynamics is tidally dominatgdthe influence of the oceanic tide, which
predominantly semidiurnalith a small diurnal pattern (Dias, 200The astronomical tidal range
variesbetween a maximum of 3.2 m in spring tide and a minimum of 0.6 m in neapwittean
average value of 2 m, whereby the lagoon should be clagsi&emesotida(Diaset al, 2000).
Although infrequent the meteorological tidecan reach a maximum height*oip m (Picadcet al,
2013).Concerning tidal asymmetryntil 1987/88 most of the lagoon was floatbminant (Araujo
et al, 2008). Bice thenthe lagoon is ebb dominant at the mouth and flood dominant at the upper
part. As the lower lagoon is ebb dominatiiere is atendencyto export sediments to the ocean
(Dias, 2001; Oliveirat al, 2006; Picad@t al, 2013).The lagoorcan be considered as varally
homogeneous, except occasionally when fresh water inflowshigye, and the upper parts of the
lagoon can present vertical stratification (Detsal, 2000).

In addition to the oceanic tide and riv&flows, the windstressalso determineghe dynanics
of Riade Aveiro The wind actionwhich can lasirom a few hours to a few daymay induce slight
changes on local hydrodynamickhis can happen, especiaityshallow areas and wide channels,
inducing currentssurface waveand mixing processes the water column(Dias, 2001

Anthropogenic action was the dominant factor in the morphological evolution of the lagoon
in the recent pasandalsoaffected directlythe natural geomorphological evolution of the lagoon
(Picadcet al, 2011) The most noterorthy human intervention was the creation of an atrtificial inlet
in 1808, in response to persistent accretion of the natural jrdad later the constructiomf two
breakwatergLopeset al, 2013; Lops, 2016).The works to extendf the northern breakweer that
fixes the lagoon entrance, one in 1987 and the other in 2@ regular dredging activities in the
inlet channel and in the lagoon main channels, between 1996 and 4883he natural destruction
of great part of thesalt pans due toits lack of preservation, changethe bathymetry ad the
geometry of thelagoonchannels (Lopes, 2016). As result, the lagoonammec deeper and as
consequencedhe tidal wave amplitudencreased, andts propagation became faster (Lopasd
Dias 2015).These morphhmgical changes indeanodifications irthe lagoonhydrodynamics.
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4. Methodologyand Data

The analysis of water level time series recorded by tide gaugeindamentalin
understandinghe Ria de Aveirtidal dynamicsHowever, tidal signals are a colep combination
of the oscillationgeneratedby the gravitational forces of the Moon and the Sun acting on the sea
water, and irregular oscillations due to atmospheric variability. The separation frorfidahto
tidal energy is a crucial component inyaanalysis of water level time series, especially in coastal
waters.

This chapter will describe where and when gealevel and the meteorological datssed
wasobtained,as well as the methodologiglsat were used to analyse them.

4.1. Data Presentation

41.1.Sed evelData

This study was carried out using records by tide gauges logated mainchannels oRia
de Aveiro, with geographical location isepresentedin Figures 2 and 3 andin Table 1, in three
different time intervals 1987/88, 2002/03 ath 2012 to 2017 Thisallowed to determine the
possible variations in thiedal characteristicbetween theseperiods

In 1987/88 and in 2002/03, the sea surface elevat{8®Elsed were obtained in the
context of general surveysrried out bythe Instituo Hidrografico Portuguéasnd bythe University
of Aveirq respectivelyIn these twetime intervals, the data collection wa®ne only during some
months. Between 2012 and 201the datawere collected monthly and continuoustifroughtide
gauges installé along the Ria de Aveiro as part of the monitoring of the North breakwater
extension, carried out by Administracdo do Porto de Av@iA, except for several malfunctions
of the tide gauges at each statipmhichcausd gaps in sea levaheasurementgTable7).

Sea level observations were recordeith a hourly frequency fod987/88 and 2012, 6
minutes between 2002 and 2008nd 20 minutesfor the years of 2013 to 201 &xcept for Barra
stationthat where sampled everp minutes.
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Figure 2 - Geographicaposition of each tide gauge iRia de Aveiro (Google Earth, 2017).

