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Abstract

Hydrodynamics and water renewal of intermittentstalastreams are highly variable, at
various time scales, due to the very active morghanhic behavior of their inlets. Due
to this strong dynamics, the pathways of water-bamaterials — and the consequences
of contaminated discharges — can depend strongtii@morphology and environmental
conditions. Predicting the fate of contaminantsthmese systems requires coupled
numerical models accounting for the major physicel water quality processes.

We aim at improving the understanding of the impadnlet morphology and wave
action on the pollutant and sediment pathways egetsmall coastal systems, based on a
suite of calibrated and validated coupled modelo Tanalyses, based on particle
simulations, are presented to assess sediment dyhand pollutant pathways for
several conditions. Results show that waves hawejar effect on the fate of water-
borne materials in the estuary. Wave-induced ctsreweep away materials coming out
of the estuary, while wave-induced setup has aopraf effect on tidal propagation,
water levels and velocities in the estuary, prongthe upstream transport of pollutants.
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1. Introduction

The small estuaries and coastal lagoons associatedastal streams often have an
active morphodynamic behavior, due to the combomaf strong tidal and wave-
induced currents, shallow channels and their viriabd intermittent freshwater inflow.
Also, as a result of their shallow bathymetry, egemall absolute changes in depth can
have relatively strong impacts on hydrodynamicsdidgynamics, morphodynamics
and water renewal are thus highly variable, at ahraeasonal and shorter time scales,
which hampers the monitoring, the forecasting aittdnately, the management of these
systems. This strong dynamics makes the internitteastal streams very sensitive to
contamination/pollution, as a contaminated dischampay have very different
consequences depending on the capacity for wateewa of the system at that
particular time.

A second distinguishing characteristic of theselsesiuaries is the importance of
waves relative to tides. On the one hand, tidanpsi are small, leading to weak ebb jets.
The relative importance of littoral currents andhast wave-induced processes on the
motion of the water masses leaving these estuaidiserefore higher than in larger
systems. On the other hand, because these systenshalow, waves can have a
significant effect on the total water depth near tidal inlets. Indeed, the setup of the
water surface induced by breaking waves can behef drder of a few tens of
centimeters, which can represent a significanttifvacof the total water depth of the
inlets at low tide.

Properly managing these complex systems requiresliity to predict the fate of
contaminants discharged into the system, which aally be achieved through the
simultaneous consideration of all relevant physacesses, including wave-current
interactions, bathymetric evolution and water dyaprocesses. Coupled numerical
models, which can simulate the full variability efvironmental conditions and the
interaction between processes, are a promisingpappr(Suzuki et al., 1998, Oliveira et
al., 2006, 2007).

In this context, the primary goal of this work &gsimprove the understanding of the
impact of morphological changes of the inlet and #ifect of waves on the water
quality of a coastal stream, based on a suite opled models, calibrated and validated
for different environmental conditions. The sameaenodels is then used to assess the
effect of waves on the sediment dynamics insideetteary, as sediments can act as
sources and sinks for contaminants. The Aljezustadatream (SW Portugal) is used as
a case study, as it presents a very dynamic wlgth may close occasionally, and has
several potential contamination sources that céerideate its water quality.

Circulation is evaluated using a 2D morphodynamadleling system (MORSYS2D,
Fortunato and Oliveira, 2004, Bertin et al., 20092rrently, this modeling system
softly couples the hydrodynamic models ADCIRC (wwaslcirc.org) or ELCIRC
(www.stccmop.org/CORIE/modeling/elcirc/index.html)the  wave model SWAN
(www.wildelft.nl/soft/swan), the sand transport abdttom update model SAND2D
(Fortunato and Oliveira, 2004) and the water quatitodel VELA (Oliveira and



Fortunato, 2002a). The two circulation models diff@ly in the numerical properties:
ELCIRC runs faster in serial mode, while ADCIRCtiee most efficient in parallel.
Regardless of the circulation model, coupling betwgave and currents includes the
generation of currents and set-up due to gradiehtadiation stresses. The coupling
preserves the individuality of the codes, which larenched through a steering C-shell
script. The application of the modeling systemh® Aljezur system is supported by two
field surveys, carried out under maritime summaet wmter conditions, and for spring
and neap tides (May and September 2008).

