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[1] Wave-current interactions play a major role in the dynamics of shallow tidal inlets. This
study investigates these interactions at a natural inlet, with a strong focus on current-induced
changes on wave propagation. The analysis of hydrodynamic data collected at the Albufeira
lagoon, Portugal, revealed spatiotemporal variations of water levels and wave heights along
the inlet, attributed to wave-current interaction processes. We compared the simulations of a
coupled wave-circulation modeling system, computed with and without waves, and
propagated with and without current feedback. The wave-induced setup inside the lagoon
represented 7%–15% of the offshore significant wave height. The accuracy of the wave’s
predictions improved when current feedback was included. During ebb, the currents increased
the wave height at the mouth of the inlet (up to 20%) and decreased the wave height in the
inlet (up to 40%), due to current-induced refraction, steepness dissipation, and partial
blocking. During flood, the currents decreased the wave height in the inlet (up to 10%)
and increased the wave height at the exterior parts of the ebb shoal (up to 10%), due to
current-induced refraction. These effects significantly attenuate seaward sediment fluxes
during ebb and contribute to the sediment accretion in the inlet.

Citation: Dodet, G., X. Bertin, N. Bruneau, A. B. Fortunato, A. Nahon and A. Roland (2013), Wave-current
interactions in a wave-dominated tidal inlet, J. Geophys. Res., 118, doi: 10.1002/2012JC008571.

1. Introduction

[2] Coastal lagoons are of great ecological and socio-
economic importance given their privileged location at the
land-ocean interface. Tidal inlets, which connect the open
ocean with a back-barrier lagoon, constitute navigation routes
and enable fish and larvae migrations, nutrient exchanges, and
maintenance of water quality and salinity levels in the lagoon
water. Wave-dominated tidal inlets are constantly adapting to
the oceanic forcing, and large morphological responses may
occur very rapidly. In order to predict accurately suchmorpho-
logical changes, it is essential to understand well the processes
that govern the circulation in the inlet. Thus, improving our
knowledge on wave-current interactions in tidal inlets is one
of the key requirements toward an effective and sustainable
management framework for coastal lagoons.
[3] Early work on tidal inlets investigated the relationship

between several characteristics of tidal inlets such as tidal

prism, inlet cross sectional area, or lagoon surface area
[O’Brien, 1931, 1969; Vincent and Corson, 1980] and led
to empirical and conceptual theories still widely used. Other
authors [Brown, 1928; Keulegan, 1967; Mota Oliveira,
1970] used simplified approaches of steady-flow hydraulics
to formulate analytical solutions to investigate the currents
in the channel and the tide modulation in the associated
lagoon. Hayes [1975, 1979] proposed a classification of
tidal inlets based on local yearly averaged tidal range and
wave regime. More recently, numerical models have been
applied to a broad range of natural tidal inlets, from
large mixed-energy tide-dominated inlets [Cayocca, 2001,
Elias et al., 2006] to smaller wave-dominated inlets
[Ranasinghe et al., 1999; Bertin et al., 2009; Malhadas et al.,
2009; Tung et al., 2009; Bruneau et al., 2011] and synthetic tidal
inlets [Hench and Luettich, 2003;Malhadas et al., 2009; Nahon
et al., 2012a], in order to obtain detailed information on the
main processes driving circulation and sediment dynamics.
[4] The hydrodynamics of wave-dominated tidal inlets,

when freshwater inflow is negligible, is controlled mainly
by the combined effect of tides and waves. The ebb and
flood currents interact with the incident wavefield to give
rise to complex patterns of currents and waves in the vicinity
of the inlet mouth and adjacent beaches. The mechanism
of such interactions in a two-dimensional framework was
formulated by Longuet-Higgins and Stewart [1964] who
introduced the radiation stress concept and proved the exis-
tence of the momentum transfer between waves and currents.
Later, Bretherton and Garrett [1969] formulated the wave
action equation for directional wave spectra in slowly varying
media, and Huang et al. [1972] described the effects of
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currents on the wave energy spectral shape. Several experi-
mental studies were conducted in wave flumes [e.g., Thomas,
1981; Lai et al., 1989; Chawla and Kirby, 2002] or offshore
basins [e.g.,Guedes Soares and de Pablo, 2006] to investigate
the evolution of wave characteristics under the influence of
currents. In particular, the process of wave blocking when a
wavefront encounters a strong facing current has been the
subject of several studies [Lai et al., 1989; Chawla and Kirby,
2002; Suastika, 2012) but remains only partially understood.
Observations of the effects of currents on waves in natural
environments are also mentioned in several studies [Wolf
and Prandle, 1999; Rusu et al., 2011, Westhuysen, 2012],
yet they are still too sparse to give a significant overview
of this mechanism in complex coastal systems such as tidal
inlets. Based on the results of a fully coupled ocean-atmosphere-
wave-sediment transport modeling system, Olabarrieta et al.,
2011Q1 identified the effects of wave-current interactions on
the circulation of Willapa Bay (Washington State). The
attempts of morphodynamic modeling of tidal inlets in ener-
getic environments, although they provided encouraging
results [Ranasinghe et al., 1999; Cayocca, 2001; Bertin
et al., 2009; Bruneau et al., 2011], still suffer from inaccura-
cies. To this day, only a few authors managed to reproduce
the closure of shallow inlets [Ranasinghe and Pattiaratchi,
1999, Tung et al. 2009], yet the forcing mechanisms remain
only partially understood and still require further research.
[5] This paper investigates the hydrodynamics of a wave-

dominated tidal inlet system located on the western coast of
Portugal through in situ data analysis and numerical simula-
tions provided by a wave-current modeling system. The tidal
inlet of the Albufeira Lagoon is a very dynamic environment
subjected to a meso-tidal regime and an energetic wave
climate, which together lead to fast morphological changes,
such as channel migration and inlet closure. The following
section describes the field work that took place in September
2010 during which hydrodynamic and topographic data
were collected. The third section describes the modeling
system implemented to investigate the circulation in wave-
dominated environments. The hydrodynamics of the inlet
is described in section 4 through the analysis of field data
and model results and cross-comparisons between them. In
section 5, the effects of wave-current interactions on the inlet
hydrodynamics are discussed and their effects on the sediment
transport are analyzed. Some limitations of the present study

are also presented in this section. The paper concludes with
a summary of the main findings and gives some perspectives
for future work.