Tablel - Observationperiods and geographical location of thi@e gauges.

Station/ 1987 /1988 2002/2003 2012/2017 Lat. Long.
year
Start End Start End Start End North West
Barra 13/05/87 | 06/08/87 | 07/05/03 | 06/08/03 | 01/01/12 | 31/03/17 |nnco| ycnn
15:00:00 & 22:55:12 | 09:48:00 13:57:12 | 00:00:00 | 23:55:00
Ponte 16/06/87 @ 06/08/87 - - 01/04/12 = 31/03/17 |nncn| ycnn
Varela 15:00:00 @ 22:55:12 00:16:00 23:40:00
Cais Do Bicq 25/08/87 | 10/12/87 | 12/06/03 | 14/07/03 | 15/04/12 | 31/03/17 |nncn| ycoy
Chegado 23:00:00 | 23:00:00 | 11:45:31 | 10:04:43 | 00:05:.00 @ 23:40:00
Rio Novo do| 31/01/88  13/04/88 | 08/03/03 @ 11/04/03 | 01/04/12 | 31/03/17 |mncn| ycoy
Principe 23:00:00 23:00:00 | 12:25:05 01:08:17 | 00:11:00 23:40:00
Vagueira 28/04/87 | 09/06/87 | 21/11/02 @ 10/02/03 | 01/04/12 | 31/03/17 [mnco| ycnp
17:00:00 @ 16:04:48 | 16:06:29 @ 09:10:17 | 00:09:00 | 23:40:00
Vista Alegre| 26/09/88 @ 08/11/88 | 09/09/03 | 09/12/03 | 01/04/12 31/03/17 |mnco| ycnwm
20:00:00 12:04:48 | 23:49:04 09:53:52 | 00:15:00 23:40:00
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a) Ponte Varela b) Chegado

d) Vagueira

Figure 3 - Photos of the places where the tide gges are located: a), b) and c¢) were taken on August 1,
2017 d) and e) were taken on #October 2017.
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4.1.2.Meteorological Data

Wind speed wind direction and atmospheric pressure dataere obtained from the
weather station located ahe Universityof Aveiro. Tksedatawererecordedevery10minutes for
consecutive daydrom 2012 to 2017with the exception of January 2018orthis month the
meteorological datavas acquired in a meteorological station with the coordinates 40.9517
9.375'W, at6-hourlytime interval

4.2. Data Processing and Analysis

The SSE data sets were subjected to several data management procedures, as the finding
and removal of data gaps, interpolati them to have the same sampling period and to $iime
gaps irshorttime intervals. In the case tdngintervalswith lack of values, it was assumed that the
missing values were zer®ue to several equipment failures, measurements between 2012 and
2017 were not always continuous. These failures include problems in teetign of the tide
gaugss, butthey arealso related to changeis the infrastructureon the places where thewere
placed. The stations most affected were Rio Novo and Vista Alegre. The w#keshe
measurement failures arpresentin Table7.

4.2.1. Tidal Harmonic Analysis

A Fourier analysis wdsst made to identify the frequencies and to measure the relative
energy in the components responsible for the sea level variation at each tide gauge. This analysis
allowed to determine which frequenciesabds are the dominant anthus to identify the main
constituents that influence the circulation of water in Ria de Aveiro. After thladrmonic analysis
was appliedusing the TTide application of Matlab (Pawlowiez al, 2002), for the data of each
station. Also,the amplitude and the phase of the tidal constituents were determined annually
(corresponding to the total months available for each year, at the different stations).

Initially, the analysis included sevendlaonstituents:0 ,0 ,0 ,"Y,0 ,0 , and) "Y;Q
where the symbolsepresent(Bellet al, 2006; Pugh, 2004):

0 - Principal lunar diurnal tide, with a period of 25.82 hrs. This constittepresentsthe
cycle of maximum declination to minimudeclination of the Moon;

0 ¢Principal lunisolar diurnal tide, with a period of 23.93 hrs, which arises from Sun and
az2z2yQa LI GKA&A 20SNJ GKS 9ljdzr 642NJ oSAyYy3a G @I NRA 2 dza
0 ¢ Lunar semiiurnaltide, which arises from the direct gravitational attraction of Moon
2y 9IFNIKQa ¢ GSNASX 6AGK | LISNA2R 2F mMuHdnH KNAT

“Y ¢ Solar semiurnal tide, which arises from the direct gravitational attraction of Sun on
OF NIIKQ& 4 SNARSEX 6A0GK | LISNAZ2R 2F MHOPann KNAT
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0 - Shallow water constituent, generated by the ntimear effects of advection with a
period of 6.21 hrs.