The impact of inlet morphology and wave action oatev quality is based on the
simulation of pollutant pathways and sediment dyicamThe Lagrangian transport
model VELApart (Oliveira and Fortunato, 2002b) sed to determine the pathways of
pollutants released at different locations andsgeas the impact of the inlet variability
on the distribution of contamination. The simulasaare performed for several release
times within the tidal cycle, based on hydrodynamiulations obtained from the
coupled modeling system, and conducted for diffeirdet morphologies. Model results
are then integrated to quantify the dependence aliitant dynamics on the inlet
morphology and to highlight the importance of wavBise same model is then used in
guasi-3D mode to identify the sediment pathways tandssess the impact of the inlet
morphology and waves on their distribution.

The paper is divided in 5 sections besides thisdhiction. Section 2 presents the
main characteristics of the study site. Sectiomi&fly describes the three models used.
The models set-up and validation and the numetgst$ are described next. Results are
presented in section 5, and the paper closes vatimanary of the major conclusions.

2. Description of the Aljezur coastal stream

The Aljezur coastal stream, located on the Southe@asst of Portugal (Figure 1), has a
very dynamic inlet, which may close occasionallygd aindergoes significant changes.
The estuary is about 8 km long, 5-100 m wide arrgt gballow (typical depths within a
2 m range around mean sea level). There are exéetidal flats between kilometers 2
and 3, part of which have given place to an aquacifacility.

Ocean tides are semi-diurnal, with tidal rangesvbeh 1 and 4 m. The wave regime
is highly energetic, with 3 m wave heights beingeeded roughly between 5 and 10 %
of the time. Sediments are mostly sandy in the toggtuary (within 1.4 km of the inlet
mouth), while different mixtures of cohesive andhfamhesive sediments are present in
the upper estuary.

The estuary has three major potential contaminasioarces: wastewater facility
discharges, responsible for most of the freshwiaftow to the estuary in the summer
(kilometer 9), discharges from a large aquaculttmeility (kilometer 2.4) and
contamination from cattle feces (around kilometgrrbostly during rain events. This
coastal system has a significant ecological andlleconomical value, as it is located
within an environmentally protected area and hagrestve recreational use. Hence,
maintaining high standards of water quality is @xgng concern for the authorities.
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Figure 1. The Aljezur coastal stream: geographicedation and aerial photo (source:
Google Earth).

3. Modeling system description

The analysis is based on the modeling system MOR®Y(Gigure 2). MORSYS2D is a
C-shell script that runs independent models, manape transfer of information
between them and performs control checks. The systeludes several models for
circulation, wave propagation, scalar transport aater quality, sediment transport and
bottom evolution. Here, only the modules used & phesent application are described.
Further details on MORSYS2D and its applications ¢ found elsewhere (e.g.,
Fortunato and Oliveira, 2004; Oliveira et al., 20@008; Bertin et al., 2009a-c;
Fortunato et al., 2009).

Three models are used herein: the shallow waterodydamic model ELCIRC
(Zhang et al., 2004), the spectral wave model SWBbbIj et al., 1999) and the patrticle
tracking model VELApart (Oliveira and Baptista, B9®liveira and Fortunato, 2002b),
which is forced by the outputs of ELCIRC. ELCIRCdaBWAN are described only
briefly, and the reader is referred to the origipablications for details. The present
version of VELApart is described in more detail jtdsas not been published in the open
literature previously.

3.1 The hydrodynamic model ELCIRC

ELCIRC, an open source community model developabeaCenter for Coastal Margin

Observation and Prediction, solves the fully nowdir, three-dimensional, baroclinic
shallow water equations, coupled to transport egustfor salt and heat. Forcings
include tides, tidal potential, wind stress, gratSeof radiation stresses and solar
radiation. Several turbulence closure schemes@rkemented.



The equations are solved with a finite volume témpia for volume conservation and
a natural treatment of wetting and drying. The rmmtal domain is discretized with an
unstructured mesh for flexibility, and z-coordirat@re used in the vertical. A semi-
implicit time-stepping algorithm and the Lagrangieatment of the advective terms
ensure stability at large time steps.

