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Abstract

The morphological evolution of the Tagus estuatgtiiin the last century is analyzed in order to
characterize its dynamics, explain its behavior anticipate its future evolution. First, the evaut

is characterized through a literature review, camunted by new data analyses. This review
synthesizes the present understanding of the sniigthamics and highlights some key questions that
remain unanswered. To address these questions,Hap2@cess-based morphodynamic model is
implemented and validated, and then used to refiree previous understanding of the inlet's
dynamics. A new conceptual model, which highligtds seasonal behaviour of the inlet's
morphodynamics, is proposed. During winter time, tbsidual sediment transport is directed seaward
along the navigation channel, towards the inlet thnalong the beaches adjacent to the inlet, and
towards the estuary over the southern part of thte @delta (Cachopo Sul). During the maritime
summer, residual sediment fluxes are approximdialf/those occurring during winter. The relative
importance of tidal flows increases, leading toirsedt fluxes directed towards the southwest over
the Cachopo Sul. The sediment deposits formed glithia summer can be mobilized under specific
wave conditions and transported to the northeretcdirof the beaches to the south of the inlet. A
positive feedback between the erosion of the Cazl®y — or, similarly, sea level rise — and the
sediment fluxes over this bank suggests that tlwugon of the bank observed during the last
decades will continue in the foreseeable future.
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1. Introduction

Tidal inlets, loosely defined as the entrance tmafes or lagoons, comprise flood and ebb tidal
deltas, and a throat through which tidal currel® falong one or more channels. Tidal inlets cdntro
therefore the exchanges of water and water-bornerrabbetween estuaries and the coastal oceans.
The morphology of the inlets can significantly aftfeidal propagation (Aubrey and Speer, 1985,
Oliveira et al., 2006; Araujo et al., 2008; Gongakt 2009), salinity and temperature (Panda et al.
2013, Garcia-Oliva et al., 2019), larvae (Brownakt 2000), and residence times (Oliveira et al.,
2007; Renteria and Chirino, 2019) inside the egtgatn addition, since many large estuaries shelte
important harbors, the morphology of inlets canst@in the navigation routes to and from the
estuaries. Hence, the maintenance of navigationnghs with adequate depths and stable locations is
often required, through jetties or dredging operai Finally, the intense sediment dynamics at tida
inlets can affect the adjacent coast (Fitzgera®®4). Because these dynamics result from a delicate
balance between tidal and wave action, tidal inta act alternately as sources and sinks of
sediments (Nahon et al., 2019). The morphologiealution of tidal inlets and the adjacent beaches
is thus often closely linked.

This importance of the morphological state of tigdgts on water levels, water quality and navigati
has fueled many studies over the years. Durin@@fieentury, these studies were primarily based on
empirical models, classifications and descripti¢eg., O'Brien, 1969; Jarrett, 1976; Hayes, 1979;
Hubbard et al., 1979). Although these approacheswith significant successes, their limitations
stand out when the morphology of a specific inketidtes significantly from the norm, for instance
due to geological or anthropogenic constraintsuoh cases, recognizing the characteristic elements
of tidal inlets and inferring morphological behagdrom similar inlets can be difficult. Over thagp

two decades, process-based models (Lesser et0@Y,; 2Varner et al., 2008; Bertin et al.; 2009a,
Franz et al., 2017) have progressively emergedeéable alternatives, that can reproduce the
behavior of both empirical models (Nahon et al120Tran et al., 2012) and observations (Cayocca,
2001; Bruneau et al.,, 2011). These models are tssethalyze physical processes (Bertin et al.,
2009b; Elias and Hansen, 2013; Dodet et al., 2Gi8)cipate the impact of climate change (Bruneau
et al., 2011; Duong et al. 2017), and assess esmneinterventions (Mendes et al., 2016; Velasquez
Montoya, 2020). Process-based models are partiguleseful in data-poor environments and in
morphologically complex systems. Still, considerthg remaining limitations of the process-based
models (e.g., Bertin et al., 2019), their applizatshould generally be supported and complemented
by data analyses.

The Tagus Estuary (Portugal; Figure 1), one ofidhgest European estuaries, concentrates many of
the issues summarized above. The bar of the ihl@breel requires frequent dredging to guarantee
good navigation conditions (Oliveira, 1993). To #$wuth of the inlet, the beaches of the Caparica
coast have suffered frequent erosive episodeso(Rinhtal., 2007; Veloso Gomes et al., 2009).
Although they are protected by hard structures tcoaed between the late 1950's and the early
1970’s, they had to be nourished with 4.5 milliabic meters of sand between 2007 and 2019 (0.5M
in 2007 and 1M in 2008, 2009, 2014 and 2019) tenkkfthe existing coastal protection structures,
mitigate coastal erosion and coastal overwash #ngossible, increase the beach width for
recreational use. Finally, inundation and overtogpepisodes have occurred along the margins
during extreme storms (e.g., during the 2014 Hexwtorm, Silva et al., 2017), causing alarm as
mean sea level continues to rise.

In spite of the economic and environmental implaag of the sediment dynamics in the Tagus inlet,
the understanding of this dynamics remains ske&sid/ qualitative. Existing studies are scarce and
based on data analyses alone (e.g., Oliveira, 1988;and Taborda, 2014). Significant knowledge
gaps remain on the sediment pathways, the caushs observed evolution and the impact of climate
change. A more detailed and quantitative understgraf the sediment dynamics is therefore needed
to support informed management decisions by thenvanvironment and harbor authorities, and to
inform the populations directly at risk. The worksdribed herein aims at filling these knowledge
gaps. More generally, this study provides new imsigon the morphodynamics of highly-dynamic
estuarine environments subject to various forcimgf) the identification of the main drivers of the



hydro-sedimentary dynamics and the assessmenefglesent and future evolution in a sea level
rise context.

This paper is organized as follows. First, thetimblerphodynamics is analyzed through available data
and literature (Section 2). Then a process-basederical model is implemented and validated

(Section 3), and applied to further investigate aiimg knowledge gaps (Section 4). Section 5

summarizes the main conclusions.
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Figure 1. Tagus Estuary (Portugal): location, place ames and present bathymetry relative to the chart atum. The
grey-shaded area represents the monitored zone dfd Caparica coast. The red rectangle indicates theea used for
the analysis of the model results (figures 8, 101113 and 14)

2. Site description

2.1 Morphology and long-term evolution

Morphology

The Tagus Estuary morphology is characterized yide and shallow inner bay, where tidal flats
represent about 40% of the total estuarine arethaamarrow and deep fault-controlled channel that
connects the inner and the outer estuarine donfgigsre 1). The estuarine inlet is located in aewid
bay limited by conspicuous rocky points (the Rasd &spichel capes in the North and South,
respectively). To the north of the inlet, the coaas a WNW-ESE orientation, and is formed by a
combination of rocky shores and small pocket amhaiated-shape beaches. Sediment sources are
insignificant, and the littoral transport is neghig due to the sheltering effect of the Raso Campe

the most frequent wave directions. South of thetjrthe coastline evolves in a NW-SE crescentic-
shape beach, 24 km long. Along the 5 km stret¢hdsouth of Cova do Vapor, the coastline presents
an alluvial plain with strong anthropogenic occlgrat This stretch has suffered from severe sediment



starvation for the last 60 years, which motivategel construction of coastal protection structures an
several artificial sand nourishments.

The Tagus Estuary inlet presents a morphologiggdrirzation typical of a mesotidal ebb-tidal delta.
The contrasts between the adjacent coastlinesedenbrphologies and the incident waves obliquity,
promotes a pronounced asymmetry of the inlet thaludes the following main morphological
elements (Figure 1): 1) the main (navigation) clednoriented NE-SW, with minimum depths of 15-
16 m regularly maintained by dredging at its seavwetremity; 2) a NW marginal bank (Cachopo
Norte) with an elongated shape whose terminal lbbrds towards south-west (Bico do Pato),
separated from the northern coastline by a secyprittend channel (Barra Norte); 3) a SW marginal
bank (Cachopo Sul), presenting supratidal aread;49na secondary channel (Golada) extending
towards north-west between the Cachopo Sul bankrensgouthern coastline.

Long-term evolution

Based on historical data, Santos et al. (2017)tpadbat that, in general, the morphological inlet
organization was stable over the last 500 yeatd,the end of the 1930’s. Nautical charts from 185
1878, 1909 and 1939 consistently show the CachapasSa roughly 3 km long sand spit anchored at
the Cova do Vapor (Figure 2a-d). The 2 km stretffwben the western tip of this spit and the Bugio
lighthouse was shallow and included several isldhdsevolved over the years. However, in 1954 the
situation had changed dramatically. The westerrséipd spit had receded by over 1 km, leaving
behind some isolated islands (Figure 2e). Thisieeasend continued during the second half of the
20" century. For instance, the dune along the Capaneat retreated by about 100 m between 1957
and 1963, and its height decreased by 6 m (Bart8Iif)). The erosion of the Cachopo Sul later led
to the damage of the Bugio Fortress, which hacetprbtected from waves (Oliveira et al., 2000).