0 -Shallow water constituent, caused by the interaction of the tidal wave with the bottom
due to the reduced depth, with a period of 4.14 hrs.

0 "Y"@ long period tide, with a value of 14.76 days. This period corresponds to the
difference between thespringtides and the consecutiveeaptides;

Concerning the constituents and 0 halthough they have high frequencies (referred in
5.1.1)they do not present any relevant tendency towards the aims of this waskmentioned in
Fradinho (2014), so they are nsthowedin this documentTherefore,in the analysigpresenedin
this workthe other five tidal constituents mentioned{ RYR) R andd “Y)@ill be included

Annual amplitude and phase variation gragh(section 5.1.2f each harmonic constant
were made in the different years and for the following statidBarra,Ponte Varela, Chegad€ais
do Bico) Rio NovoYagueiraandVista Alegre. Tieallowed to observe the annual evolution and to
verify if therehad beenany relevant changeduring the time interval in which the data collection
took place

4.2.1.1. Form Number Determination

The Form number will be dermined in this work for all stations (section 5.2), between
1987/88 and 2017, using equation:

0o — 4.1

where 0 (Principal lunisolar diurnal)) (Principal lunar diurnal)p (Lunar semdiurnal) and
“Y (Solar semdiurnal tide) correspond to the amplitude of the &tonstituents(Pugh, 2004)

Whenthe variation of Os:

1 0 <0<0.25 the tides are considered semidiurnal;
1 0.25 <'0C<1.5, mixed mainly semidiurnal;

1 1.5 <'0<3.0 mixed mainly diurnaj

1 "O> 3.0diurnal
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4.2.1.2. Tidal Asymmetry

In section 5.3. itlal asymmetry was determinedif allstations

One way of determining the type of asymmetry from the phase of the constituentnd
0 , is to determine the relative phases of these constituents:

where the tidal flow has a flood dominancat O ° <¢ <180 ° and ebb dominance when 180« <
<360 ° (Friedrichand Aubrey, 1988).

The term tidal asymmetry usually refers to the tidal wave distortion when it spreads to shallow
waters, which mayesult inperiods of unequal flood and ebb (Wareg al, 1999).

The distortion of the tide as it propagates frothe open ocean into the confinement of
estuaries can be represented by the nlimear growth of compound constituents and harmonica
of the principal astronomical components (Friedrieimsl Aubrey, 1988).

Due to the overlap atheseconstituents, the elevation of the free surfaoéthe water and the
currentvelocityare distorted from its initial sinusoidal form, giving rise to the asymmetry of the
tide. For the specificase where the ebb peribis higler than that of the flood, the situation is
called flooddominant, because the highest velocity is reached in the flood. In the opposite case, it
is called ebldominant (Dias, 201§.

Tidal asymmetry often plays a key role in determining sedintearisport and deposition/
erosion patterns in several tiddlominated estuaries and inlet3he transport of sediments will
depend on the maximum velocityihat is,if the maximum velocity is that of the ebb, the sediment
exportation is higher, ift is of the flood, there will be a mean sediment transport to the interior of
the estuary (Dias, 2019.

It is important to know the tidal asymmetry in estuariewinly due to the fact thathe
navigability of the estuarine channels and the geomorphological &eolwvill be affected by the
sediment transport and accumulation. That is, an estuary with flood dominance may be unable to
effectively exhale the sediments, hindering navigability, while an estuary with ebb dominance may
maintain a stable configuration.