In MORSYS2D, ELCIRC is run in 2D depth-averaged mdde., with a single
vertical layer), which avoids, in particular, théfidulty in representing 3D wave
radiation stresses.
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Figure 2. The MORSYS2D modeling system.

3.2The wave propagation model SWAN

The SWAN spectral wave model solves the wave ade@rsity balance equation (Booij
et al., 1999) and is used in MORSY2D in statiomande to simulate wave propagation
and deformation from the open sea up to the cddss model was set to take into
account the bottom friction (formulation of Madsetnal., 1988), wave breaking (model
of Battjes and Janssen, 1978), triad wave—wavesictien and wave propagation within
a time-dependent water level. In most applicatiofiser processes such as wind growth,
energy dissipation by whitecapping or quadruplégractions are considered negligible
and turned off. Depending on the purpose of thdyst8WAN can be forced at its open
boundary by constant wave parameters, by time sefi@vave parameters originating
from the WAVEWATCH3 (WW3) model (Tolman et al., ZD0or by time-series of
wave spectra originating from the regional wave el@d Dodet et al. (2010).

Significant wave height, direction and wavelengtbduced by SWAN are used to
compute gradients of radiation stresses, accortbngvave linear theory (Longuet-
Higgins and Stewart, 1964) and following Bain andb® (2003), to force the
hydrodynamic model.



3.3 The patrticle-tracking model VELApart

3.3.1 Physical formulation

VELApart is a quasi-3D patrticle tracking model rrface waters. It is driven by a 2D
depth-averaged flow field, and computes the trajges of individual particles carried
by the flow. When used in 2D mode, VELApart uses ttepth-averaged velocities
provided by ELCIRC to compute the trajectories aggive tracers. To simulate the fate
of suspended sediments, VELApart can also be usgdasi-3D mode. In this case, the
horizontal tracking assumes a logarithmic velogtgfile in the vertical. The vertical
motion includes gravitational effects, turbulentffuion and an approximate
representation of vertical advection.
VELApart solves the advection-diffusion equationr fmmdividual non-reactive
particles of water in sigma coordinates:
x & & & _D, 2 x Jd (D, &
—+u—+v—+0— [H—J+—( Z_J 1)
dd(o”yo"aHd( & ) do\H* do
wherec represents the concentratiox,y(2 are the cartesian coordinatas,v(w) are the
velocity componentsD,, and D, are the horizontal and vertical eddy viscosity
coefficients, respectively, artdlis depth. The vertical coordinates given by:

z—n
o= )
wheren represents the water surface elevation.

When VELApart is used in 2D modé,andD, are set to zero, and the concentration
and the velocities are depth-averaged. When VELAaused in quasi-3D mode, the
vertical distribution of velocity is assumed loganic:

+
i(0)=U Inl(H(a D/ z,) @)
n(H/z)-1
whereU is the depth-averaged velocity amds the roughness height, taken as 1 cm.
The vertical velocity iro coordinates, is given by:
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wherews is the settling velocity, which can be specifigdthe user or evaluated with the
formula of van Rijn (1984) based on the sedimergimgrsize. Assuming that the
horizontal velocity is constant in the verticaluatjon (4) reduces to:

—_ WS
6=1 (5)

This simplification is equivalent to assuming tHat,ws=0, the particles follow along
ao-plane, i.e., that their relative position in thater column remains constant.

Finally, the diffusion terms are split in two, ider to facilitate their numerical
treatment, by using a random walk method:
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whereW', which represents resuspension through turbdiéioision, is given by:

I — 0 Dzz
The vertical diffusion coefficienf),, is computed as (van Rijn, 1984):
D,, =D se%_| > 05
D,, =-4Dj*o(0 +1) se3{, <05 (8)

The maximum diffusion coefficier D;;"is given by:
D™= 025«u. H (9)
wherex is the van Karman constant (= 0.4),s the stress velocity:
U =,/Cp ‘U| (10)

andcp is the dimensionless friction coefficient.