2. Field Experiment

2.1. Study Site

2.1.1. Geomorphological Setting
[6] The Albufeira Lagoon is located on the west coast of

Portugal, on the western edge of the Setúbal Peninsula, around
20 km south of Lisbon (Figure F11). The width of the continental
shelf along the Caparica-Espichel littoral arc ranges from 40
km, at the mouth of the Tagus estuary, to 5 km, in front of
the lagoon where the Lisbon Canyon crosscuts the shelf. The
lagoon covers an elongated surface area of 1.3 km2 whose
principal axis follows a SW-NE orientation, slightly oblique
to the coast. The system comprises two main bodies: the small
and shallow (~5 m deep) Lagoa Pequena at the inland extrem-
ity and the wider and deeper (~15 m deep) Lagoa Grande
[Freitas and Ferreira, 2004]. The latter is connected to the
sea by a narrow inlet (a few dozens of meters wide), which
may undergo fast morphological changes on weekly to
monthly time scales [Nahon et al., 2012b]. More particularly,
the inlet morphology presents a seasonal behavior leading to
its quasi-systematic natural closure during winter, after which
it is artificially open in spring. These anthropogenic interven-
tions, dating back to at least the mid-15th century [Freitas
and Ferreira, 2004], have preserved the ecological and
economic role of this coastal system to this day. This part of
the coast is characterized by steep beaches with medium to
coarse sediment. During the field campaign, the average beach
slope was 0.12 and the median grain size ranged between
0.0007 and 0.0018 m [Bosnic et al., 2011].
2.1.2. Hydrodynamic Setting
[7] The western Portuguese coast, with semidiurnal tides

ranging from less than 1 to more than 3.5 m, can be considered
as a meso-tidal environment, according to Davies’ classifica-
tion [Davies, 1964]. When tides propagate into the lagoon,
the semidiurnal tidal constituents are damped, whereas
quarter-diurnal and fortnightly nonlinear constituents develop
[Mehta and Özsöy, 1978], resulting in a strongly distorted
signal. The tidal amplitude in the lagoon can exhibit signifi-
cant seasonal variations. Indeed, this amplitude is negatively
correlated with the head losses along the inlet channel, which

Figure 1. The Albufeira Lagoo Q2n: location, place names, geomorphological features (the striped area
bounded by the 300 m isodepth represents the continental shelf), and data stations (stars).
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are generally low at the end of summer, during which waves
are small and sediments are flushed out from the channel.
During winter, the wave climate becomes more energetic
and promotes the landward sediment transport through the
channel which reduces the inlet cross-section. This reduction
decreases the tidal prism sometimes until the inlet closure.
The migration of the inlet mouth, and the corresponding
lengthening of the inlet channel, can also increase the head
losses and reduce the tidal amplitudes. A similar behavior
was observed further north on the Portuguese coast at the
Óbidos lagoon by Oliveira et al. [2006]. This seasonal
behavior is illustrated in FigureF2 2 with the evolution of the
amplitude of the semidiurnal constituentsM2 andM4 deduced
from a 1 month sliding window harmonic analysis of a 7
month time series of sea surface elevation measured by a tide
gauge located in the Lagoa Grande (Figure 1b). Both the
temporal and spatial variations of the tide in the Albufeira
Lagoon were investigated by Freitas and Andrade [1994],
who obtained ratios of lagoon/oceanic tidal amplitude ranging
from 8% to 43% and differences between ebb and flood
duration varying from 2 to 4 h (the ebb duration being always
longer), depending on the morphological stage of the inlet.
Freitas and Ferreira [2004]Q3 reported a maximum tidal prism
of 1.57� 106 m3 and Nahon et al., [2012a, 2012b]Q4 used
modeled mean wave parameters and elevation in front of the
Albufeira Lagoon to compute a gross littoral drift of 316400
m3 for an 8 month period. These values indicate that the Bruun
stability criterion [Bruun, 1966] is very low (<10), and con-
firm the fact that the morphology of the Albufeira lagoon inlet
is wave dominated.
[8] The wave regime off the Portuguese west coast is

dominated by long-period swells generated in the North
Atlantic Ocean. During the winter period, severe wind seas
may occasionally prevail, when the path of a low-pressure sys-
tem reaches the Iberian Peninsula. A study based on the analy-
sis of a 57 year time series of hindcastedmean-wave parameters
[Dodet et al., 2010], computed with the WAVEWATCH III
(WW3) wave model [Tolman, 2009], revealed that the mean
annual deep water significant wave height (HS), mean
direction (MWD), and peak period (TP) 100 km off the
Albufeira Lagoon (10.0�W, 38.0�N, ~ 3000 m deep) were
respectively 1.9 m, 10.5 s, and 312�. During winter (respec-
tively summer), the corresponding values were 2.5 m, 12.1 s,

and 305� (respectively 1.3 m, 8.4 s, and 319�). These values
are consistent with other studies of the wave climate in
Portugal based on observations [Pires and Pessanha,
1986; Costa et al., 2001].
[9] The drainage basin of the Albufeira Lagoon covers a

surface area of around 106 km2, with four main rivers flowing
into the eastern part of the lagoon. However, even the larger
rivers only have a significant water flow during years of
exceptional precipitation [Freitas and Ferreira, 2004],
and the contribution of freshwater discharge to the inlet hy-
drodynamics is negligible. Freitas [1995] reported that the
discharge of the two main rivers that flow into the lagoon
is zero during the summer months and maximal between
December and April after periods of intense precipitations.
However, monthly means of river discharge between 1986
and 1989 never exceeded 0.25 m3 s�1. For the months of
September and October, this value was always lower
than 0.1 m3 s�1. The consequences of freshwater inflow will
thus not be discussed in the present paper nor considered in
the simulations.

2.2. Field Work Description

2.2.1. Atmospheric and Hydrodynamic Conditions
[10] The field experiment took place on 23–24 September

2010, during spring tides. This period of the year corresponds
generally with a good hydraulic efficiency of the inlet and the
first energetic oceanic swells of the pre-winter season. During
this campaign, anticyclonic conditions prevailed, with high
atmospheric pressures (1018�1022 hPa) and light-to-
moderate breeze (mean wind velocity ~3 m s�1). The tidal
ranges measured at Cascais (tide gauge location in Figure 1a)
for the three tidal cycles were respectively 2.55, 2.51, and 2.61
m. The wave events resulted from the succession of a dying 12
s NW swell and a 20 s WNW swell generated a week earlier
near the Bermuda Islands when Hurricane Igor began to
develop into an extratropical cyclone. During the 2 days of
the campaign, HS in front of the inlet (~150 m water depth)
increased from 1.1 to 1.8 m, TP shifted from 10 to 22 s while
MWD rotated from WNW to W (Figure F33).
2.2.2. Instruments Deployment
[11] Figure F44 shows the locations of the instruments as

well as the topography of the tidal inlet and the adjacent
barrier beaches. Two pressure transducers (PT; Level TROLL

Figure 2. Amplitudes and 95% confidence intervals for the tidal constituents M2 (blue) and M4 (red) in
the lagoon between April and December 2010.
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500, In-Situ Inc.), two electromagnetic current-meters (ECM;
INFINITY-EM, JFE Advantech Co., Ltd.), and one acoustic
Doppler current profiler with an integrated pressure sensor
(ADCP; Aquadopp Profiler 2MHz, Nortek AS) were
synchronized and deployed during the morning low tide of
23 September. Two scaffold frames, each comprises one
PT and one ECM, were installed along the main channel:
one on the seaward flank of the flood delta and the other
one on a small sand spit along the main channel bypassed

by a secondary channel. Both arrays recorded pressure
variations and local currents at a 2 Hz frequency of acqui-
sition. The ADCP was fixed on top of a robust steel stake
ending with a large screw, which was buried on the flat part
of an ebb shoal connected to the northern barrier beach.
Pressure and current profiles were sampled continuously
at 1 Hz. Meanwhile, the inlet area was surveyed using
two Real Time Kinematic Q5GPS and one Differential
GPS. The deployment ended on the evening low tide of

Figure 3. Hydrodynamics conditions between 15 and 30 September 2010. (first panel) Sea surface
elevation at Cascais (data and model); (second panel) significant wave height; (third panel) peak period;
and (fourth panel) mean wave direction. The mean wave parameters were computed in front of the inlet
5 km off the coast at 150 m water depth.