1933 coastline
——— 1954 coastline

—
1000 m

Figure 2. Evolution of the Cachopo Sul: a) 1857;b) 1 878; ¢) 1909; d) 1929, updated in 1939 (adapted fro m
Almada Virtual Museum, https://almada-virtual-museum .blogspot.com); e) 1939 and 1954 (extracted from
Barcelo, 1970, adapted from DGSL, 1955); f) 2017. Th e red stars indicate the position of the Bugio

fortress, and the red line is the model boundary.
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The cause of this abrupt change in the morpholdgthe inlet between 1939 and 1954 remains
unclear. An aerial photograph from 1947 indicatest the changes occurred mostly between 1947
and 1954 (Baptista Lopes, 1956). Silva (2013) lattdd the erosion trigger to the dredging of 10
million m® of sand from the Cachopo Sul at the end of th@'$94ut did not provide any evidence
for this figure, which appears very high for theheical means available at the time.

2.2 Present sediment dynamics

Sediment dynamics in the Cachopo Sul

Qualitatively, sediments in the Tagus inlet areetbgol from the estuary along the navigation channel
and return over the Cachopo Sul (Oliveira, 1973)e bedforms observed in a 2 m-resolution
bathymetry provide a more detailed picture of threation of these residual fluxes over the Cachopo
Sul. Because this sand bank exhibits hydraulic slutlee gradient of the steepest side of these
bedforms indicates the sediment flux directiokrrgr! Reference source not found) The
determination of the direction of residual sedimegansport by the lee face orientation of bedforms
was previously followed by other authors (Billyadt, 2012; Barnard et al., 2013). Between 1947 and
1985, these fluxes over the Cachopo Sul erodedbtni& and promoted its northward extension at
about 15 m/year (Oliveira, 1993). This trend comtim presently. A comparison of bathymetries
between 1997 and 2015 shows a strong erosion ®fodmk and the deposition of sediments in its
northern and western slopes (Figure 4). The nomthwatension of the bank during this period varies
between 10 and 20 m/year. This behavior is comgistéh the need to dredge the northern flank of
the bank in 2008. Simultaneously, this erosiondgases the fraction of the tidal prism that flowsrov
the Cachopo Sul, thereby weakening the ebb jeugfirdahe navigation channel and allowing the
southward rotation of the terminal lobe of the GaahNorte due to wave action (Oliveira, 1993).
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Figure 3. Bathymetry of the tidal inlet in 2018atdle to the chart datum (CD). The arrows indicate
the largest gradients of the bed forms over then@aa Sul and the presumed direction of the residual
sediment fluxes.
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The erosion of the Cachopo Sul results from twtirdistypes of sediment motion. First, a northward
transport causes the extension of the bank memtiabheve. Secondly, a movement of emerged banks
towards the northeast has also been identifiedadJdata from bathymetric surveys between 1989
and 1996, Oliveira et al. (2000) showed that a tebdve lower low water migrated to the northeast.
Aerial photographs from 1958 and satellite imagesnf1973 to 2002 showed that this migration
pattern is discontinuous but persistent (Lira aadborda, 2014). Aerial photographs between 1958
and 1989 confirm these findings, showing the eastwaigration of a sandspit attached to the Cova
do Vapor at about 90 m/year (Figure 5).

Sediment dynamics in the Caparica coast

To the south of the inlet, the retreat of the Caparoastline has been associated with the litanitl

At Cova do Vapor, the sediment fluxes directedte horthwest are lost to the estuary and are
generally not replaced by sediments coming from ebtiary. While the littoral drift along the
western Portuguese coast is directed southwarda(8il al., 2012), two effects explain the opposite
direction in the northern stretch of the Caparioast: 1) the Raso Cape shelters this stretch fhem t
waves coming from the north-western sector and &yew refract over the Cachopo Sul, rotating
northward. To prevent further erosion of the Cag@ga€oast, several groins and longitudinal strusture
were built between 1959 and 1971 (Veloso Gomes,e2@06, 2009), and refurbished between 2004
and 2006. From 2001 onwards, the Caparica coashbsavere also artificially nourished (Veloso
Gomes et al., 2006).
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Figure 6. Characteristics of waves in front of Tregus Estuary between 1948 and 2018 during the
maritime summer (red) and the maritime winter (bldéhe winter and summer periods selected for
the simulations are shown in orange and cyan. Traghkt lines are linear regressions. Data arentake
at the location of the wave buoy from a hindcastusation using WaveWatch Il and WWM forced
by NCEP winds. In the evaluation of the mean diogst, the directions are weighed by the wave
power.

The retreat of the Caparica coastline over the gestdes decreases southward (Veloso Gomes et al.,
2009; Lira et al., 2016). This retreat of the nerthstretch of the Caparica coast translates into a
clockwise rotation of the coastline. Assuming tleadhes were close to equilibrium until the late
1930’s, this rotation of the coastline should hawvereased the obliquity of the waves and the
northward transport along the beach. The increfsieedittoral drift would grow northward, leading



to a flux divergence and to the erosion of the be&atence, erosion would tend to increase due to a
positive feedback. Furthermore, previous studidgate that the wave climate has been changing in
the North Atlantic (Bertin et al., 2013). In order verify if these changes could contribute to the
evolution of the Cachopo Sul, hindcasts of waveshan North Atlantic were performed for 1948-
2018. Simulations were performed with the model @&atch Il forced by NCEP reanalyses
(Moreira et al., 2019), followed by a nested simiolawith the coupled SCHISM-WWM model. The
nested simulation is similar to the Tagus estuaodeh that is described belowResults show an
increase in the wave energy of 11% in the winter 28% in the summer in front of the Tagus inlet
(Figure 6), which should also increase the littairddit along the Caparica beaches.

Sediment exchanges between the Cachopo Sul athagica coast

Although the evolution of the Cachopo Sul and tlap&ica coast are expected to be closely linked,
the sediment exchanges between them are uncleardén to identify the fate of the sediments used
in the beach nourishments, a 4%anea in the Caparica coast was monitored betw@@n and 2018,
from the dune to depths of about 10 m below meanleseel (Figure 1). Monitoring results show a
nonlinear evolutionary pattern related to the msic variability of the system, characterized by a
well-marked seasonality, and hint at complex sediregchanges between the Caparica coast beaches
and the Tagus ebb-delta (Pinto et al., 2014, 20080). The Cachopo Sul lost 900,009 ofi sand
between September 2009 and September 2010, wrelemibnitored area gained 1,700,000 m
between July 2009 and May 2010, which includes llianim® of nourished sand (Pinto et al., 2014).
The coincidence between the erosion of the CacHagloand the natural sedimentation of the
Caparica coast suggested that the Cachopo Suldeblérge volumes of sediments to the beach and
the shoreface of Caparica. This process couldfyusth some situations, the observed positive
sediment budget in the Caparica beaches and atljglsereface, and contribute to the stabilization
and greater protection in this area, namely if ¢éltxehanges occur in the eastward direction. For
instance, the monitored area gained 680,080mfrsand between June 2013 and July 2014. This
behavior is particularly surprising because the32PQ14 Winter was exceptionally energetic, and
most Portuguese beaches (including Caparica) sdffgrong erosion.

Several questions on the sediment dynamics of #ggi Estuary inlet remain and will be addressed
in the following sections. First, the existing ceptual model of the sediment dynamics (Oliveira,
1973; Taborda and Andrade, 2017) is sketchy, pgublitative, and ignores the seasonal variability.
Hence, a more detailed and quantitative undergtgnaoli the present sediment dynamics, including
the dependence of the sediment fluxes on the wharacteristics and on the tidal range, is needed.
Secondly, although the residual littoral trans@dang the northern stretch of the Caparica coast is
directed towards the inlet, the analyses descrdfealve suggest that the Cachopo Sul may also
provide sediments to the Caparica coast under sumcemstances. This hypothesis should be
analyzed and verified. Finally, the inlet has begperiencing a persistent erosion of the Cachopo Su
since the 1940’s and it is unclear if it is apptiag a new state of equilibrium. Furthermore, sea
level rise will also increase the water depth other Cachopo Sul, thus potentially enhancing the
morphological evolution. Understanding how the @gahSul will continue to evolve and whether it
is moving towards a new equilibrium requires deieing the feedback mechanisms between the
erosion and the sediment fluxes over this bank.

3. Numerical model

3.1 Model description

Hydrodynamics

SCHISM (Semi-implicit Cross-scale Hydroscience ¢mgged System Model, Zhang et al. 2016) is a
derivative product built from the original SELFE d®& (Zhang and Baptista, 2008), with many
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enhancements and upgrades including new extensitarge-scale eddying regime and a seamless
cross-scale capability from creek to ocean (Yelgt2920). Built around a core hydrodynamic
module, SCHISM includes several modules for wawasrphodynamics, and water quality. The
hydrodynamic module solves the shallow water equatin 2DH or 3D, using a combination of finite
element and finite volume techniques.