3.3.2 Numerical solution

Equation (1) is split into three simpler equatiamsich are solved sequentially using
different methods:

é+u§+v§:
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All equations are solved on an unstructured tri¢angiinite element mesh. Equation
(11) is solved through an embedded adaptierier Runge-Kutta method (Prextsal,
1992). This method allows for a user-specified emcy (Oliveira and Baptista, 1997,
1998). VELApart also compensates the inaccuradiéiseodriving flow model at closed
boundaries by using only the tangential velocitqu&ions (12) and (13) are solved
using a random walk method (Dimou, 1992, Moell&93).

4. Summary of model set-up and application

The circulation model domain extends from the riaethe wastewater facility discharge
location, upstream of the tidal intrusion limit,4c6 km away from the inlet (Figure 3).
Simulations were performed for two distinct peridds which bathymetric field data
were measured (May and September 2008, Table Qiyd~#)selected to highlight the
effect of waves and inlet morphology. The bathymestwere measured in May and



September in the lower estuary, beach and nearsfidre September bathymetry
presents a more meanderized channel than the betityyof May, but the latter has a
significant constriction between zones 3 and 4 (f@g 4 and 7). Elsewhere, the
bathymetry was assumed unchanged and surveys frayr2PD8 were used. The model
was forced by tides, taken from the regional maddrortunato et al. (2002) for May
2008, river flows measured at the upstream boundftiye model on May 6 (0.3 ¥s),
and radiation stresses computed from SWAN reswlisd was neglected as wind speed
was about 5 m/s on both May 6 and September 11ciftidation and transport grid has
40,000 nodes and a resolution between 0.5 and 390 fine resolution is required
because the channel is only a few meters widevatitte. The hydrodynamic time step
was set to 5s and a warm-up period of 2 days vezsl.uThe Manning friction
coefficient was set to 0.015's, after a preliminary calibration. Selected maodahta
comparisons show that both tidal (Figure 5) and evélvigure 6) propagation are
realistically reproduced, although further improwess are still under way (e.g., a more
accurate mean sea level at the ocean boundaryrea detailed bathymetry in the tidal
flats, a calibration of the wave breaking coeffittje
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Figure 3. Computational grid for the circulation and transpmodel. The rectangle
represents the boundaries of the finer wave model grid.

SWAN was run in stationary mode, and was updatedye®0 minutes. SWAN was
forced by the wave spectra computed with a valdlaggplication of WW3 to the North
Atlantic (Dodet et al., 2010) in simulations H2 andd, and by constant wave conditions
in simulation H5 and H6 (significant wave heightm3 peak period: 13 s; direction:
NW). Two Cartesian nested grids are used: the eoagrsd has a uniform resolution of



200 m, oriented North, and the fine grid (Figurei8)curvilinear, with a resolution

Figure 4. a) May 2008 bathymetry. b) September 2008/batry
Table 1. Hydrodynamic model simulations

Simulation Bathymetry Tides Waves
H1l May 2008 Real, May 2008 No
H2 May 2008 Real, May 2008 Real
H3 September 2008 Real, May 2008 No
H4 September 2008 Real, May 2008 Real
H5 May 2008 Real, May 2008 Constant
H6 September 2008 Real, May 2008 Constant
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Figure 5. Model / data comparisons for simulation H2 (M&08): a) water levels in

the surf zone; b) velocities at the inlet (positive values indibadel). Stations locations
are shown in Figure 7.

Two types of transport simulations were performed.

1. The sediment pathways were qualitatively estimatsithg VELApart in quasi-3D
mode. Sediment diameter was set to 0.35 mm, asepiaive value forsd in the
lower estuary. Sediments were released in the midflithe water column, in the



lower estuary (where bottom sediments are sandy)felfowed until they reached
the bottom. Sediment motion was simulated from Mag 10, 2008 with bathymetry
from May (hydrodynamic simulations H1, H2 and H&Blié&&eptember (H3 and H4).