Figure 4. Topography of the inlet on 23 September 2010, positions of the instruments (ADCP: Acoustic
Doppler Current Profiler; PT: Pressure Transducer; ECM: Electromagnetic Current-Meter).

DODET ET AL.: WAVE-CURRENT INTERACTIONS IN TIDAL INLET

4

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120



24 September, after the completion of three tidal cycles.
The measured topography, which includes the inlet princi-
pal and secondary channels, the flood-tidal delta, the
barrier, and the intertidal area of adjacent beaches and
ebb-tidal delta, was complemented with bathymetric
measurements realized in March 2010 with an onboard
echo sounder.
2.2.3. Data Processing
[12] In order to analyze the data and compare them with

the model outputs, the instruments records were processed
as follows:
[13] 1. the pressure records were converted into time-

series of sea surface elevation, assuming hydrostaticity;
[14] 2. the raw time series of elevation and velocities were

smoothed by a 10 min running average, in order to filter out
the contribution of the short waves;
[15] 3. for each PT, a Fourier transform was applied to

consecutive 10 min windows of elevation data, and a
correction factor was applied to each spectral bin of the
computed energy density spectrum (S( f )) to take into
account the pressure attenuation. Then HS was calculated by
integrating S( f ) over the frequency range 0.035< f< 0.5 Hz,
where f is the frequency, and TP was computed as the
frequency bin containing the maximum energy density.
The lower bound (0.035 Hz) was chosen intentionally
low to capture most of the energy of the very long swell
that reached the Portuguese shores on 24 September.
The choice of the higher bound was constrained by the
instruments minimum acquisition rate (1 Hz) and its
corresponding Nyquist frequency (0.5 Hz). The formula
to compute HS is

HS ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
S fð Þdf

s
(1)

3. The Modeling System

3.1. Description of the Modeling System

[16] The modeling system that is being developed aims to
simulate the hydrodynamics and non-cohesive sediment
dynamics in estuaries and coastal inlets under the effect
of tides and waves. The core model of the system is the
hydrodynamic model SELFE [Zhang and Baptista, 2008].
The spectral wave model SWANQ6 [Booij et al., 1999]
was coupled to SELFE and several wave-induced processes
were implemented to reproduce the circulation induced by the
waves. For the purpose of this study, the morphodynamic
module was not used and thus will not be described
hereafter.
3.1.1. The SWAN Wave Module
[17] The spectral wave model SWAN solves the wave

action equation that describes the evolution of the wave
spectrum in time, geographical, and spectral spaces.
In most spectral models, wave action density N is
preferred over wave energy E (E= s.N, where s is the
intrinsic angular frequency) since it is a conserved quan-
tity in the presence of currents, unlike the energy density
[Bretherton and Garrett, 1969]. In the presence of
currents, the wave action density balance equation can
be written as

@N

@t
þr !c N½ � þ @

@s
csN þ @

@θ
cθN ¼ S

s
(2)

!c ¼ dw

dk
¼ !cg þ!

U ¼ 1

2
1þ 2kd

sinh2kd

� �� �
s
!
k

k2
þ !
U (3)

cs ¼ @s
@d

@H

@t
þ!
U �rH

� �
� cg

!
k� @

!
U

@s
(4)

cθ ¼ � 1

k

@s
@H

@H

@m
þ!

k�@
!
U

@m
Þ

 
(5)

where !c is the advection velocity vector in the geographical
space (defined in equation (3)), cs and cθ are the advection
velocities in the spectral space (defined in equations (4)
and (5), respectively), s is the relative (intrinsic) radian
frequency, θ is the spectral direction, S represents the source
terms, o is the absolute radian frequency,

!
k is the wave num-

ber vector,!cg is the wave group velocity vector,!U Ux;Uyð Þ is
the ambient current, H is the mean water depth, s is a coor-
dinate in the direction θ, and m is a coordinate perpendicular
to s. The terms on the left-hand side of (2) represent respec-
tively the change of wave action in time, the propagation of
wave energy in two-dimensional geographical space, the
shifting of the intrinsic frequency due to variations in depth
and mean currents, and the depth- and current-induced
refraction. The right-hand side is the source/sink term that
represents all physical processes which generate, dissipate,
or redistribute wave energy. These processes include wind
input, whitecapping dissipation, nonlinear quadruplet and
triad interactions, bottom friction, depth-induced wave break-
ing, and diffraction.
3.1.2. The SELFE Hydrodynamic Module
[18] The SELFE model (semi-implicit Eulerian-Lagrangian

finite-element model) is designed to compute unsteady
baroclinic circulations across river-to-ocean scales. SELFE
solves the two-dimensional (depth-averaged, 2-DH) or three-
dimensional (3-D) shallow-water equations, with Boussinesq
approximations, and transport equations for salt and heat.
The model runs on unstructured horizontal grids with hybrid
vertical coordinates (partly terrain-following S coordinates
and partly Z coordinates). Extensive information about the
model can be found in Zhang and Baptista [2008]. The source
code of SELFE was modified in order to take into account the
effect of short waves on the hydrodynamics. In this study, the
recently developed depth-averaged version of the code was
used [Zhang et al., 2011]. The two components of the forcing
induced by the gradients of wave radiation stresses are com-
puted by SWAN as

Fx ¼ � @Sxx
@x

� @Sxy
@y

(6)

Fy ¼ � @Sxy
@x

� @Syy
@y

(7)

where Sxx, Sxy and Sxy are the radiation stresses [Longuet-
Higgins and Stewart, 1964; Battjes, 1972]:
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Sxx ¼ rg
Z

ncos2θ þ n� 1

2

� �
E dsdθ (8)

Sxy ¼ Syx ¼ rg
Z

nsinθcosθE dsdθ (9)

Syy ¼ rg
Z

nsin2θ þ n� 1

2

� �
E dsdθ (10)

where n is the group velocity over the phase velocity, g is the
Earth gravity acceleration, and r is the water density.
Finally, the hydrodynamic system of equations can be
written as follows:

@�

@t
þ @HUx

@x
þ @HUy

@y
¼ 0 (11)

DUx

Dt
¼ �g

@�

@x
þ Fx

rH
� Cd

H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 2

x þ U2
y Ux

q
þ fUy

þ @

@x
v
@Ux

@x

� �
þ @

@y
v
@Ux

@y

� �
(12)

DUy

Dt
¼ �g

@�

@y
þ Fy

rH
þ Cd

H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 2

x þ U2
y

q
Uy � fUx

þ @

@x
v
@Uy

@x

� �
þ @

@y
v
@Uy

@y

� �
(13)

where D
Dt is the total derivative, � is the free surface elevation, v

is the horizontal turbulent eddy viscosity coefficient computed
according to Battjes [1975], and Cd is the bottom drag coeffi-
cient. The computation of Cd is based on the combined waves
and current bed shear stress formula given byQ7 Soulsby [1997]:

tm ¼ tc 1þ 1:2
tw

tc þ tw

� �3:2
" #

(14)

in which tm, tw, and tc are respectively the total bed shear
stress, the wave-induced shear stress, and the current-
induced shear stress. The rough bed friction factor used to
compute tw is calculated according toQ8 Swart [1974]. Friction
due to bed forms was also taken into account through a
form-drag component in the computation of the roughness
length z0, taken as the maximum of the wave-induced
[Q9 Nielsen, 1992] and current-induced form-drag component
[Q10 Van Rijn, 1984].
3.1.3. Module Coupling
[19] The wave module and the hydrodynamic module run

sequentially and communicate with each other through a
Python routine. The mean wave parameters and the forcing
terms associated to the wave radiation stresses computed
by SWAN in stationary mode are read and interpolated by
SELFE on its unstructured grid. Then the wave-induced
turbulent eddy viscosity is computed. When the hydrody-
namic simulation is accomplished, both elevation and
current fields are averaged over the duration of the simula-
tion to limit variations in the current field read by SWAN
from one simulation to another and interpolated on the
rectilinear SWAN grid. Finally, the wave model is run with
the feedback of these new elevation and current inputs.