The wave module (Wind Wave Model, WWM-II; Roland &t, 2012) is fully coupled to the
hydrodynamic module and solves the wave action temuato simulate the generation and
transformation of short waves on the same horizamid as SCHISM. In 2DH, wave forces are
represented with a radiation stress formalism (betddiggins and Stewart, 1962), which was
extended to random wave spectra by Battjes (19%#the numerical shoreline, a local balance
between the free surface-induced barotropic presgradients and the wave forces is imposed in
order to avoid non-physical and spurious curretorges induced by the presence of dry nodes at
the corresponding elements. This approach allowsttie computation of wave forces, current
velocities and thus sediment fluxes up to verylsthalvaters (critical depth for wetting and drying
taken as 0.01 m herein), without any additional edoal diffusion. Wave-induced bottom stresses
are evaluated with the Grant and Madsen (1979)tation.

Sediment dynamics and bed evolution

Sediment transport can be computed in depth-averagéully 3D mode. Simulations are performed
here in 2DH mode since simulations in 3D mode pdotce be too computationally demanding for
extensive seasonal simulations. The errors intrediucy this simplification are expected to be
acceptable due to the relatively coarse, sandyreads and the absence of stratification. Firststie
called SED2D module computes the sediment fluxeselh element center of the computational grid,
by using a semi-empirical formulation (based on ghaperties of fluid, sediment and waves) which
provides a total flux over the water column, sumaobedload and a suspended-load flux. Semi-
empirical sediment transport formulae assume d Empalibrium between the hydrodynamics and the
sediment fluxes. Although SED2D offers the optidrnseveral semi-empirical formulations, all the
results presented herein were obtained with theawfliLin (2014) formula. This sediment transport
computation can be configured in a multi-class amdlti-layer mode, i.e. accounting for the
heterogeneity of the sediment grain size (Guéreal.eR016a), based on the approach of Reniels et a
(2013). In the latter case the sediment transparbimputed for each grain size class and weighted b
its associated fraction present in the surfacerlaf/éhe sediment column, after which the transport
summed over all grain size classes. The formuladfowu and Lin (2014) allows accounting for the
effect of wave asymmetry on the associated waveageel sediment transport under combined waves
and currents. The method of Elfrink et al. (2066used to determine the maximum and minimum
orbital bottom velocity under the wave crest arauigh, respectively, as well as the two associated
half wave periods (see Fig. 1 of Wu and Lin (20fbt)the corresponding sketch). These parameters
are computed from bulk wave parameters (i.e., Bagmit wave height, peak period), water depth and
local bottom slope. These four parameters charaitgithe asymmetric wave profile are then used in
the Wu and Lin (2014) formulation to obtain the Isb@ar stress under combined waves and currents
(see their Egs. 17-23), and eventually the assatisddiment transport (see their Eqs. 27-29).

Following sediment flux computations, the bed cortipant properties (thickness and composition of
sediment layers) and the water depth are updateslupper layer is merged with the one just below
or split in two if it exceeds user-specified threlsls (Warner et al., 2008). Bed changes are cordpute
by solving the sediment continuity/Exner equatioithwa Weighted Essentially Non-Oscillatory
(WENO) scheme that prevents the development of ngaleoscillations in the bed without adding
artificial diffusion or bathymetric filters (Guériet al., 2016b). The model is run in morphodynamic
mode, meaning that water depth changes resultiog fsediment dynamics are fed back to the
circulation and wave modules.



3.2 Model application and validation

Hydrodynamics

The model implementation evolved from the applaatf Fortunato et al. (2017a), with an improved
description of the boundary in the coastal aregufé 7). The grid covers the whole estuary and
extends 28 km into the Atlantic Ocean. The gricbk&$on varies between 10 and 50 m at the tidal
inlet, and about 2 km at the ocean boundary. Thdein forced by tides and waves from the
regional models of Fortunato et al. (2016) and lrato et al. (2017b), respectively, atmospheric
pressure and wind from the ERA-INTERIM reanalysBeq et al., 2011), and a constant river
discharge. The model is run in barotropic modecesithe Tagus estuary is usually well-mixed
(Rodrigues et al., 2019).

The physical and numerical parameters were basgadesious applications of SCHISM to the Tagus
Estuary in which extensive calibrations and serigjtianalyses were performed (Guerreiro et al.,
2015; Rodrigues and Fortunato, 2017; Fortunatd.ef@17a). The model was not further calibrated,
as the physical and numerical parameters are eegpéatremain valid. The circulation module was
validated against elevations measured in 1972rée ¢ tide gauges throughout the estuary, and wave
data measured outside the estuary in the fall 2@kt Figure 7 for gauge locations). Tidal
propagation is reproduced with root-mean squarer&rbetween 5 cm (at the coast outside the
estuary) and up to 18 cm in the upper estuary €TaplThis accuracy is similar to the one obtaiimed
previous model applications in the Tagus Estuarg.(d-ortunato et al., 2017a, Rodrigues et al.,
2019). The wave module was validated for an energetiod (October-December 2011), when the
significant wave height and the peak period reached and 22 s, respectively. The present Tagus
model is more accurate than the regional model @seprovide boundary conditions (Table 2),
probably due to the higher resolution and to thesiteration of the interaction between the tided an
the waves.
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Figure 7. Model domain and grid resolution, givgntbe equivalent element diameter. The green
circles indicate the locations of the tidal gauf@eng the margins) and the APL wave buoy (in front
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Table 1. Validation of the tidal model: root-mean sq

uare errors (RMS) and unbiased root-mean square

errors (URMS). The tidal stations are shown on Figur e 7
Station RMS (m) URMS (m)
Cascais 4.6 4.6
P. Arcos 6.4 3.7
Trafaria 10.2 6.4
Lisboa 10.0 4.0
Pedroucos 6.0 3.5
Cacilhas 4.7 4.2
Seixal 7.6 5.2
Montijo 10.9 45
C. Ruivo 12.3 5.2
Alcochete 9.1 8.5
P. Sta. Iria 13.5 11.2
Pta. Erva 18.1 16.8
V.F. Xira 15.3 9.9

Table 2. Validation of the wave models with data fro ~m October-December 2011: root-mean square errors
(RMS), normalized root-mean square errors (NRMS) and  biases. NRMS are normalized by the mean of the
data. The buoy location is shown on Figure 7

Significant wave height Peak period Mean direction
Model RMS NRMS Bias RMS NRMS Bias RMS Bias

(m) ) (m) (s) Q] (s) (degrees) (degrees)
Regional model 0.32 0.20 0.23 1.3 0.11 -0.49 12.7 10.3
Tagus model 0.24 0.15 0.12 1.3 0.11 -0.38 12.5 -1.3

Sediment dynamics and bed evolution

The morphodynamic module was run with five sedimdasses (Table 3), which were determined
based on field data (see Appendix). The spatilildigion of the sediments was initially uniformytb
evolved during the simulation. A sensitivity anadysf the two transport formulae that provided the
best results in Guérin et al. (2016a) (van Rijalet2004, and Wu and Lin, 2014 — both allowing for
multi-sized sediments) showed that the latter effethe results most consistent with the existing
understanding of the sediment fluxes in this afdlasimulations shown herein are therefore obtained
with the Wu and Lin (2014) formulation. Note thhethiding and exposure mechanism, which is an
inherent characteristic of heterogeneous sedimansport, is included in this formulation.

Table 3. Sediment classes and fractions used in the model
Diameter (mm) 0.15 0.25 0.30 0.35 0.45
Fraction (-) 0.1 0.25 0.3 0.25 0.1

Simulations were performed for 6 months in orderatmlyze the sediment dynamics during the
maritime winter and summer separately. The mostessmtative periods to perform the simulations
were selected through an analysis of the wave grn@ey unit length of the wave crest) at seasonal
scales (Figure 6). No morphological factor was usespeed-up the simulations.