2. The pathways of pollutants originating at differdatations were determined by
releasing sets of a few hundred particles aroutettss areas: the outlet from the
aquaculture facility (around kilometer 2.4); nede tcattle grazing field (around
kilometer 4.5); and the outlet from a sewage watatment plan (around kilometer
9). The position of these particles was followediime and mapped on the line that
follows the main channel. The central position atemhdard deviation of the set of
particles were then computed at each time stes @¥aluation was carried out until
20% of the particles had left the estuary. Thestga model runs were also forced
by hydrodynamic simulations H1-H6.
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Figure 6. Model / data comparisons for May 6 (simulation):H®) significant wave
height; b) wave period. Stations locations are shown in gur

5. Results and discussion
5.1 Impact of waves and morphology on sediment dynamics

Inlet dynamics is mostly driven by waves and tidatrents. Waves affect tidal inlets
primarily through the generation of littoral curtenwhich transport sediments from the
surf zone to the inlets, promoting their accretéo feeding flood sand banks. A more
subtle effect of waves is associated with the geimr of a setup near the coast. In very
shallow inlets, this setup can significantly modife water depth, which in turn affects
tidal propagation and distortion into the inlet.rt8e et al. (2009c) showed through
numerical experimentation that wave setup redubbsdeminance in the Obidos tidal
inlet, which, together with the direct wave-indudeansport towards the inlet, should
enhance accretion in the lagoon.

In this section, VELApart results are used to aonfthese findings and assess how
this process affects sediment dynamics. Sedimei¢sged in the lower estuary are
followed for 10 days in simulations forced by tiddene (H1, H3), tides and real waves
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(H2, H4) and tides and high waves (H5, H6). Eadtigda was released at mid-depth, at
low tide, high tide, mid-ebb and mid-flood, andléeéed until it settled on the bottom
for the first time. At the end of the simulatiotise percentages of sediment particles that
settled in 5 different zones (Figure 7) were coragddo assess the effect of waves on the
flushing of sediments from the estuary.

The phase of the tide when sediment particleseleased has a major influence on
the results (Figure 8). In order to understand alerage behavior of the sediments,
results for all the release times were therefonedlrd together in the analysis (Figure
9). Results show that as the wave height increabespercentage of sediments that
escape the estuary (zone 1) steadily grows atxpense of those that remain in the
lower estuary (zone 4) and on the beach (zonet#$.@ehavior can be mostly attributed
to the wave-generated littoral currents, which @raway the sediments that leave the
estuary on ebb, preventing their later reentrancineé estuary. This effect of waves is
small in this application, but should be strongerlanger beaches, with larger littoral
currents.

Figure 7. Zones used for the sediment dynamics analysisi€barshore; 2 — beach; 3/4
— lower estuary; 5 — upper estuary.

A less pronounced effect of waves is the growing@atage of sediments that settle
in the upper estuary (zone 5) as the wave heightases. This behavior is consistent
with the reduction of ebb dominance associated Wiéhwave setup, and confirms the
previous analysis of Bertin et al. (2009c).

In order to assess possible causes for this behathoee possibilities were
considered. Traditionally, tidal asymmetry is azaky using elevation time series (e.g.,
Friedrichs and Aubrey, 1988, Fortunato and Oliye2805). Like in many other
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systems, ebbs in the Aljezur estuary are longen tHaods. This phenomenon
contributes to flood dominance, i.e. higher velesiton flood than on ebb. Considering
this behavior alone, wave setup should reduce fthelinear generation of tidal
harmonics, thereby reducing flood dominance. Indaddl distortion decreases with the
ratio between tidal amplitude in the ocean anccttennel depth (Friedrichs and Aubrey,
1988). However, this process should reduce thesin of sediments further upstream,
contradicting the behavior indicated by the pagticlodel. An alternative explanation
must therefore be sought.
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Figure 8. Dependence of the sedimentation patterns oretbase time.

Ebbs normally occur at lower tidal elevations tfflands. This behavior is illustrated
on Figure 10: when the water level is much highethe sea than in the inlet (flood), it
is above mean water level, while the opposite acanmr ebb. In deep estuaries, the
difference between the total depth at high and tiol is small, and should not affect
velocities significantly. However, in a shallow @sty, the smaller water depths that
occur on ebb can have a significant effect on tmalents, enhancing ebb relative to
flood currents. The observed and modeled velocs#tigke inlet (Figure 5b) confirm this
gualitative explanation and show that this effecsignificant: although flood is much
shorter than ebb, the maximum velocities are smula ebb and on flood. Hence,
residual sediment fluxes at the inlet should beaéed downstream. Clearly, ebb-flood
duration differences alone do not fully explain #symmetry in tidal currents in shallow
estuaries.
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Figure 9. Impact of the hydrodynamics and bathymetry ersédimentation patterns.