3.2. Modeling Setup

[20] The implementation of the modeling system in the
Albufeira Lagoon involved three nested grids (two coarse
regular grids and one fine rectilinear grid) for the wave model
and one unstructured grid for the circulation model. Although
the recent versions of SWAN (V40.85, V40.91) allow the use
of a single unstructured grid, the nesting strategy was faster.
The spatial resolutions of the different domains are given in
Table T11 and their extents are shown in Figure F55. This domains’
setting was defined so that optimal computation timemeets the
high resolution (~1 m) required to accurately reproduce the
flow and the wave propagation in the narrow channels and
the wave-breaking dissipation over the steep slope of the
beach. The waves were updated every 5 min in order to avoid
abrupt variations in the water level and currents read by
SWAN, from one simulation to another.
[21] The first grid of the wave model was forced at its

external boundaries by 10 km spaced wave spectra gener-
ated by the WW3 regional model implemented for the
North-East Atlantic Ocean by Dodet et al. [2010]. Each
nested grid read the forcing wave spectra computed by its
“mother” grid and ran sequentially to provide spectral
forcing for its “child” grid. The six-hourly ERA-Interim
wind fields [Dee et al., 2011] were used to force the wave
models. The spectral grids for the regional (WW3) and local
wave models (SWAN) used 30 regularly spaced directions
and 40 frequencies exponentially spanning the 0.03–0.5 Hz
range. The water level provided in the SWAN model was
uniform for the two coarse grids and corresponded to the
water level computed by SELFE at the previous iteration at
an offshore location (~20 m deep), while the finest grid used
the space-variable elevation field computed by SELFE. The
physical processes taken into account in the wave model
were whitecapping dissipation [Westhuysen et al., 2007],
including an enhanced dissipation term for breaking dissipa-
tion on negative current gradients [Westhuysen, 2012] whose
calibration coefficient was set at 5, bottom friction (default
Madsen coefficient, 0.05), depth-induced breaking (constant
breaker height to water depth ratio g = 0.8), and quadruplet
and triad wave-wave interactions. Spectral outputs, com-
puted in the fixed frame, were retrieved after each run (every
5 min) and were used to compute both HS and TP
(according to equation (1)). The time series of HS and TP
were then interpolated on the same time index as the data.
[22] The SELFE ran in 2-D barotropic mode on an

unstructured triangular grid. The resolution of the grid is
maximal (3.5 m) in the channel and along the beaches
adjacent to the inlet, where the currents are strong and the
depth and current gradients are the largest. The grid exten-
sion (dashed black line in Figure 4) covers in particular the

Table 1. Computational Grids of the Modeling System

Grid Type Nodes

Resolution (m)

Min. Max.

SWAN1 Regular 1360 1000 1000
SWAN2 Regular 756 200 200
SWAN3 Rectilinear 5720 90 2.5
SELFE Triangular 28832 1000 a 3.5 a

aThe resolution corresponds to the mean length of the sides of the triangle.
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whole surface area of the inlet-lagoon system, including a
dry zone like barrier dunes and surrounding lands. The
wetting/drying algorithm for shallow areas in SELFE allows
the intertidal zone to be alternatively wet or dry whether the
total depth at the nodes is above or below a specified
minimum depth (1 cm here). The model was forced at its
ocean boundary by 16 tidal constituents whose amplitude
and phase were computed with the regional model of Bertin
et al. [2012]. The upstream boundary in the lagoon was
defined as a closed boundary since freshwater inflow is
negligible (cf. section 2.1.2.). Five day simulations, includ-
ing a 1 day ramp-up, with a hydrodynamic time step of 20
s produced outputs of sea surface elevation, velocities, and
variance density spectra, saved every 5 min over the domain.
The coefficient of Battjes [1975] for wave-induced eddy
viscosity was set to 0.5. Three configurations of the model-
ing system were defined for this study: config.1 refers to a
simulation with no wave; config.2 refers to a simulation with
waves, when the wave model reads the elevation field
computed by the circulation model but does not read the
current field; and config.3 refers to a simulation with waves,
when the wave model reads both the elevation and the
current field computed by the circulation model. The effect
of the wave radiation stresses on the circulation was
included in both config.2 and config.3.

4. Inlet Hydrodynamics

[23] This section describes the external forcing that
controls the dynamics of the Albufeira Lagoon as well as

the hydrodynamic conditions at the inlet during the field
campaign. Both numerical results and data time series were
analyzed and compared in order to highlight the main
characteristics of the inlet hydrodynamics.

4.1. Incident Forcing

[24] The model results were compared to a data set of sea
surface elevation and wave parameters representative of the
off-shore conditions in order to validate the forcing used to
feed the model. The data used to validate the incident
modeled tide are a 1 year (2010) time series of tide gauge
measurements at the Cascais marina (Figure 1a). After
harmonic analysis was applied to the data, a 1 month syn-
thetic tide was reconstructed from the 16 main computed
amplitudes and phases and compared to the modeled eleva-
tion at the corresponding period and location (Figure 3, first
panel). The comparison between model and data showed an
excellent agreement, with a root mean squared error (RMSE)
of 0.02 m. The modeled elevation was also compared
directly to the measured elevation in order to estimate the
contribution of the atmospheric forcing. For the entire
month, the RMSE was 0.06 m, and for the 2 days of the
campaign, the RMSE was 0.04 m.
[25] The modeled HS, MWD, and TP were compared to a

4 month time series of wave data measured by a Triaxys
buoy located at the entrance of the Tagus estuary (Figure F66,
see Figure 1a for the buoy location). The respective RMSE
was 0.29 m, 20.0�, and 1.83 s, and the scatter index (SI)
was 17.6% and 15.9%, for HS and TP respectively. Since
no data were available at this wave buoy during the field

Figure 5. Limits of the computational grids of the hydrodynamic model (SELFE) and the wave models
(SWAN 1, SWAN 2, and SWAN 3), locations of the WW3 spectra and bathymetry.
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work period, model outputs were also compared to wave
data measured 100 km south and 250 km north of the study
location and showed similar results for this period.