The phases of these two constituentd) ( and 0 are used because the dominant
astronomical constituent i® , the semidiurnal lunar tide. Because 6f dominance, the most
significant overtide formed in wethixed estuaries, like Ria deveiro, isD , the first harmonic of
0 (Friedrichsand Aubrey, 1988).
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4.2.2. Non-Tidal component (Meteorological Residuals)

Annual series of the residual tide were determined for each yédhe periodbetween
2012and2017by subtracting lhe astronomical predicted tides from the measured tidal sigasl,
described in equatiog.3.

Also,standard deviations of theneteorologicaresidualannual seriesvere determined to
identify storm surge events. According to the criterion proposed byhRU€06), themeteorological
tide events can be identified considering that the residual levels are higherttivag times the
standard deviatior{g, ) of the residuakeries(Pugh,196, Picadoet al, 2013).A distinction will be
made between positive anomalies, whose residual values are higherahaand the negative
ones, whose values are lower tharo, .

It wasnot taken into consideration inhis analysighose time intervals wherseveralalues
were missingwhich were due to the lack of values and problems wiia malfunctionof the tide
gauge) Thesetime intervalsare presented irfable 7 of the Annex

To identify the distribution gpostive and negativenomalies, in each station studieahd
understand the relationship between meteorological variables and the generation of tidal
elevations, graphs of the atmospheric pressure, wind intensity and direction, precipitation and
water leveland residual graphsvere performed section 5.4.

A selection of the obtained events was madedistinguish those that wergeneratedby
the variations of atmospheric pressure and the wind intengtprm surge)and those that were
formed due to otheeffects, namely the occurrence of spring tide$the events considered storm
surges, were still considered those that formed remotely and that affected all the lagoon, and those
that were formed locally.
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5. Results and Discussion

Pawlowiczet al (2002) show that the separation of tidal and ntdal energy is a crucial
component in any analysis of oceanic time series, especially in coastal waéssd on this
principle, in this Chapter the results obtained from the analysis of the data calledtsix tide
gauges located in Ria de Aveiro, will be presented and discussed with the aim of studying the
astronomical tidal changes induced by geomorphological modifications over time and determining
the frequency and main meteorological drivers of tierm surge phenomena, either remotely

generated or locally generated.

5.1. TidalAnalysis

5.1.1 Fourier Spectrum

A Fourier analysiwasusedto identify the frequencies ando measure theaelative energy
of componentsresponsible for thesea level variatio at each tide gaugéhis analysis allowed to
determine whichare thedominantfrequenciesband and thus to identify the main constituents
characterizing the tidal propertida the Ria de Aveird-ourier spectrdor eachgaugeis presented

in Figure 4.
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Figure 4 ¢ Fourier spectrdor eachgauge sites used in sdavel analysisfrom 2012 to 2017These spectra
have frequency as their abscissa#xis) and power spectral density (PSBhich is a measure oénergy,
astheir ordinate (y-axis).
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Throughthe analysis of theixspectra (Figure 4jyere not found highdifferences between
the tidal dominant frequencies for each statidn all of thenthe semidiurnal frequencyrocesses
dominated the tidal forcingfollowed by the diurnal tidal frequenciedn the regionwhere the
frequencies are between 1ch? to 1 h?, correspondng to the frequencies of the shallow water
constituents it is possible toverify that the quarterdiurnal tidal frequenciesiave the highest
energy, followed by sixth-diurnal tidal frequenciesThe only observable differencéetweenthe
spectrafor all stationsare related to the frequencies of the loxmeriod constituent, wich
frequency band ismalkerin Rio Novo.

Normally the residual process less energetiieft-hand side of plots except in situations
of extreme weather eventswhen the meteorological tidal frequencies are amplifi@ias and
Fernandes, 2006High energy values at the low frequencies are present in all of spestaus
they were obtained in a large time interval during whidwveoccurredstorm surge evers, with
Rio Novo presenting the highest energy values in this frequency range. This may be wétlated
highprecipitation and therefore higdischargesrom Vouga Rier.