11



-10
—-106

-108
£ 110
(®)]
=
e —_
5 112 S
= E
S
-114 o
o
~116% 7108 -106 -104 -102 -100 -98
Easting (km)
Q % ™ (o) Qo) Q
QQ QQ Q’Q QQ QQ Q"\,
residual sediment transport (kg/m/s) 50
-5.0
C
°
-2.0 §
-106 v
-108
£ -110
(@)]
C
£
5 -112
=
-114
b)
C
_116 1 L 1 1 1 L 1 -9
-108 -106 -104 -102 -100 -98 -96 o
Easting (km) 20 &
®
5.0

Figure 8. Morphodynamics of the Tagus Estuary inlet dring a mean maritime winter (1990-1991): a) residal
sediment fluxes; b) erosion/deposition patterns.
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Two simulations were performed to verify the mosdelbility to reproduce the known behavior of the
system. First, a simulation for a maritime wint@d®90-1991) representative of mean conditions
(Figure 6) was performed. Residual (time-averagselliment fluxes (Figure 8a) are globally
consistent with the empirical model of Oliveira {BY: sediments flow out of the estuary through the
navigation channel and partly return over the Cpoh8ul. In more detail, the directions of the
sediment fluxes are also consistent with the bewfopbserved in a recent bathymetBrror!
Reference source not found. Finally, in spite of more pronounced bed levehrges, the modeled
sediment deposition patterns (Figure 8b) also rbkerthe ones obtained from a comparison of
bathymetric surveys (Figure 4). In particular, thedel reproduces qualitatively the accretion at the
northern flank and in the center of the Cachopq &udl the erosion in the western and eastern parts
of the bank. Then, a second simulation was perfdrioetest the model's ability to reproduce the
eastward migration of emerged sandbanks observsdtéllite images and consecutive bathymetries.
The same simulation was repeated using a bathynmetvitich a Gaussian-shaped idealized sandbank
was introduced. After six months, the western pathe idealized sandbank had been eroded (Figure
9). The coordinates of the center of mass of thmeeduere computed as:

[ hxdxdy [[ hydxdy
[f hdxdy " [[ hdxdy

(x,y) = (

whereh is the difference between the bathymetry at thggriméng or the end of the simulation and the
measured bathymetry, and the integrals are perfbraver the initial position of the dune (6 m
contour in Figure 9). Results show that the ceoftenass of the dune migrated 19 m to the north-east
confirming the model’s ability to reproduce the iwmomorphological behavior of the inlet.

-5.0

erosion

Northing (km)

10.2

0.5

0.8

accretion

2.0

Residual sediment tranport (kg/m/s) 5.0
Figure 9. Validation of the morphodynamic moduleheT residual sediment fluxes and

erosion/deposition patterns show the eastward mememf a hypothetic emerged sandbank. The
bank, added to the original bathymetry, is indiddig its 2 m, 4 m and 6 m contours (black ellipses)
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4. Model-based analysis of the inlet’'s dynamics

4.1 Role of forcing agents

Sediment fluxes were first characterized througbrtsisimulations for different ocean boundary
conditions (tidal amplitudes, significant wave Hgidgds and wave direction). The impact of river
discharge was also briefly assessed and shown tedl@ible. M2 tidal amplitudes of 0.3, 1.1 and
1.9 m were considered, to cover all the relevafsl ranges. Wave conditions at the ocean boundary
were set to 0, 2, 4 and 8 m (Hs), and directioomfNW, W and SW (Table 4). These significant
wave heights have exceedance probabilities of 1384, 2.7% and 0.01%, respectively, according
to the results from the hindcasts shown in Figurélle peak period was computed as a linear
function of Hs based on a correlation determinechfivave hindcast results. JONSWAP spectra were
considered at the boundaries.

Table 4. Simulations used to characterize the sedime  nt dynamics

Simulation Tidal amplitude (m) Hs (m) Wave diregatio
S1 0.3 0 -

S2 11 0 -

S3 1.9 0 -

S4 11 2 w

S5 11 4 w

S6 11 8 w

S7 11 4 SW

S8 1.1 4 NW

Residual sediment fluxes increase by about tworsrdEmagnitude from neap to mean tides, and an
additional order of magnitude from mean to sprirded (Figure 10a-c). Tidally-driven residual
sediment fluxes are directed seaward over the @acBaol due to the strong ebb-dominance in this
estuary (Fortunato et al.,, 1999). Since residudinsent transport is known to have the opposite
direction (Oliveira, 1973, 199&rror! Reference source not found), this result suggests that wave
action is generally dominant over this bank. Simylaides alone are unable to move sediments along
the Caparica beaches. In the navigation chanrdiinsat fluxes are directed seaward due to the tidal
currents. Firstly, extensive tidal flats (which apg about 40% of the Tagus Estuary) cause ebbs to b
shorter than floods (Fortunato and Oliveira, 20@&).a result, velocities are strongest on ebbim th
estuary (Fortunato et al., 1999). Secondly, tidahping concentrates ebb flows in the main channel,
and flood flows near the margins (Fortunato et2997). This phenomenon also contributes to the
seaward sediment fluxes in the navigation channel.

The changes in sediment fluxes with the growtrhefgignificant wave height were analyzed through
simulations S2 and S4-6 (Figure 10b, d-f). Waveh Wwis=2 m have a modest effect on the residual
fluxes: over part of the Cachopo Sul, sedimentspart is directed northward, and along the Caparica
beaches some fluxes are directed towards the gstomauth. Waves coming from the west are
refracted over the Cachopo Sul and rotate couthbekwise. This rotation explains the direction of
the littoral drift along the northern stretch oktlCaparica coast. This mechanism was identified by
Hayes (1979) and further detailed by Bertin e{2009b), who show how wave refraction around ebb
deltas feeds sediments to tidal inlets. For Hs=4&adiment transport becomes dominated by wave
action outside the navigation channel. The residadiment transport over the Cachopo Sul increases
by an order of magnitude and becomes directed ttsmdne estuary. Finally, for Hs=8 m the residual
sediment fluxes increase by another order of madeitAlong the Caparica beaches, offshore from
the groins, a strong littoral drift towards the @apo Sul occurs.
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The analysis of model results reveals that thergioe of residual sand fluxes over the ebb detienfr
offshore-directed to onshore-directed under engrgedves is primarily due to the development of
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onshore-directed flows, driven by the dissipatibérslwort waves. Indeed, in contrast with the typical
beaches with straight shorelines in which wave lbngainduced forces are balanced by the
barotropic pressure gradient associated with theewgatup, the ebb delta of the Tagus Estuary Mouth
mostly faces the entrance of the estuary, so thaewetup can hardly provide any balance with wave
forces. Hence, wave breaking generates curren@rttdnhe inlet. This process was already analyzed
in detail by Bertin et al. (2009b) at the shallowidbs Lagoon Inlet. However, unlike at shallow
inlets where the ebb delta is partly intertidale tsubtidal ebb-delta of the Tagus Estuary mouth
requires larger waves for depth-induced breakingcttur and generate these currents. Depending on
the tidal phase, the wave threshold height cantoe2Im at the seaward edge of the ebb-delta.

The dominant transport over the Cachopo Norte a@atdches direction, from tide-dominated
(towards south-west) to wave-dominated (towardg-smstheast). These results suggest that the
rotation of this bank towards the inlet channegnigfied by Oliveira (1993), is primarily driven by
storm waves.

The offshore wave direction does not affect theepad magnitude of the sediment fluxes, but it has
significant impact on the sediment dynamics (Figliee,g,h). Waves coming from the south-west
have the strongest impact due to their higher aitiigThe littoral drift is strong and directed tamds

the estuary mouth. The penetration of the longshoreents in the estuary enhances the ebb jet along
the navigation channel. Waves coming from the vileste a smaller obliquity and produce smaller
sediment fluxes. The littoral drift is still dirext towards the estuary mouth, but the waves deeefd

by the Cachopo Sul and reach the coast with smatiee heights. These trends are exacerbated for
waves coming from the northwest. Waves in fronthef Caparica beaches are smaller due to the
protection provided by the Raso Cape and by thedsbta. While for simulations S5 and S7 the
values of Hs at the APL wave buoy (see Figure 7dcation) and offshore are similar, in simulation
S8 Hs decreases by 25% from the model boundahgetavave buoy. Given the location of this buoy,
this reduction is only due the sheltering effectr Raso Cape. Closer to the Caparica coast, Hs fo
waves coming the NW is further reduced by refractwer the ebb delta, and can reach over 50%.

4.2 Exchanges between the Cachopo Sul and theeadjaeaches

The seasonal evolution of the Tagus Estuary inlas wharacterized based on simulations for a
representative maritime winter (1990-1991, FiguyeaBd summer (1989, Figure 11). These two
periods were selected as those whose wave enedgyir@ttion were closest to the mean within a 71-
year period (Figure 6). The analysis focused on snab residual sediment fluxes and
erosion/deposition patterns.