In this context, a small increase in the surfaewation induced by wave setup will
have a distinct effect on ebb and flood currenthieldV velocities are close to the
maximum in the estuary, the shallow water equati@tkice essentially to a balance
between friction and the surface water gradient:

T
9o = (14)

Hp
whereg is gravity,n is the surface elevatiom,is the bottom stress amis density.
Neglecting the effect of the wave setup on the tbapic pressure term in the estuary,
equation (14) shows that an increase in the totaémdepth will lead to an increase in
the bottom stress, i.e., in the velocity. Howeumcause the relative increase in water
depth is larger on ebb than on flood, velocitie also increase more on ebb than on
flood, as confirmed by model results (Figure 12aain, this different behavior of ebb
and flood velocities in shallow estuaries with wasetup should actually reduce
sediment intrusion in the estuary, thus does npta@x the behavior predicted by the
particle model.

A third consequence of wave action on tidal progiagain shallow estuaries is
facilitating tidal propagation by increasing theteradepth. Furthermore, as the waves
break closer to the shore at high tide, the wavepsat the inlet is higher than at low
tide. Hence, wave action raises the water leveemabhigh tide than at low tide, thereby
increasing tidal amplitude in the estuary (Figuld)l This increased tidal penetration
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due to waves should promote sediment intrusionre@st, and is therefore the most
likely explanation for the behavior predicted by Mpart.

Qcean
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/ \
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Figure 10. Tidal elevations as a function of time in an embatyngemputed with the
Keulegan (1967) analytical model (source: www.coastal.ade/faculty/rad/inlet.html)
show that ebbs occur at lower water levels than floodst midth: 50 m; inlet length:
8 km; bay planform area: 0.4 Krrocean tidal amplitude: 1 m; inlet depth: 1 m.

The two phenomena described above — the intertstiicaf the ebb velocities with
the wave setup and the larger increase of the wetels at high tide — are related
through mass conservation. On flood, velocitiesaienmostly unchanged by the wave
setup, and the tidal prism increases primarily ubfo the enlargement of the water
depth; on ebb, the rise of the water levels is mpdand the tidal prism increases
through the intensification of the velocities.

A similar comparison was made for simulations withwaves using the May (H1)
and September (H3) bathymetries. Results showthleatlifferences are small but non-
negligible. With the September bathymetry, theeefawer sediment particles settling in
zone 4 than with the May bathymetry (Figure 9). Asgible explanation for the
observed differences lies in the velocity fieldsith\the May bathymetry, there is an
area upstream of the limit between zones 3 andat hths relatively small velocities
(Dotted circle in Figure 12). It is therefore ligethat sediment coming both from
upstream and downstream settle in that area. Itraginthe flow field is smoother with
the September bathymetry, avoiding a preferented &r deposition.

5.2Impact of waves and morphology on the pathways of polkitarthe Aljezur stream

The impact of bathymetry and wave-induced hydrodyna (littoral currents and
wave set-up) on suspended pollutants is investigagee for the same conditions used
for the sediment analysis, based on three setsauicles released near the potential
sources of contamination in the Aljezur coastadestn (Figure 13a).
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Results show that, like for sediments, pollutanthpays strongly depend on the
release time within the tidal cycle, in particufar the Aquaculture set (Figure 13b-d).
However, the upstream intrusion limit of the plunseems to be almost independent of
this factor. The current strategy for the wateresgal of aquaculture ponds during ebb,
which appears adequate to minimize contaminati@hpramote flushing, may increase
the area subject to contamination as the downsttmaitis further away. On the other
hand, the larger plume contributes towards itstidifuand reduces the presence of
concentrations above the regulation limits.
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Figure 11. Effect of waves on circulation at the limit betweenughyger and lower
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Figure 13.a) Location of sets release (dotted lines); evolutiapace and time of the b)
Wastewater set; c) Pasture set; d) Aquaculture set.