4.2. Waves at the Inlet

4.2.1. HS and TP
[26] The time series of elevation measured by the three

pressure transducers were used to compute variance density
spectra and the mean wave parameters HS and TP during the
field work period in order to compare them with the model
results (FiguresF7� 7F9 –9). At each location and during each tidal
cycle, the measured HS signal varied strongly in time, with
the lower values (respectivelyQ11 higher) occurring at minimum
(respectively maximum) water depth (Figure 7). This tide-
modulated shape of HS is characteristic of the depth-
induced breaking process and indicates that the instruments
recorded waves which had already broken over the shallow
bottom. For PT2 and PT3, HS dropped faster during the
ebb phase of each tidal cycle than it rose during flood,
whereas it evolved symmetrically at PT1. At PT1, PT2,
and PT3, maximum HS were respectively 1.30, 0.16, and
0.39 m and occurred on 24 September when the oceanic tide
and the offshore wave height were the highest.
[27] The peak period did not display such a large spatial

variability as for HS, with mean values very similar for the
three sensors (Figure 8). The time variation of TP was char-
acterized by a strong shift between the first and the second
tidal cycle, with values increasing from 10–15 s to 20–25
s. When HS was very low, values of TP were systematically
exceeding (~30 s) the frequency range of gravity waves. For
this reason, both measured and modeled TP were filtered out
if HS were lower than 0.02 m.
[28] The modeled HS with config.2 and config.3 exhibited

some significant differences (Figure 7). The parabolic shape
of HS in config.2 was rather symmetric for the three loca-
tions while it was asymmetric (negative skew) for the two

locations in the inlet (PT2 and PT3) when the currents were
included in the simulation (config.3). The amplitude of HS
was almost always higher when the currents were not taken
into account. The comparisons with the data clearly showed
a better match for config.3, especially during the ebb stage at
PT2 and PT3 when HS dropped quickly. The large bias ob-
served between the data and the model during the last tidal
cycle at PT3 was attributed to bathymetric changes that oc-
curred during the campaign, particularly near the sand spit
where PT3 was located, that were not taken into account in
the model.
[29] Regarding the comparisons of TP, both model config-

urations matched well the data and captured the transition
from the 12 s swell to the 20 s swell (Figure 8). The differ-
ence between config.2 and config.3 indicates that the cur-
rents had an impact on the modeled wave propagation. The
statistical errors between measurements and model results
for HS and TP are given in Table T22.

4.3. Spectral Analysis

[30] To get a better insight on wave energy variation in the
inlet and model capabilities, time series of variance density
(referred hereafter as energy) spectra at PT1 and PT2, com-
puted from data and model outputs, were plotted and com-
pared with each other (Figure 9). The main spectral
characteristic deduced from the data was the presence of
large amounts of energy not only at the offshore peak fre-
quency fp, but also at lower frequencies than fp, correspond-
ing to infragravity waves, and at harmonic frequencies, near
2fp and 4fp. During the ebb stage, an abrupt decrease of en-
ergy was noticed at PT2 starting from the higher frequencies
and generalizing to all frequencies in a short time, while the
energy distribution at PT1 appeared to be less influenced by
the tidal stages.
[31] The modeled spectral energy showed important dif-

ferences depending on whether the current was taken into

Figure 6. Comparisons between modeled (blue dashed line) and measured (black line and circles) mean
wave parameters (HS, MWD, and TP) at the Lisbon buoy from October 2010 to March 2011.
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account in the wave propagation model (config.3) or not
(config.2). For both locations, it appeared that the spectral
energy was more diffused over the frequencies when current
feedback was activated. In particular the energy patches at
fp, 2fp, and 4fp were always less pronounced for config.3;
and, in general, the spectral energy modeled with config.3
had more similarities with the measured spectral energy.
Also, at PT2, the energy decrease during the ebb tide oc-
curred much sooner compared to config.2, which resembled
much better the patterns in the data.

4.4. Water Level at the Inlet

[32] The water level measured by the pressure transducers
was compared to the model results to assess the model per-
formance in terms of prediction of the sea surface elevation
(FigureF10 10). For the three tidal cycles, the maximum mea-
sured elevations at PT1—where the oceanic tide was not
subjected to significant changes—were respectively 1.48,
1.41, and 1.61 m. Through the inlet (PT2 and PT3), the
maximum elevations decreased on average by 10%. More-
over, the tidal signal was strongly distorted as it passed
through the inlet and the flood duration became much
shorter (~5 h) than the ebb duration (~7.5 h).

[33] The model results of config.2 and config.3 exhibited
very minor differences (the mean bias and RMSE were
smaller than 1 cm for the three locations), so only config.2
was used for comparison with config.1 in Figure 10. The
comparisons between the model results displayed some sig-
nificant differences: the elevation in config.2 was always
higher than in config.1 (mean difference = 0.04 m), and the
largest differences always occurred when the oceanic tide
was near the mean sea level (maximum difference = 0.23
m). The comparison with the data showed that the model re-
sults of config.2 reproduced the elevation more accurately,
decreasing the mean RMSE by 40% (Table T33).

4.5. Velocity at the Inlet

[34] In order to validate the modeled velocity, the currents
measured by ECM2 were compared to the model results
(Figure F1111). This data set was the only one which could be
exploited. Indeed the measurements of the current profiles
by the ADCP, located in the surf zone most of the time, were
skewed because of the turbulence induced by the wave
breaking process. Moreover ECM3 got buried during the
first tidal cycle and its subsequent displacement resulted in
a very heterogeneous set of data that was not usable. For a
tidal cycle, on average, measured flood velocities lasted

Figure 7. Comparisons between modeled and measured significant wave heights at (top) PT1, (middle)
PT2, and (bottom) PT3 at the Albufeira Lagoon on 23–24 September 2010. The gray areas indicate flood
tide when modeled currents flow toward the lagoon.
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4.3 h and exceeded 0.5 m s�1 during 60% of this duration,
with a maximum of 1.4 m s�1, while ebb velocities lasted
8.0 h and were almost always lower than 0.5 m s�1. How-
ever, part of the ebb current was not measured when the
sensor was dry and maximum ebb velocities remained
unknown. In addition, ECM2 was located on the ramp of
the flood-tidal delta, which receives flood currents but is
sheltered from the ebb currents that are channelized around
the flood-tidal delta [Hayes, 1979].
[35] The velocities simulated with the 2-DH modeling sys-

tem were assumed to be reasonably comparable with the cur-
rents measured locally by ECM2 at 0.4 m above the bed.
Indeed the large bed forms observed at low tide, the strong
measured velocities, and the shallow depth provided a
well-mixed environment where currents measured at this
height were probably representative of velocities integrated
over the water column. Comparisons between the data and
the model outputs for config.1 and config.2 showed an
RMSE of 0.10 m s�1 (SI = 21%) and 0.09 m s�1 (SI = 20%),
respectively (Table 3).
[36] Significant low frequency fluctuations were observed

in the velocity and elevation signals and a spectral analysis
revealed that the associated energy was located in the
infragravity band (0.004–0.04 Hz). The 1–5 min fluctuations

of the velocity signal reached up to 50% of the filtered signal
and were expected to have a significant impact on the sedi-
ment dynamics of the inlet. These low-frequency fluctua-
tions need to be investigated in further detail and will be
the subject of future study; they will not be discussed in this
paper though.