The residual sediment transport during the maritisiieter (Figure 8a) presents many similarities
with the conceptual model of Oliveira (1973). Inrtpaular: residual sediment fluxes are directed
seaward along the navigation channel; the transpaet the Cachopo Sul is directed towards the
estuary; and the transport over this bank is girtfad by sediments that come from the estuary
following approximately the outer edge of the baakd also by the littoral drift along the Caparica
beaches. However, the numerical model also prowdilitional details. The littoral drift along the
Caparica beaches is partially balanced by fluxels thie opposite direction further offshore. Eliasla
Hansen (2013) observed a similar behavior in sitimrla of sediment dynamics in the San Francisco
Bay inlet. At the northern edge of the Caparicastdhere is a significant shoreward transportnglo
the coast to the north of the inlet mouth, residiiades are also directed towards the inlet mouth,
which is consistent with the conceptual model obdrda and Andrade (2017). The accretion and
erosion patterns predicted by the model (FigureaBb)also consistent with the existing knowledge:
the Cachopo Sul is growing northward and its bethgoare migrating to the north and to the east.
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Figure 11. Morphodynamics of the Tagus Estuary inletluring a mean maritime summer (1989): a) residualediment
fluxes; b) erosion/deposition patterns.
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In the maritime summer, the magnitude of the redicdediment fluxes is about half as it is in the
winter (Figure 11a). As a result, the morphologieablution is also smaller (Figure 11b). In terrhs o
direction, the major difference occurs over the oo Sul, where residual sediment fluxes are
directed seaward. This direction should occur whiaves do not exceed 1-2 m at the seaward edge of
the ebb-delta and sediment transport is tidallyadrj as shown in the previous sub-section. This
seasonal seaward transport of sand from the CacBolpsuggests that this shoal could be a sediment
source for the Caparica beaches under some ciranoes. However, residual fluxes from the
Cachopo Sul are not directed towards the Capaseah®es but rather towards the southwest. Hence,
we hypothesize that the sediments carried to théhe@st by the ebb currents over the Cachopo Sul
can later be mobilized by waves to feed the nontiparrt of the Caparica beaches. This hypothesis is
consistent with the analysis of Pinto (2013) whonio that the speed at which the beaches along the
Caparica coast recover after a storm decreaseglyapi the south. Also, since the tidally-driven
sediment transport over the Cachopo Sul is nottdicetowards the Caparica beaches, these beaches
should not respond immediately to low-energy peviddstead, adequate wave conditions must occur
for the sediments originating from the Cachopot8uie transported to the Caparica beaches.

The results of simulations S1-S8 suggest that theeveonditions that move sediments towards the
beach are very specific. In particular, only sintiola S5, with 4 m waves coming from the west,
predicts sediment transport towards the Caparieahss (Figure 10e). Smaller waves are unable to
mobilize the sediments (Figure 10a-d), while loadibal transport dominates for larger waves
(Figure 10f). In addition, larger waves will trigge strong undertow and erode the beach. Similarly,
the beach is fed by sediments from the Cachopm8@lyl when waves come from the west. Waves
coming from the southwest generate a strong longsiirift to the northwest (Figure 10g) due to their
strong obliquity; and waves coming from the nortetvbave a limited impact on the sediment
dynamics (Figure 10h) because they are intercegotdddiffracted by the Raso cape and refracted by
the ebb delta.

Some simplifications of the model configuration di$eerein prevent a detailed analysis of the cross-
shore transport. In particular, the vertical stuuetof the flow cannot be adequately representéd avi
2DH circulation model. Hence, in order to furtharify the hypothesis that the sediments carried
seaward by the ebb jet over the Cachopo Sul can ks transported by waves to the Caparica
beaches, the power and the direction of the wavéont of these beaches were analyzed based on
hindcast simulations. The wave model WaveWatchwidls applied to the North Atlantic, with a
nested grid in the Portuguese shelf (Fortunatd.ef@17b), and run from 1979 to 2018 forced by
ERA-INTERIM winds. Results, output every 6 hourbpw that the two periods during which a
significant accretion of the Caparica beaches visemwed (i.e., between July 2009 and May 2010,
and between June 2013 and July 2014) were chaestteny an energy above average (Table 5).
Hence, it is not during low energy periods thatliraches are nourished with sediments coming from
the Cachopo Sul. Similarly, the mean wave directiuming these periods does not explain the
observations, since the angle of wave propagasidower than the mean during the first period and
slightly higher during the second (Table 5).

The hypothesis that certain pairs of wave heigltdirection are particularly conducive to the griowt

of the northern Caparica beaches was evaluated tigénsame hindcast results, again outputted every
6 hours. Figure 12 highlights in yellow the outpufsen Hs varies between 3 and 5 m and the wave
direction varies between 250 and 290 degrees (aves from the west with a significant wave
height of about 4 m). The number of outputs peritmae winter with these conditions varies between
13 (in 1992/93) and 156 (in 2013/14), with an ageraf 60. The two periods during which an
accretion of the Caparica beaches and an erosidreaCachopo Sul were detected corresponded to
the T'and &' maritime winters during which more occurrencesairgerved (2013/14 and 2009/10, as
described in section 2.2). Hence, there are stimligations that Caparica beaches can be nourished
by sediments from the Cachopo Sul under specifizeweonditions (waves from the west with
significant wave heights of about 4 m). Note thatbathymetric data are available to verify the
exchanges between the Cachopo Sul and the Capadchaes during the other years.
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Figure 12. Wave power and direction in front of theCaparica beaches between 1979 and 2018 from motéidcasts.
The red and blue lines indicate the periods during wich the Caparica beaches accreted naturally. The ange dots
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Table 5. Mean power and wave direction in front of  the Caparica beaches

1979 - 2018 July 2009 - May 2010 June 2013 - July 2014

Wave power (kW/m) 14.1 18.2 17.0
Wave direction (degrees) 275 265 276

4.3 Foreseeable evolution

Contrary to other inlets, whose morphology exhilaitgyclical behavior (e.g., Nahon et al., 2019,
Lenstra et al., 2019), the Tagus Estuary showespparent stability for over a century, followeday
persistent trend in the past seven decades. Théstgert erosion of the Cachopo Sul raises concerns
about the future evolution of this bank. These eong are further intensified by sea level rise,clwhi
also contributes to the increase in water deptlr ¢ivis bank. This section aims at assessing the
possible evolution of the bank by determining teedback between the erosion of the bank and its
sediment dynamics.

From a qualitative viewpoint, the feedback mechasisre difficult to anticipate. On the one hand,
the growth of the water depth over the sandbankaesifriction, thereby increasing the velocitied an
the sediment fluxes. Indeed, if the barotropic gues gradient between the estuary and the sea is
assumed to remain unchanged, the reduction ofdniat effects over the sandbank increases the
velocities over this banky shifting part of the tidal prism from the naviga channel to the
sandbank. Simultaneously, higher wave heights theebank will enhance the wave stirring and thus
the sediment fluxes. This suggests a positive fagdbvhere the erosion of the bank, together with
sea level rise, promotes further erosion. On therobhand, the deepening of the bank reduces shear
stress for a given velocity, thus reduces sedirflexes. Also, the higher water depths will reduice t
occurrence of events during which waves break dwersand bank and generate sediment transport
towards the estuary. The balance between the eliffenechanisms is therefore difficult to anticipate
and model simulations can help identify the domirmmancess.
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The model was run again for the 1990/91 winter, tiwo alternative configurations. In the first
(Figure 13), the bathymetry was modified by ari#fily eroding the bank by 0 to 0.5 m. The erosion
is zero for bed elevations above -5 m (above Cbatum, CD, which is close to the Lower
Astronomic Tide) or below 10 m (CD), 0.5 m for depbetween 0 and 5 m (CD), and varies linearly
in the intermediate intervals. In the second camigion, the bathymetry of the whole domain was
lowered by 0.5 m (Figure 14), to mimic a similaerin mean sea level.

Results highlight changes in the residual sedinr@msport patterns over the Cachopo Sul for both
simulations (Figure 13, Figure 14). In particuliwe northward sediment fluxes due to waves increase
in the western and southern parts of the bank btoup factor of two, and the southward sediment
fluxes due to tides decrease in the eastern panultaneously, the seaward sediment fluxes in the
navigation channel decrease, reflecting the pasti&t in tidal prism from the main channel to the
Cachopo Sul. Simulations without considering thieafof wave asymmetry on sediment transport
(not shown) suggest that this mechanism explairst ofahese changes. The changes are very similar
for the sea level rise and for the erosion scendii@se results suggest that a higher depth in the
Cachopo Sul magnifies the existing northward prdgtian of the Cachopo Sul, and favors the wave-
driven over the tidally-driven transport.

These results have important implications. The damie of the positive feedback suggests that the
erosive trend will continue, so the Cachopo Sulsdaet appear to be moving towards a new
equilibrium in the foreseeable future.
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Figure 13. Effect of the erosion of the Cachopo Soh the morphodynamics of the Tagus Estuary inlet dung a mean
maritime winter (1990/91): residual sediment fluxes
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5. Summary and conclusions

This study contributed to the understanding ofgbédiment dynamics (fluxes and morphodynamics)
of the inlet of one of the largest European eséisatiirough a review of past studies, the analysis o
field data, and the implementation of a numericatiel.

The analysis of the different forcings shows thenih@nt role of waves on the sediment dynamics
and morphological evolution. The major evolutioenils previously identified occur during storms, in

particular those coming from the south-west. Howegeme relevant trends, like the southward

rotation of the Cachopo Norte and the resultingetmn of the navigation channel, are due to waves
coming from the west.