Dias and Fernandes (2008udiedthe energy spectrunfor stations located between the
mouth of the lagoon andhroughoutthe main channelsf Ria de Aveiro in 1987 and 198&ey
also conclude that the main frequencies were seiinirnal, followed bydiurnal and quarteiurnal
tidal frequencies at the mouth of the lagoon. The energy spectrum for stations located throughout
the main channels present similar patterns, although the energy associated with diurnal and semi
diurnal frequencies is loweilhese authorsshowed that these tidal oscillations are progressively
attenuated as they propagate landwards. The energy on qudaitemnal frequencies for these
stations are higher than at the mouth, indicating tlthese frequencies are amplified inside the
lagoon. The reason for this is that as primary tides propagatesimatiow water regionghe shape
of the wave changes and the frictional effects become more pronounced.
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5.1.2.Tidal Harmonic Analysidmplitude and Phase Analysis

To undersand the temporal evolution of each tidal constituett RYR) ) andd "Y;Q
at each tide gauge were analysed between 1987/88 2017.

5.1.2.1. Tidal constituent

Figures5 to 14 presentthe temporalevolution of the amplitudeand phase of thdidal
constituents studiedetween 1987 and 2017
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Figure 5 ¢ Amplitude of tidal constituent!  in all tide gaugesfrom 1987/88 to 2017.

The analysi®f the amplitude temporal evolution fothe stations (Figure 9 revealedan
increase of the tidal constitueni between1987/88 and 2002/03n all stations The amplitude
differencebetween 200203 and 202 is not significant, althougthere is a slight increasin all
stationslocated throwghout the main channel®xcept in Baia where there is a small decrease
Fom 2012 to 2017, the amplitudedoes not change significantlyapart from Barra, where a
decrease between 2012 and 20@/as observed

It should be noted that, although there is natd for the year 2002/0at Ponte Varela, the
general trend of the other stations will be considered in the discussion of the results.
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The amplitude increasdsom 1987/88to 2002/03 are of the order of 32.80 cm in Vagueira,
29.92 cm in @sdo BicdChegaa, 16.32 cm in Ridlovg 12.06cm in Vista Alegrand 3.06 cm in
Barra.
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Figure 6 ¢ Phase of tidal constituend in all tide gaugesfrom 1987/88 to 2017.

Regarding the phasef 0 constituent(Figure 6, adecrease was found, in all statiooger
time, from 1987/88to 2002/03. For the time intervalfrom 2002/03 to 2017, the phasedoes not
change significantly.

The decrease of the phase, between 1987/88 and 20021@3jn the order of 23.88 (49.4
min)in Vagueira, 18.20(37.67 min)n Cais de Bi¢€hegadg21.49 (44.48 min)n Rio Novpl1.28
(23.35 minjn Vista Alegrand 0.49° (12.20 min) in Barra.

Similar results were found by Aral@ al (2008) from 1978/88 to 2002/03, withan
increase in amplitde and a decrease in phase the harmonic constituentd .



25

5.1.2.2.  Tidal constituen|
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Figure 7 ¢ Amplitude of tidal constituent—|| in all tide gaugesfrom 1987/88 to 2017.

As for thetidal constituentd ,isalsofoundto have hadh significant increase in amplitude
of the "Y constituentin most of thetide gaugedrom 1987/88to 2002/03 (Figure 7)apart from
Cais do Bico/ Chegagaherewas a decreasbetween1987to 2003.1n the period from 2012to
2017, the values practically did not changePonte Varela, Cais do Bico/Chegado, Vagueira and
Vista Alegre.

From 1987/88 to 2002/03, the amplitude increased 9.53 cm in Rio Novo, 8.08 cm in
Vagueira, 2.90 cm in Cais do Bico/ Chegadovasiad Alegre and 1.47 cm in Barra.
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Figure 8 - Phase of tidal constituen{” in all tide gaugesfrom 1987/88 to 2017.

Concerningthe phase (FigureB), from 1987/88 to 2002/03 the semidiurnal solar
constituent decreased iBarra, Rio Novg Vista Alegreand in Ponte VarelaFeaturing a slight
increase iMCais do Bico/Cheda andVagueiraFor the time interval between 2002/03 and 2017,
the phasedoes not change significantly.