5. Discussion

[37] Based on in situ data and local model outputs, the
interactions between waves and currents appeared to be sig-
nificant for the hydrodynamics of the inlet. The coupled
wave-current modeling system was shown to perform well
at Albufeira Lagoon in the presence of a complex tidal and
wave forcing. The modeling system was used to investigate
with more details the interactions between waves and cur-
rents as well as their impact on sediment dynamics. In order
to verify if the physical processes observed in the data set do
not depend on a particular wave climate and to avoid the in-
terference between the variation in the incident forcing and
the locally induced variability, an additional set of simula-
tions was performed. These simulations were forced by a
synthetic tide represented by the constituent M2 with an am-
plitude of 1 m (mean tidal amplitude) and yearly means of

Figure 8. Comparisons between modeled and measured peak period at (top) PT1, (middle) PT2, and
(bottom) PT3 at the Albufeira Lagoon on 23–24 September 2010. The gray areas indicate flood tide when
modeled currents flow toward the lagoon.
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HS (1.9 m), TP (10.5 s), and MWD (312�). Model outputs
were stored over the computational grids during one tidal
cycle and were used to compute spatial representations of
several forcing terms at two different time steps, representative
of flood and ebb situations. These representative time steps
were chosen so that flood and ebb flows were of similar inten-
sity and strong enough to have an impact on the wavefield.
These maps are used along the discussion to support the anal-
ysis based on the local data presented in section 4.

5.1. Wave-Induced Effects on the Hydrodynamics of
the Inlet

[38] When waves break in the surf zone, they release a
large fraction of their energy and they transfer their

momentum to the water column. This process induces a gra-
dient of the water surface to balance the onshore component
of the momentum flux, resulting in a higher water level
along the shoreline (wave-induced setup) and at the inlet.
Hench and Luettich [2003] analyzed the momentum balance
in both an idealized and a natural inlet without waves and
showed that near maximum flood and maximum ebb, the
along-stream momentum balance was dominated by advec-
tion, pressure gradient, and bottom friction. Olabarrieta
et al. [2011] corroborated these results at Willapa Bay,
where they applied a fully coupled modeling system. They
also showed that when the wave forces were present, the
pressure gradient and the bottom friction terms were greatly
affected, inducing a significant setup of the water level
inside the estuary. The effect of the waves on the water level
at each instrument location was computed as the difference
between the elevations simulated with config.1 and config.2
(Figure 10). For each location, this difference (hereafter
referred to as “setup”) was characterized by a strong tidal
modulation. At PT1, the minimum setups were obtained
during high tides, as the sensor was near the wave breaking
point, while the maximum values occurred at the lowest
measured water depths, when the instrument position coin-
cided with the shoreline position. At PT2 and PT3, the setup
signal was out-of-phase with the local elevation signal and
maximum values occurred when the oceanic tide was near
mean sea level. In order to understand the effect of the waves
on the water level inside the lagoon, the magnitude and di-
rections of the dominant terms (barotropic pressure, bottom

Figure 9. Time series of variance density spectra at (left column) PT1 and (right column) PT2 computed
from the (top row) data and from the model with (middle row) config.2 and (bottom row) config.3 at the
Albufeira Lagoon on 23–24 September 2010. The gray areas indicate flood tide when modeled currents
flow toward the lagoon.

Table 2. Statistical Errors Between Data and Model Results for
HS and TP a

HS TP

Bias (cm) RMSE (cm) SI (%) Bias (s) RMSE (s) SI (%)

Configuration 2
PT1 15.9 18.5 24.1 �0.4 2.1 12.4
PT2 0.9 2.3 40.9 �2.4 4.9 25.7
PT3 �1.7 7.9 40.1 �4.0 5.9 29.7

Configuration 3
PT1 12.4 15.3 20.0 �1.6 2.2 13.2
PT2 �0.3 1.6 27.8 �2.2 5.0 26.3
PT3 �3.9 7.7 38.6 �4.3 5.7 28.4

aRSME: Root Mean Square Error; SI: Scatter Index.
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friction, wave radiation stress gradients, and advection) in the
momentum equations (equations (12) and (13)) were com-
puted for the representative flood and ebb situations
(FigureF12 12). The balance between barotropic pressure,
bottom friction, and advection mentioned by Hench and
Luettich [2003] was significantly affected by the contribution
of the wave radiation stress term, corroborating the results of
Olabarrieta et al. [2011]. Indeed, for both situations, the wave
radiation stress term oriented toward the lagoon was of the

same order of magnitude as the other terms and thus had an
important impact on the overall hydrodynamics, the main im-
pact being a wave-induced setup along the shoreline and inside
the lagoon. During ebb, when the ocean water level is near
mean sea level, the waves break directly over the ebb shoal
leading to stronger values of the wave radiation stress term
than during flood when the water level is higher and waves
are subjected to less intense breaking. This difference in inten-
sity of the wave radiation stress term explains why the higher
modeled setup values at PT2 and PT3 were found when oce-
anic water level was near mean sea level. The friction term
in the inlet was generally higher during ebb than during flood
and reached very large values at the end of the ebb (not shown
here) attesting that sediment transport in such inlet is clearly
ebb dominated during low-to-moderate wave energy condi-
tions, as shown by Bertin et al. [2009] at a similar wave-
dominated inlet. It is worth noting that values of the different
terms of the momentum equations reached almost 0.1 m s�2,
which is several orders of magnitude higher than in the case
of Willapa Bay [Olabarrieta et al., 2011] and other large
systems [Hench and Luettich, 2003]. This difference supports
the fact that very shallow wave-dominated inlets (~1 m deep)
are extremely dynamic and thus represent a great challenge for
measurements collections and model applications.

Figure 10. Comparisons between modeled and measured sea surface elevation at (top) PT1, (middle)
PT2, and (bottom) PT3 at Albufeira lagoon on 23–24 September 2010. The gray areas indicate flood tide
when modeled currents flow toward the lagoon.

Table 3. Statistical Errors Between Data and Model Results for
Elevation And Current Velocitya

Elevation Velocity

Bias (cm) RMSE (cm) Bias (cm s�1) RMSE (cm s�1)

Configuration 1
PT1 �2.5 7.2 NA NA
PT2 �14.4 16.7 2.8 9.6
PT3 �6.2 10.9 NA NA

Configuration 2
PT1 1.3 5.1 NA NA
PT2 �7.6 8.9 3.6 9.2
PT3 �1.9 7.2 NA NA

aRMSE: Root Mean Square Error
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[39] For PT1, PT2, and PT3, the maximum setup occurred
during the third tidal cycle, when offshore wave height was
maximal (1.72 m), reaching the respective values of 0.23,
0.18, and 0.19 m. On average, the maximum setup repre-
sented 11% of the offshore wave height (TableT4 4), corrobo-
rating the 10–14% range estimated by Nguyen et al. [2007]
for storm-induced setup at narrow and shallow inlet mouth.
Finally, other simulations carried out with a shore-normal
and deeper inlet morphology (not shown here) produced
lower maximum setups (7% of the offshore wave height
on average), which corroborated the findings of Malhadas
et al. [2009] who used model simulations to show that the
wave-induced setup in an inlet was lower for the deeper
morphology of their synthetic tidal inlet.
[40] The impact of the waves on the currents was almost

negligible at ECM2 as shown by the difference between the
currents modeled with config. 1 and config. 2 (Figure 11).
However, spatial plots of the current magnitude difference
for these two configurations at key phases of the tide
(not shown) revealed that the wave-induced currents could
reach up to 1 m s�1 near the ebb shoal during ebb and 0.5 m
s�1 along the beach as longshore drift. These results also
confirmed that the wave-induced currents were very weak in
the channel for the considered offshore wave climate.