Based on seasonal morphodynamic simulations, weopeal a new conceptual model of the inlet's
sediment dynamics that distinguishes the behavidng the maritime winter (Figure 8) and summer
(Figure 11). This model is consistent with the gmg knowledge based on field data and offers a
detailed picture of the sediment dynamics. In thetav, the residual sediment transport is directed
seaward in the navigation channel, towards thé mbauth along the beaches adjacent to the inlet and
towards the southwest over the north bank. Thasedl are directed towards the estuary over the
Cachopo Sul, with the exception of a lateral char{@olada) close to the margin. During the
maritime summer, residual sediment fluxes are apprately half those occurring during winter.
Tidally-driven transport becomes dominant relativavave-driven transport, which leads to sediment
fluxes directed towards the southwest over the Qaaisul.

The analysis suggests that the sediment depositeetbduring the summer can be mobilized under
specific wave conditions and transported to theheon stretch of the Caparica beaches. The transfer
of sediments from the ebb delta to the adjacenttbbas been identified in other large inlets ad wel
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(e.g., San Francisco Bay — Hansen et al., 2013 phiticularity of the Tagus case is that thisgfan
seems to occur even though the yearly-mean restdaradport is directed towards the inlet. Still,
some limitations of the model configuration usedeirerecommend further analyzing this hypothesis
with a 3D model that better represents the croesesthansport.

Numerical experiments indicate the existence ofoaitiye feedback between the erosion of the
Cachopo Sul — or, similarly, sea level rise — dmel dediment fluxes over this bank. This feedback
suggests that the evolution of the bank observeihgiuhe last decades will continue in the

foreseeable future.

Acknowledgements

Funding from the Agéncia Portuguesa do Ambienke, the Administracdo do Porto de Lisboa, S.A.,
and the Fondation de France supporting the profegundo Torrdo from the Nouveaux

Commanditaires program is gratefully acknowledggds work was also partially supported by the
project INLEX, funded by the Fundag&o para a Ci&reia Tecnologia (FCT) and the Agence
Nationale de la Recherche. This work was producitd tlve support of INCD funded by FCT and

FEDER under the project 01/SAICT/2016 n° 022153m@ents and suggestions from three
anonymous reviewers of this manuscript are ackniyed.

Data availability

The most recent bathymetric data used herein dricpuavailable at https://cosmo.apambiente.pt/.

References

Araujo, I.B., J.M. Dias, D.T. Pugh 2008. Model siations of tidal changes in a coastal lagoon, the
Ria de Aveiro (PortugalZontinental Shelf Research8/8: 1010-1025.

Aubrey, D.G., P.E. Speer 1985. A study of non-lingdal propagation in shallow inlet/estuarine
systems Part I: Observatiotsstuarine, Coastal and Shelf Scien2#(2), 185-205.

Baptista Lopes, 1956. Evolucdo hidrografica da zowaitima adjacente ao Bugio e Costa da
Caparica, Informacdo 341/56-R.0., Direcgdo dos i§esvMaritimos, Direccio-Geral dos
Servicos Hidraulicos (in Portuguese; unpublishgugboet).

Battjes J.A. (1974). Computation of set-up, longehmurrents, run-up, and overtopping due to wind-
generated waves. Rep. 74-2, Comm. on Hydraul., ifrapat of Civil Engineering, Delft
University of Technology, Delft, Netherlands.

Barcel6, J.P. 1970. Estudo experimental do funci@rdo hidraulico de campos de esporbes
maritimos inclinados. Meméria n® 372 do Laboratdt@cional de Engenharia Civil, Lisboa
(in Portuguese).

Barnard, P.L., L.H. Erikson, E.P.L. Elias, P. Daitr?013. Sediment transport patterns in the San
Francisco Bay Coastal System from cross-validatibbedform asymmetry and modeled
residual flux,Marine Geology345:72-95, DOI: 10.1016/j.margeo.2012.10.011

Bertin, X., A. Oliveira, A.B. Fortunato 2009a. Sitating morphodynamics with unstructured grids:
description and validation of a modeling systemdoastal applicationg)cean Modelling
28/1-3: 75-87

22



Bertin, X., Fortunato, A.B., Oliveira, A. 2009b. Aodeling-based analysis of processes driving
wave-dominated inlet€ontinental Shelf Researck9/5-6: 819-834.

Bertin, X., Prouteau, E., Letetrel, C. 2013. A diigant increase in wave height in the North Atiant
Ocean over the 20th centuryGlobal and Planetary Changel106: 77-83, DOI:
10.1016/j.gloplacha.2013.03.009.

Bertin, X., D. Mendes, K. Martins, A.B. Fortunato,Lavaud 2019. The Closure of a Shallow Tidal
Inlet Promoted by Infragravity WaveGgeophysical Research Letted6/12: 6804-6810, doi:
10.1029/2019GL083527

Billy, J., Chaumillon, E., Fenies, H., Poirier, Z012. Tidal and fluvial controls on the morpholadic
evolution of a lobate estuarine tidal bar: The #dasTidal Bar in the Gironde Estuary
(France) Geomorphologyl169: 86-97

Brown, C.A., Jackson, G.A. Brooks, D.A. 2000. Raetitransport through a narrow tidal inlet due to
tidal forcing and implications for larval transpafburnal of Geophysical Research — Oceans
105(C10), 24141-24156

Bruneau, N., Fortunato, A.B., Dodet, G., Freire,®iveira, A., Bertin, X., 2011. Future evolutiof
a tidal inlet due to changes in wave climate, saell and lagoon morphology (Obidos
Lagoon, Portugal), Continental Shelf Research 31/18: 1915-1930.
doi:10.1016/j.csr.2011.09.001.

Cayocca. F. 2001. Long-term morphological modebha tidal inlet: the Arcachon Basin, France,
Coastal Engineeringd2/2: 115-142

Dee, D.P., Uppala SM, Simmons AJ, Berrisford Pj PolKobayashi S, Andrae U, Balmaseda MA,
Balsamo G, Bauer P, Bechtold P, Beljaars ACM, vaudrg L, Bidlot J, Bormann N, Delsol
C, Dragani R, Fuentes M, Geer AJ, Haimberger L,I{H&B, Hersbach H, Ho'Im EV,
Isaksen L, Kallberg P, Kohler M, Matricardi M, McaAP, Monge-Sanz BM, Morcrette J-
J, Park B-K, Peubey C, de Rosnay P, Tavolato CpdieJ-N, Vitart F (2011). The ERA-
Interim reanalysis: configuration and performanéeth® data assimilation syster@® J R
Meteorol Sod37:553-597. https://doi.org/10.1002/qj.828

DGSL, 1955 — Esbogo topografico mostrando a aléerata linha de costa imediatamente a sul da
Barra do Tejo, entre 1939 e 1954. Direcao de Sesvidaritimos (in Portuguese).

Dodet, G., X. Bertin, N. Bruneau, A.B. Fortuna®o, Nahon, A. Roland, 2013. Wave-current
interactions in a wave-dominated tidal inldgurnal of Geophysical Research: Oceans
DOI: 10.1002/JGRC.20146

Duong, T.M., Ranasinghe, R, Luijendijk, A., Walstia., Roelvink, D., 2017. Assessing climate
change impacts on the stability of small tidal isidPart 1-Data poor environmenkdarine
Geology,390: 331-346. DOI: 10.1016/].marge0.2017.05.008

Elfrink, B., D.M. Hanes, B.G. Ruessink 2006. Partrization and simulation of near bed orbital
velocities under irregular waves in shallow wa@oastal Engineerings3: 915-927.

Elias, E.P.L., Hansen, J.E., 2013. Understandiraggsses controlling sediment transports at the
mouth of a highly energetic inlet system (San FsamacBay, CA) Marine Geology 345: 207-
220.

Fitzgerald, D.M. 1984. Interactions between the-géthdl delta and landward shoreline - Price Inlet,
South-CarolinajJournal of Sedimentary Petrology4(4), 1303-1318

Fortunato, A.B., Oliveira, A., 2005. Influence aitertidal flats on tidal asymmetrylournal of
Coastal Researci21(5), 1062-1067

Fortunato, A.B., A.M. Baptista, R.L. Luettich JO9/. A three-dimensional model of tidal currents in

the mouth of the Tagus estua@ontinental Shelf Research7/14: 1689-1714.
Fortunato, A.B., A. Oliveira, A.M. Baptista 1999nG@he effect of tidal flats on the hydrodynamics of
the Tagus Estuar@)ceanologica Acta22/1: 31-44. DOI: 10.1016/S0399-1784(99)80030-9

23



Fortunato, A.B., Li, K., Bertin, X., Rodrigues, Mliguez, B.M. 2016. Determination of extreme sea
levels along the Iberian Atlantic coasQcean Engineeringl1l, 1: 471-482. doi:
10.1016/j.oceaneng.2015.11.031

Fortunato, A.B., Freire, P., Bertin, X., Rodrigubs, Ferreira, J., Liberato, M.L. 2017a. A numelica
study of the February 15, 1941 storm in the Tagstsi&y,Continental Shelf Researd4:
50-64. doi;_10.1016/j.csr.2017.06.023

Fortunato, A.B., A. Oliveira, J. Rogeiro, R. Tavaa Costa, J.L. Gomes, K. Li, G. Jesus, P. Freire,
A. Rilo, A. Mendes, M. Rodrigues, A. Azevedo, 201Tperational forecast framework
applied to extreme sea levels at regional and lamles, Journal of Operational
Oceanographyl0/1: 1-15.