The variations of the phase for thisnstituentare lower than for the constitueni , being
approximately 8 (6.4 minYor RioNovg, Vista Alegeg and Barra. Fo€ais do Bicé Chegadand
Vagueira the increase wa$ @.4 min)
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The harmonic analysis of the principal tidal constituents (lunar principal,and solar
principal, Y) is the most relevant for studies of tad changes dea to variations in the
geomorphology of Ria de Avejrsince the energassociated with the frequencies of these two
constituentsis the highest as reported in the analysis of the Fourier spectnad because their
amplitude values are the highest in rétm to the other constituents studied.

A general increase in the amplitude and a decrease in the phase for these constituents is
consequence of natural and anthropogenic modifications in the Ria de A¥eredging operation
took place along the maichannels of Ria de Aveino 1998. The increase in water depth appears
to be the most important factor contributing to results fourgince thehighestvariations occurred
between 1987/88 and 2002/03.

The slight differences, both in the amplitude and piease of these constituents between
2002/03 and the following years, show that therth jetty extensionby 200 mof the northjetty in
2012 did not causegreat changes in théocal dynamics of the tidegconfirming the numerical
modelling predictiondy Dias and Mariano (2011).
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The shallow water tidal constituent®, and0 , exhibit the same behaviour for Ponte
Varela,Cais do Bic&hegado, Rio Novo and Vista Alegre. There wascageise in tidal amplitude
from 1987/88to 2002/03in these tide gaugeand a decrease in Barra and Vaguéigures 9 and
10).

From 1987/88 to 2002/03 the highest amplitude difference was recorded @ais do
Bico/Chegaddor both0 (2.89cm)and 0 (3.47 cm)Vista Alegrepresented the lowest valutor
0 (1.62 cm)and Rio Novo ford , 0.91 cm.In Vagueiraand Barrathere was a decreasieom
1987/88to 2002/03, which ford wasin the order of 8.95 cnand 0.30 cmand for 0 of 0.46 cm
and 0.27 cmrespectively

In general, the amplitude dd and 0 increases with the increase of . Thistrend is
justified by the transfer of part of the energy frobn to the constituens0 and0 . Despite this
trend, there was a decrease in the amplitude of these two constituents in Barra and Vaduega
can be justified by a reduction of the bottom friction due to the increase of the channel depth
Barra to Vagueira and specificallythe area where the tidgauges are located,a resultof the
dredging throughout the lagoon in 1998.

Asfor the constituents previously studied, between 2012 and 201 amplitudedid not
change significantlyexcept for Rio Novo, wth values variedut without anytrend. Thisstation is
influenced by the Vouga rivenhichrepresensthe main source of freshwater to the lagaonhe
increase of the flow in certain months of the year can change the values of these two constituents
since they are directly dependent on the bottdriction, which is related to the increase of depth.
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Figure 11- Phase of tidal constituent in all tide gaugesfrom 1987/88 to 2017.

Regarding the phase, for the constituenfs , from 1987/88 to 2002/03the phase
decreasedexcept for Rio Novowith the lowest decrease occurring Cais do Bic@Zhegado
126.77 (131.2 minXFigure 1). For the other stations, the decrease was follows71.19 (73.70
min) for Vagueira43.62°(45.15 min)for Vista Alegreand 4.59°(4.75 min)for Barra Asfor the
constituents previously studied, between 2012 and 2017 the amplitude did not chamifécsigtly,
except for Rio Novo, wth values variedvithout anytrend. The samepattern was foundfor this
station, for the constituentd (Figure 12
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Figure 12- Phase of tidal constituent in all tide gaugesfrom 1987/88 to 2017.

For the constituentd , from 1987/88 to 2002/03the phaseincreased in theCais do
Bico/Chegado(262.66°which corresponds t0181.24 min, Vagueira(51.80°which corresponds
t035.74 mir) andRio Novd259.64%which corresponds ta77.78 mir), anddecreagdin the other
stations Between 2012and 2017 the phasedid not change significantlyxceptfor Rio Novain
2015, and for Vista Alegran 2014. Thidifferent behaviour mayhave occurrecbecause during
these years measurement anomal@scurred,whichmay have influenced the results obtained
previously mentionedn methodologysection
























































































