The impact of waves on the pollutants pathwayseisy \significant for the larger
waves simulated, which, as for sediments, condifferpromote the penetration of
pollution upstream (Figure 14b). In contrast, tliteat of the smaller waves on the
pathways of pollutants is negligible, in particutar the sets released upstream (Figure
14c). These results indicate that residence timethis system will be significantly
affected by large waves: on the one hand, wavesease the tidal prism, thereby
reducing residence times (Figure 14a); on the dthad, by promoting tidal penetration,
waves can foster the movement of pollutants towapdsream (Figure 14b).

The bathymetry of the lower estuary has a sigmfiegempact on pollutant pathways
but less important than large waves (Figure 14k Bathymetry at the end of maritime
summer (September) leads to a faster export ofifamits to the coast, as the inlet should
be less constrained due to a reduction in waverag¢kigure 14d). The analysis of the
September hydrodynamics shows that tide propadattser upstream as compared to
May, transporting pollutants accordingly. This coiston needs to be further validated
and correlated with tidal prism through simulatiomgh other bathymetric data sets,
measured on a monthly basis from March to Septe20m@9.
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Figure 14.a) Evolution in space and time of a) Aquaceltand Pasture sets for real
waves and currents (H2) and currents only (H1), fohhige; b) the Pasture set for the
high tide release and for real and large waves and cusr@d2, H5) and currents only
(H1); and c) the Pasture set for the low and high tideasds for both bathymetries
(H1, H3). d) Bathymetric changes between SeptembekMaryd2008.

6. Summary and conclusions

The behavior of estuaries associated with smaBtabatreams exhibits some qualitative
differences relative to large estuaries. In paldéicuhe impact of the wave setup on the
total depth can be significant due to the smalltisef their inlets, leading to a major
effect of waves on tidal propagation and distort®multaneously, because the ebb jets
are weak, the importance of the littoral curremistoe fate of the water masses leaving
the estuary is stronger than in large estuariess paper presented a preliminary
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analysis on the effect of wave-induced processeshenexchange of dissolved and

particulate material between small estuaries aac¢a.

Numerical experiments showed that the setup dusawes can promote sediment
and pollutant transport towards the head of theiaegt Several phenomena were
analyzed to determine a possible cause for thisxaeh Two of them should actually
have the opposite effect. On the one hand, waug setduces the tidal amplitude to
depth ratio and the ratio between flood and ebbeats. These reductions should
promote the flushing of sediments from the estublgwever, the larger depths in the
estuary caused by the wave setup also promote itittalsion and increase the tidal
range, which should enhance the transport of sediared dissolved material upstream.
The growth of the tidal range is attributed to taeiation of the wave setup during the
tidal cycle. During flood, at high tide, the wave®ak closer to the beach than at low
tide. The resulting wave setup near the inlet ésefore higher at high tide, significantly
raising the water level inside the estuary. At loye, the water level is also raised by the
wave setup, but less. As a result, the tidal rangeases.

Because there are simultaneous processes at plhyopposite consequences, the
generalization of these conclusions is risky. Injelee dominant physical processes that
determine whether waves will promote or hinder metht flushing from a shallow
estuary may depend on the particular system, ar eméts particular conditions.

Future research will address questions raised dptbsent analysis. We will:

* Improve wave-current interactions by including emtrand spatially-varying water
level effects on wave simulations;

* Improve the integrated analysis of water renewatoubh residence times
calculations, following the Oliveira and Baptisfi®97) methodology, and compare it
with fecal bacteria decay times, obtained from tabmry experiments for Aljezur;

» Dynamically account for bathymetric changes, by ludmg VELApart in
MORSYS2D and evaluating pollutant pathways forcgddrodynamics computed
for a dynamically updated bathymetry;

» Extend the water quality analysis to account faafecontamination processes and
allow for a comparison of the relative impact ofypical and water quality processes
and the different sources of contamination in tyetesn. This analysis includes a 3D
coupled analysis of fecal contamination and morghadics, which was already
started in Rodrigues et al. (2009b), through thelieation of the 3D coupled
hydrodynamic-ecological ECO-SELFE model of Rodrgyeeal. (2009a).
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