Franz, G., Delpey, M.T., Brito, D., Pinto, L., L&it, P., Neves, R. 2017. Modelling of sediment
transport and morphological evolution under the loiomd action of waves and currents,
Ocean Sciencel3/5: 673-690. DOI: 10.5194/0s-13-673-2017

Garcia-Oliva, M. C. Marcos, G. Umgiesser, W. McKiviel. Ghezzo, F. de Pascalis, A. Perez-Ruzafa
2019. Modelling the impact of dredging inlets om thalinity and temperature regimes in
coastal lagoons, Ocean & Coastal Management 180: 104913, DOI:
10.1016/j.ocecoaman.2019.104913

Gong, W.P., Shen, J., Jia, J.J. 2009. Feedbackebatwidal hydrodynamics and morphological
changes induced by natural process and human émtiégowns in a wave-dominated tidal inlet:
Xiaohai, Hainan, ChindActa Oceanologica Sinic28/3: 93-113.

Grant, W.D., Madsen, O.S. 1979. Combined wave @mdent interaction with a rough bottom,
Journal of Geophysical Resear@#: 1797-1808, 10.1029/JC084iC04p01797

Guérin, T., X. Bertin, E. Chaumillon 2016a. Waventtol on the rhythmic development of a wide
estuary mouth sandbank: A process-based modetliy dviarine Geology380: 79-89.

Guérin, T., Bertin, X., Dodet, G. 2016b. A numelisaheme for coastal morphodynamic modelling
on unstructured grid®©cean Modelling104, 45-53.

Guerreiro, M., A.B. Fortunato, P. Freire, A. RiR, Taborda, M.C. Freitas, C. Andrade, T. Silva, M.
Rodrigues, X. Bertin, A. Azevedo 2015. Evolution thie hydrodynamics of the Tagus
Estuary (Portugal) in the 21st centuRgvista de Gestdo Costeira Integradé: 65-80. DOI:
10.5894/rgci515

Hansen, J.E., Elias, E., Barnard, P.L. (2013). @hann surfzone morphodynamics driven by multi-
decadal contraction of a large ebb-ddifarine Geology345: 221-234.
Hayes, M.O. 1979. Barrier Island morphology as recfion of tidal and wave regime, Leatherman

(Ed.), Barrier Island, Academic Press, New York, p{28

Hubbard, D. K., G.F. Oertel, D. Nummedal 1979. Tbé of waves and tidal currents in the
development of tidal-inlet sedimentary structures @and body geometry: examples from
North Carolina, South Carolina, and Geord&PM Journal of Sedimentary Researéh,
doi:10.1306/212F78B5-2B24-11D7-8648000102C1865D.

Hydronamic, 1982. Hydro-morphological study Tagssuary — Morphological model outer estuary.

Jarrett, J.T. 1976. Tidal prism—inlet area relatlips. General Investigations of tidal inlets. 1-28
Academic Press, New York. Rep. No 3, Coastal Emging. Research Center, Ft. Belvoir,
VA, 32 pp.

Lenstra, K.J.H., S.R.P.M. Pluis, W. Ridderinkhof, Buessink, M. van der Vegt (2019). Cyclic
channel-shoal dynamics at the Ameland inlet: thpaich on waves, tides, and sediment
transportOcean Dynami¢$9: 409-425

Lesser, G.R., Roelvink, J.A., van Kester, J.A.T.Blelling, G.S. 2004. Development and validation
of a three-dimensional morphological modebastal Engineeringsl: 883—-915.

24



Lira, C., R. Taborda 2014. Advances in applied rensensing to coastal environments using free
satellite imageryAdvances in Coastal and Marine Resources: Rematsirf®and Modeling
[Coastal Research Library, Finkl, C.W., Makowski,(Eds.)], 9, 4: 77-102.

Lira, C.P., A.N. Silva, R. Taborda, C.F. Andradel@0Coastline evolution of Portuguese low-lying
sandy coast in the last 50 years: an integratetbapp,Earth System Science Dag&i1: 265-
278.

Longuet-Higgins, M.S., Stewart, R.W. 1962. Radmatgiress and mass transport in gravity waves,
with application to ‘'surf beats' Journal of Fluid Mechanics 13/4: 481-504,
DOI:10.1017/S0022112062000877

Mendes, D.S.; Fortunato, A.B.; Pires-Silva, A.A.180 Assessment of three dredging plans for a
wave-dominated inlet.Proceedings of the Institution of Civil Engineers Maritime
Engineering 169/2: 64-75.

Moreira, S., Freitas, M.C., Andrade, C., Bertin,2019. Processes controlling morphodynamics of
artificially breached barriersEstuarine Coastal and Shelf Scien@?5: 106231, DOI:
10.1016/j.ecss.2019.05.013

Nahon, A., X. Bertin, A.B. Fortunato, A. Oliveira022. Process-based 2DH morphodynamic
modeling of tidal inlets: a comparison with empaticlassifications and theoriesjarine
Geology 291-294: 1-11, DOI: 10.1016/J.MARGEO.2011.10.001

Nahon, A., D. Idier, N. Sénéchal, H. Fénies, C.Istal. Mugica 2019. Imprints of wave climate and
mean sea level variations in the dynamics of atabapit over the last 250 years: Cap Ferret,
SW France. Earth Surface Processes and Landfgrmd4/11: 2112-2125. DOI:
10.1002/esp.4634

Nemus, 2010. Caracterizacdo dos Sedimentos no @arizdrral Sul do Porto de Lisboa, no Cachopo
do Norte e nas Praias da Costa da Caparica. VoluRelatério Final. Dezembro 2010 (in
Portuguese).

O'Brien, M.P. 1969. Equilibrium flow areas of irdebn sandy coastdpurnal of Waterways and
Harbour Division 95: 43-52

Oliveira, A., Fortunato, A.B., Rego, J.R.L. 2006ffdet of morphological changes on the
hydrodynamics and flushing properties of the Obitimpon (Portugal)Continental Shelf
Research26/8: 917-942. DOI: 10.1016/j.csr.2006.02.011

Oliveira, A., Fortunato, A., Rodrigues, M., Azevedd. 2007. Integration of physical and water
guality modelsLa Houille Blanche4: 40-46. DOI: 10.1051/Ihb:2007076

Oliveira, E.M., A.B. Fortunato, J. Fortes, L.G.\@i] C. Vicente, M.C. Pereira 2000. Protec¢édo do
forte do Bugio contra a accdo de ondas e corre®egEstuarios de Portugal e os Planos de
Bacia Hidrografica, Associacdo EUROCOAST-Portu@8l,-201 (in Portuguese).

Oliveira, 1.B.M 1973. Embocaduras lagunares. Cbotgdo para o estudo das suas condigbes de
equilibrio. Tese de doutoramento, Instituto Supef@cnico, Laboratorio Nacional de
Engenharia Civil, 434 pp (in Portuguese).

Oliveira, I.B.M., 1993. Port of Lisbon. Improvemeat the Access Conditions through the Tagus
Estuary Entrance, in Proceedings of the Coastalnérgng Conference, American Society
of Civil Engineers, 3: 2745-2757.

Panda, U.S., Mohanty, P.K., Samal, R.N. 2013. Impmdctidal inlet and its geomorphological
changes on lagoon environment: A numerical modatiystEstuarine, Coastal and Shelf
Science 116, 29-40.

Pinto, C.A, Taborda, R., Andrade, C. 2007. Evolugdétente da linha de costa no troco Cova do
Vapor — S. Jodo da Caparica. 5as Jornadas PoraggdesEngenharia Costeira e Portuaria,
Lisboa. PIANC. AIPCN. Lisboa, 13 pp (in Portuguese)

25



Pinto, C.A. 2013. Sintese preliminar e atualizagé® resultados de monitorizacdo das alimentacbes
artificiais de praia na Costa da Caparica (200732(Relatorio Técnico n.°1/2013. APA. 33p.
(in Portuguese)

Pinto, C.A., Silveira, T., Taborda, R., 2014. Alim&c&o artificial das praias da Costa da Caparica.
Sintese dos resultados da monitoriza¢éo (2007 4) 2Gbntributo para o Grupo de Trabalho
do Litoral (Anexo VI). pp 213-237.

Pinto, C.A., Silveira, T., Taborda, R., 2015. Alim&c&o artificial das praias da Costa da Caparica:
sintese dos resultados de monitorizacdo (2007 4)2831 Conferéncia sobre morfodinamica
estuarina e costeira. Universidade do Algarve,3Maio 2015. Faro (in Portuguese).

Pinto, C.A., Silveira, T., Teixeira, S.B., 2020. d86 nourishment practice in mainland Portugal
(1950-2017): overview and retrospecti@xean & Coastal Managemerit92: 105211.