5.2. Impact of Currents on Wave Propagation

[41] Among the effects of currents on the incident
wavefield, summarized for instance by Wolf and Prandle
[1999], the current-induced refraction, the Doppler shift of
wave frequency, and the wave blocking (in the case of coun-
tercurrents) are all represented in the formulation of wave
action conservation in phase-averaged wave models, with
some limitations though (see section 6). Several authors
tested the skills of coupled wave-current modeling systems
by comparing model results either with laboratory measure-
ments [Ris and Holthuijsen, 1996; Rusu et al., 2011Q12 ] or with
field data [Westhuysen, 2012]. In general, the models were

able to reproduce the main effects of the ambient current on
the wavefield, although some inaccuracies remained, particu-
larly in the presence of strong opposing currents [Ris and
Holthuijsen, 1996; Van Dongeren et al., 2010]. In order to
analyze the ability of our modeling system to reproduce the
effects of the currents on the incident wavefield, model results
obtained with config.2 and config.3 were compared with field
data (Figure 7). The HS signal was better reproduced with
config.3 particularly during the ebb tide. The larger differences
between the two configurations were observed in the inlet
(PT2 and PT3) where the waves were subjected to opposing
currents as they passed through the inlet: for each tidal cycle,
the modeled HS was much more asymmetric if the currents
were taken into account in the wavemodel, particularly during
the ebb tide when the HS experienced a fast drop.
[42] Several authors reported that wave propagation could

be blocked in the presence of strong countercurrents, based
on physical and numerical modeling results [Lai et al., 1989;
Chawla and Kirby, 2002]. Perhaps due to the difficulty
of installing instruments in such dynamic environments, in
situ measurements of wave-blocking conditions have been
very rarely published to this day. Ris and Holthuijsen
[1996] proposed that wave heights propagating over strong
opposing, partially blocking currents were often overestimated
due to insufficient steepness dissipation. Westhuysen [2012]
implemented an enhanced dissipation term for waves on
negative current gradients to counteract this overestimation.
The model results presented in this study benefit from this
recent development, which improved the comparison of HS
in the inlet during ebb. In order to investigate the effect of
following and countercurrents on the wavefield and determine
if the strong attenuation of HS during the ebb tide was the
result of steepness dissipation on negative current gradients
and wave blocking mechanism, numerical simulations were
carried out using the synthetic forcing. For the flood and ebb

situations, the current velocity
!
U , the intrinsic group velocity

Figure 11. Comparisons between modeled and measured (top panel) cross-shore and (bottom panel)
longshore current velocities at ECM2 at Albufeira lagoon on 23–24 September 2010, on the top panel (respec-
tively bottom panel). The gray areas indicate flood tide when modeled currents flow toward the lagoon.
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!
Cg þ!

U , the velocity gradient @Us
@s , where Us is the current

velocity component in the direction of wave propagation and
s is the coordinate in the wave direction, HS, and the
relative HS difference ((HScurrent�HSno_current)/HScurrent))
were computed (FigureF13 13). During flood, the incident waves
were refracted by the currents at the entrance of the inlet and

the wave action focused on the edge of the main current as
shown by the increase in HS (up to 10%) on the margins of
the main channel and the decrease in HS (up to 10%) along
the channel. The current gradients encountered by the incident
waves were mainly positive and thus did not impact on
the whitecapping dissipation process. Large HS differences

Figure 12. Dominant terms of the momentum equations: (first row) barotropic pressure term, (second
row) bottom friction term, (third row) wave radiation stress term, and (fourth row) advection term for
(left column) flood and (right column) ebb. The colors represent the magnitude of each term. The vectors
represent the direction of each term.
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(up to 30%) appeared after the wave passed the inlet and
can be explained by current-induced refraction. However,
these differences concern only very small waves and their
impact on the overall inlet dynamics was very limited since
most of the waves’ energy had already been dissipated after
propagation through the channel. During ebb, currents were
strong enough (up to 1.5 m s�1) to cancel the intrinsic
group velocity in the inlet. In addition, the negative current
gradients at the entrance of the inlet reached large values
(up to 0.03 s�1), strongly increasing wave steepness respon-
sible for enhanced whitecapping dissipation, as proposed by
Westhuysen [2012]. The relative difference of HS showed
that the waves were refracted by the ebb-jet current at the
entrance of the inlet where HS of config.3 was locally
20% larger when currents were included in the wave
model. As the waves traveled along the inlet, their HS
quickly decreased and became much lower (up to 50%)
than in the situation without currents. It is assumed that
the strong HS attenuation during the ebb, as observed in
the data, resulted from current-induced breaking dissipation
at the entrance of the inlet and from the blocking of the
wave energy when the current approached the absolute
wave group velocity.
[43] The difference in current magnitudes for config.2 and

config.3 (not shown here) indicated that the current-induced
modification of the wavefield near the inlet had a minor
impact on the currents in the channel (less than 0.05 m s�1)
but could reach up to 0.5 m s�1 at the entrance of the inlet
where the ebb jet induced an increase of HS and thus a more
energetic breaking.

5.3. Consequences for Sediment Dynamics

[44] Wave-dominated tidal inlets can be subjected to
considerable morphological changes in a very short time.
Under certain conditions, they may naturally close and
thus prevent water exchange with the ocean, leading to a
rapid modification of water dynamics and chemical com-
position that eventually affect the ecosystem and the local
populations. Ranasinghe and Pattiaratchi [1999] studied
an ephemeral inlet in Australia and suggested that inlet
closure was mainly induced by onshore sediment transport
under persistent swell conditions, typical of summer
periods. However, inlet closures may occur under stormy
winter conditions in other parts of the world [Winton
and Mehta, 1981; Freitas and Andrade, 1994; Bertin
et al., 2009; Nahon et al. 2012b]. Based on the results
of a morphodynamic modeling system, Bertin et al.
[2009] attributed inlet closure to the following processes:
(1) a bulldozer effect due to the onshore component of ra-
diation stress gradients, (2) lateral barotropic pressure gra-
dients accelerating longshore transport, (3) wave refraction

over the ebb-tidal delta shoal, and (4) increased water
levels reducing ebb dominance in the inlet mouth. Never-
theless, these authors underestimated the shoaling of the
inlets under energetic wave conditions. These findings in-
dicate that further investigation is needed to accurately
predict inlet dynamics with process-based modeling sys-
tems. In order to investigate the effects of the current-
induced wave transformation on sediment transport, model
outputs of config.2 and config.3 using the synthetic forcing
were used. For each configuration, the Soulsby-Van Rijn
formulation [Soulsby, 1997] was used to compute the
sediment fluxes induced by currents and waves over the
domain. Then the net total transport was obtained by inte-
grating the sediments fluxes over a tidal cycle. The net
sediment fluxes displayed similar patterns for both config-
urations (shown with vectors in Figure F1414 for config.3).
Along the inlet throat, the transport was oriented seaward
with stronger values at the entrance of the inlet, where
the ebb jet formed during ebb tide, and in the narrowest
part of the inlet where the currents were accelerated.
Transport toward the lagoon occurred mostly over the
ebb shoal and on the channel margins, which remained
dry during most of the ebb tide. After integrating the net
transport over channel sections, the sediment balance
showed to be highly dependent on the chosen section. In
the narrowest part of the channel, the transport was clearly
ebb dominated (Figure 14a) while it was almost in balance
at the channel entrance (Figure 14b). The net transport dif-
ference between config.3 and config.2 (colors in Figure 14)
was larger at the entrance of the inlet with lower values
(up to �60%) in the deeper ebb-dominated part and with
both higher (up to 40%) and lower values over the ebb
shoals which are flood dominated. These differences were
directly correlated to the impact of the currents on the
wavefield. Indeed, ebb currents induced enhanced dissipa-
tion and partial blocking of the incident waves, decreasing
their orbital velocity and thus their sediment stirring effect.
During flood, wave energy focused on either sides of the
currents, increasing their height and orbital velocity on
the exterior part of the ebb shoals and decreasing their
height and orbital velocity on the interior part of the
shoals and in the channel. The transport differences rap-
idly decreased toward the lagoon where the wave energy
was too weak to have a significant impact on the sediment
movements. The uncertain balance between flood- and
ebb-dominated transport at the entrance of the inlet and
the large difference induced by the wavefield, whether it is
modified by the current or not, support the major impact of
wave-current interactions on the morphological evolution of
tidal inlet. Based on these findings, the impact of the currents
on the incident wavefield hinders the seaward sediment

Table 4. Offshore Significant Wave Height and Setup a

Tidal
cycle

Offshore
HS (m)

Setup

PT1 PT2 PT3

Abs. (m) Rel. (%) Abs. (m) Rel. (%) Abs. (m) Rel. (%)

Tide1 1.17 0.15 12.8 0.22 15.0 0.23 13.4
Tide2 1.47 0.09 7.7 0.16 10.9 0.18 10.5
Tide3 1.72 0.10 8.5 0.16 10.9 0.18 11.0

aRelative setup is normalized by offshore significant wave height.
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transport and may even tip the scale in favor to flood domi-
nance, in some part of the inlet. This process is believed to
contribute to the accretion of wave-dominated inlet during

energetic conditions and justifies the importance of including
the current effects on wave propagation in morphodynamic
modeling systems for the study of similar environments.

Figure 13. (first row) Currents, (second row) intrinsic wave group velocity, (third row) gradient along
the wave propagation direction of the velocity component in the direction of the wave direction, (fourth
row) significant wave height, and (fifth row) relative difference between significant wave height computed
with config.3 and config.2 normalized by the wave height computed with config.3, during (left column)
flood and (right column) ebb.
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5.4. Limitations of This Study and Perspectives

[45] The modeling system presented in this study is under
development and several aspects have not been implemented
yet, whose potential impacts on the present results are
discussed here.

5.5. Nonlinear Effects

[46] As waves encounter strong opposing currents, they
become increasingly nonlinear, making the linear wave
balance equation (2) and the linear kinematic expressions
(3)–(5) inadequate. Chawla and Kirby [2002] showed that
nonlinear amplitude dispersion affected significantly their
results near the blocking point. They used a third-order
Stokes dispersion relation and compared their results with
the same model using a linear dispersion relation. The for-
mer performed much better and was more accurate to predict
the position of the blocking point along the flume. The
modeling system presented in this study used the SWAN
wave model which does not provide the possibility to
use different formulations for the dispersion relation. The
authors are aware of this limitation; this is why they settled
for describing the different physical processes in a qualita-
tive manner as much as possible. Therefore, potential
improvements for this modeling system could be the imple-
mentation of a higher order dispersion relation in the wave
model to take into account the effect of amplitude dispersion
near the blocking point. Another alternative to accurately
predict the wave propagation in a strongly inhomogeneous

media is given by Toledo et al. [2012] who derived a new
form of the wave action equations based on the extended
mild-slope equation. Their sophisticated formulation re-
solves higher-order bottom and current effects and is there-
fore adapted to shallow inlet applications.

5.6. Current-Induced Wave Reflection

[47] Q13Smith [1975] showed that away from the blocking re-
gion, the wavefield consists of an incident wave and a much
shorter reflected wave. Suastika et al. [2000] observed
reflected waves by blocking currents in laboratory experi-
ments. In SWAN, wave components are not propagated into
the opposing current once the blocking point is reached for
that component. So, at that point, the variance density
becomes zero at that component’s spectral bin. In order to
model accurately the wavefield in an inlet during ebb when
tidal currents are likely to block the incident waves, the
wave model should simulate wave propagation in all direc-
tions. Taking into account this effect would enable to repro-
duce more accurately the wave spectra in the inlet.

5.7. Wave Energy Dissipation Induced by
Countercurrents

[48] Several studies based on SWAN results showed that the
modeled wave height was overestimated when waves encoun-
tered strong opposing currents [Ris and Holthuijsen, 1996;
Westhuysen, 2012]. The present study benefitted from the
recent improvements of Westhuysen [2012] to simulate en-
hanced wave energy dissipation on negative countercurrents.

Figure 14. Net sediment transport computed with config.3 (vectors) and relative difference between the
net transport computed with config.3 and config.2 normalized by the net transport computed with config.3
(colors). Streamwise component of the net sediment transport computed with model results of config.2
(solid blue line) and config.3 (red dashed line) along two sections: (a) one in the inlet and the (b) other
at the entrance of the inlet.
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It is worth noting that setting a large calibration coefficient was
necessary (5 here against the 0–3 range ofWesthuysen [2012])
to observe significant differences in the model results, and yet
the results of our study suggested that the wave model still
overestimates wave heights during ebb. Given the limitation
of our data set and the complexity of the study site, the calibra-
tion of the enhanced dissipation term was mostly qualitative.
The objectives of the present study were to highlight physical
processes induced by wave-current interactions much more
than calibrating and validating a new empirical formulation.
The results of our study confirmed the fact that the wavemodel
overestimated wave height during ebb. This raises the need to
pursue experimental research on enhanced wave energy dissi-
pation in opposing currents.

6. Conclusions

[49] This study investigated the interactions between tidal
currents and incident waves at a shallow tidal inlet. The
twofold objective of this work was to improve our under-
standing of the physical processes driving shallow inlet
hydrodynamics and to discuss the impacts of the wave-
current interactions on the sediment transport in the inlet.
A numerical modeling system was implemented to perform
coupled wave-current simulations in the very dynamic
barrier beach-inlet-lagoon system of Albufeira in Portugal.
The comparisons of the model results with in situ hydrody-
namic data were very satisfactory and improved when waves
and wave-current interactions were taken into account. In
order to highlight the effects of the interactions between
waves and currents on the overall hydrodynamics, a set of
simulations was performed with a synthetic forcing repre-
sentative of yearly mean conditions. The analysis of the
results revealed that
[50] 1. the wave-induced setup in the lagoon comprised

between 7% and 12% of the offshore significant wave
height, depending on the inlet morphology: the shallower
the inlet, the higher the setup;
[51] 2. during ebb, the wave height increased at the en-

trance of the inlet (up to 20%) and was attenuated through
the inlet (up to 40%). The main responsible mechanisms
are proposed to be wave blocking and current-induced wave
breaking dissipation;
[52] 3. during flood, the currents had less impact on the

waves: current-induced refraction decreased wave height
along the inlet throat (up to 10%) and increased wave height
on the exterior part of the ebb shoals;
[53] 4. the effects of the currents on the wavefield signifi-

cantly attenuated seaward residual sediment transport.

[54] The authors propose that this last finding plays a
significant role in the sediment transport balance of the
inlet during stormy conditions. They suggest that the
inclusion of current feedback on waves in a coupled wave-
current transport modeling system is required for accurate
morphodynamic predictions.
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