Reniers, A. J. H. M., Gallagher, E. L., MacMahartlJ Brown, J. A., Van Rooijen, A. A., Van Thiel
de Vries, J. S. M., Van Prooijen, B. C. 2013. Otstons and modeling of steep-beach
grain-size variabilityJournal of Geophysical Research: Ocedlky2), 577-591.

Renteria, F.F.G., Chirino, M.P.G., 2019. Effect lmdithymetric changes on residence time in
Buenaventura bay (Colombid)yna,86/211:241-248, DOI: 10.15446/dyna.v86n211.79649

Rodrigues, M., Fortunato, A.B. 2017. Assessmerat thfree-dimensional baroclinic circulation model
of the Tagus Estuary (PortugalAIMS Environmental Sciencd/6: 763-787. DOI:
10.3934/environsci.2017.6.763

Rodrigues, M., A.B. Fortunato, P. Freire, 20191\&atler intrusion in the upper Tagus Estuary during
droughts Geoscience®9/9: 400, DOI: 10.3390/geosciences9090400

Roland, A., Zhang, Y. J., Wang, H. V., Meng, Y.ngeY.-C., Maderich, V., Brovchenko, I., Dutour-
Sikiric, M., Zanke, U. 2012. A fully coupled 3D weecurrent interaction model on
unstructured gridslournal of Geophysical Researd17(C11).

Santos, F.D., Lopes, A. M., Moniz, G., Ramos, lapdrda, R. 2017. Grupo de Trabalho do Litoral:
Gestdo da Zona Costeira — O Desafio da MudangpeHiluarte Santos, Gil Penha-Lopes e
Anténio Mota Lopes (Eds). Lisboa (ISBN: 978-989-6249-2) (in Portuguese).

Silva, J.F. 2013. Novo Terminal de Contentores &hda,Revista de Marinha73 (in Portuguese).

Silva, A.N., Taborda, R., Bertin, X., Dodet, G. 205easonal to Decadal Variability of Longshore
Sand Transport at the Northwest Coast of Portulyalynal of Waterway Port Coastal and
Ocean Engineering — ASCE38/6: 464-472, DOI: 10.1061/(ASCE)WW.1943-54600152

Silva, S.F., Martinho, M., Capitdo, R., Reis, Tartes, C.J., Ferreira, J.C. 2017. An index-based
method for coastal-flood risk assessment in lowmdyareas (Costa de Caparica, Portugal),
Ocean & Coastal Managemerit44: 90-104.

Taborda, R., C. Andrade 2017. Morfodindmica do &stuExterior do Tejo e Intervengéo na Regido
da Caparica — v1, Anexo | de F.D. Santos, A.M. Isppg@. Moniz, L. Ramos, R. Taborda
(2017). Grupo de Trabalho do Litoral: Gestdo daaZ@osteira: O desafio da mudanca. F.D.
Santos, G. Penha-Lopes e A.M. Lopes (Eds). Lisd&BN: 978-989-99962-1-2) (in
Portuguese).

Tran, T.T., J. M.J.F. Stive, D.J.T Walstra 20120%3rsectional stability of tidal inlets: A comparnis
between numerical and empirical approach€sastal Engineering 60: 21-29, DOI:
10.1016/j.coastaleng.2011.08.005

van Rijn, L., D. Walstra, M.V. Ormondt 200B@escription of TRANSPOR?2004 and implementation in
DELFT3D-ONLINE: final report Technical Report. Deltares (WL).

Velasquez-Montoya, L., M.F. Overton, E.J. Sciaud@®20. Natural and anthropogenic-induced
changes in a tidal inlet: Morphological evolutioh @regon Inlet,Geomorphology 350/1.:
106871

26



Veloso Gomes, F., F. Taveira Pinto, J.P. BarbosaCakta, A. Rodrigues 2006. Estudo das
intervengcdes na Costa da Caparitas Jornadas de Hidradlica, Recursos Hidricos e
Ambiente FEUP, 27-35 (in Portuguese).

Veloso Gomes, F., J. Costa, A. Rodrigues, F. Taveinto, J.P. Barbosa, L. Neves 2009. Costa da
Caparica artificial sand nourishment and coastaladyics.Journal of Coastal Research
Special Issue 56: 678-682.

Warner, J.C., C.R. Sherwood, R.P. Signell, C.K.ridaH.G. Arango 2008. Development of a three-
dimensional, regional, coupled wave, current, adinent-transport modeComputers and
Geosciences34: 1284-1306.

Wentworth, C. K., 1922. A Scale of Grade and Classms for Clastic Sedimentdournal of
Geology 30: 377-392.

Wu, W., Q. Lin 2014. Nonuniform sediment transpartder non-breaking waves and currents.
Coastal Engineering90: 1-11.

Ye, F., Y.J. Zhang, H.C. Yu, W. Sun, S. Moghimi, dyers, K. Nunez, R. Zhang, H.V. Wang, A.
Roland, K. Martins, X. Bertin, J. Dug, Z. Liu (202(Gimulating storm surge and compound
flooding events with a creek-to-ocean model: impoce of baroclinic effectsOcean
Modeling 145: 101526.

Zhang, Y., A.M. Baptista 2008. SELFE: A semi-imgliEulerian-Lagrangian finite-element model
for cross-scale ocean circulatiddgean Modelling21(3-4), 71-96.

Zhang, Y.J., Ye, F., Stanev, E.V., Grashorn, S162®GBeamless cross-scale modeling with schism.
Ocean Modelling102, 64-81.

Appendix: Determination of the sediment grain size

Beaches between Sao Joao and Trafaria

Surface sediment samples were collected along-stuz® profiles at the S&o Jodo de Caparica, Cova
do Vapor, POL NATO, 2° Torrdo and Trafaria beadkégure 1) on February and June 2018. The silt
and clay content (diameters under 63 um) of eaaipkawas obtained in laboratory through wet
sieving. Sand grain size analysis was performedrigysieving, using sieves from 4 mm (-2 phi) to
63 um (+4 phi), at 0.5 phi intervals, where phihie negative logarithm to the base 2 of the particl
diameter in millimeters. Statistical parameterstiodé grain size distribution were obtained with
EasySieve software ©Retsch. The samples were dhatl based on the median diameteg)D
and the spreading, defined @s(D84/D16)°'5 where Dg and B, are the 18 and 84 percentiles. The
spreading quantifies the extent to which partidiees are clustered around the central value; salue
closer to 1 corresponds to a very well sorted idistion. The sediment classification follows the
Wentworth (1922) grain size classification (Wentthipd 922).

Beach sediments are mainly composed of quartz saitdsa median diameter ranging from 0.19 to
0.43 mm and an average value of 0.27 mm (Figur®) AThe spreading varies between 1.22 and 1.60.
S. Jodo and Trafaria beaches present the finebetter sorted sediments, withg@rom 0.19 to 0.24

mm and mean spreading values of 1.28 and 1.33zctgply. Cova do Vapor and 2° Torrdo beaches
are composed of fine to medium sands with, resgadgti D5, from 0.22 to 0.32 mm andspfrom

0.21 to 0.42 mm. The mean spreading values of dn841.41 in those beaches indicate, particularly
in the 22 Torrdo beach, the presence of less seadunents. The POL NATO beach presents the
coarser and most poorly sorted sediments, wigbBtween 0.35 and 0.43 mm, and a mean spreading
of 1.53.

Previous studies that focused on some of theséhbsde.g. Freire, 2003) show that at least indbe |
two decades there has been no significant changbe imean beach sediment characteristics.
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Figure A. 1. Grain size distribution of beach sedirants and initial distribution used in the model (inred). Beaches are
located in Figure 1.

Bottom sediments in the estuary mouth

The grain size distribution of the superficial loott sediments in the estuary mouth is discussedibase
on the literature. Results from the two studiessagred (Hydronamic, 1982; NEMUS, 2010) are
summarized in Figure A. 2.

Sediment
median diameter (pm)
>500
400_500
I 300_400
I 200 300
I 100 200
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Figure A. 2. Grain size distribution of bottom sediments in the Tagus Estuary mouth based on Hydronamil1982)
and NEMUS (2010) results.
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Medium sands are mainly found in the Cachopo Sditha Golada channel and the fine sands in the
deepest zones along the Costa da Caparica comstahsand in the Cachopo Norte. In the latter the
sand fraction represents about 89% of the totahssd and the silt and clay content (diameters unde

0.063 mm) is less than 11%. The sand median diamatéees between 0.16 and 0.30 mm, with a

mean value of 0.2 mm (fine sand).

In the navigation channel (Barra Sul channel) sedis are coarser. The sand fraction accounts for
more than 65% of the total sediment and the gré¥gb2.0 mm) can reach 29%. The silt and clay

content does not exceed 16%. The sand median d¢iawaties between 0.15 and 0.70 mm with a

mean value of 0.40 mm (corresponding to mediumsand
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