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ABSTRACT

The processes associated with infragravity waves (IGW) and their role on the hydro-sedimentary dynamics of a
wave-dominated inlet are investigated using field observations collected at the Albufeira Lagoon (Portugal)
during storm Leslie in October 2018. During the storm, significant IGW heights reached up to 1.0 m in the surf
zone and 0.4 m inside the lagoon. IGW frequencies were blocked by ebb currents at the flood-delta and this effect
was stronger for higher IGW frequencies. Therefore, low-frequency IGW were able to propagate further into the
inner lagoon. The application of a 1D energy balance equation suggests that depth-induced breaking and bottom
friction contributed equally to dissipate IGW energy at the flood-delta and that this dissipation was stronger
during the flood than during the ebb.

Large horizontal velocities under IGW crests increased the instantaneous suspended sediment transport rate by
up to two orders of magnitude during flood at the flood-delta. The net suspended sediment transport rate and its
variability, associated with the wave motion, was positive (landward) during flood and negligible during ebb.
These positive values were associated with large wave-induced orbital velocities, suggesting that waves were
more effective than tidal currents in inducing suspended sediment transport. The oscillatory suspended sediment
transport rate was directed towards the lagoon and dominated by IGW frequencies. The observed sediment
accretion of the northern channel occurred during the most energetic IGW. The measurements presented in this
study and their analyses demonstrate how IGW play a major role in the sedimentary dynamics of wave-
dominated inlets during storm conditions.

1. Introduction

height (Hayes, 1979). The tidal prism, defined as the volume of water
discharged through the tidal inlet during a flood or an ebb tide, partially

Coastal lagoons are water bodies commonly found along sandy
coastlines and they are connected to the open sea through tidal inlets.
These aquatic systems are sheltered from wind-generated waves by sand
spits and/or barrier islands and serve as habitat to many species. Many
leisure and economic activities, such as water sports, navigation and
fishing, take place inside coastal lagoons, reflecting their socio-
economical interest (e.g. Newton et al., 2014).

Tidal inlets can be classified as tide-dominated, mixed energy or
wave-dominated, based on the mean tidal range and the mean wave

controls the stability of a tidal inlet (Bruun, 1978). The stability of a tidal
inlet can be defined as the ability to maintain its shape and position over
time. Wave-dominated inlets are often unstable, because energetic
offshore wave conditions are typically associated with morphological
evolutions that occur at the time scale of days or weeks, and tend to close
naturally (McSweeney et al., 2017). Understanding the exchanges of
sediments through tidal inlets is important from a coastal management
perspective.

The physical processes contributing to the seasonal morphological
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Fig. 1. (a) Leslie’s track obtained from Pasch and Roberts (2019); (b) geographical location of the study site, extent of the continental shelf (blue dashed line) and
place names: Albufeira lagoon (black square), Cascais tidal gauge and meteorological station (black dot), Ferrel meteorological station (black dot), Sines wave buoy
(blue diamond) and Leslie’s track (black line); (c) and (d) Satellite images from Sentinel-2 mission (Copernicus programme of European Space Agency - Drusch et al.,
2012) with a spatial resolution of 10 m obtained before (c) and after (d) hurricane Leslie. The abbreviations in the legend stand for E — extratropical; SD — subtropical
depression; SS — subtropical storm; TD - tropical depression; TS — tropical storm; H - hurricane. The red boxes indicate the spatial limits of Figs. 3 and 13, the red
squares are the ADP locations and the light blue circles are the PT locations. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

evolution of a wave-dominated inlet were analysed by Bertin et al.
(2009) combining field observations with a morphodynamic modelling
system. These authors attributed the widening and deepening of the
tidal inlet main channel observed during summer months to the
ebb-dominance associated with tidal velocity asymmetry, usually under
low wave energy conditions. In the winter months, these authors found
that the wave-induced processes were responsible for the tidal inlet
shoaling. In addition, the interaction between waves and tidal currents
plays a major role in such shallow water systems (e.g. Olabarrieta et al.,
2011; Dodet et al., 2013; Wargula et al., 2018). Wave-induced currents
enhance the sediment transport during flood and reduce the
tide-induced sediment transport during the ebb, thereby promoting
flood-dominance at the tidal inlet. These findings were corroborated by
field studies that investigated short wave-induced processes in
wave-dominated inlets (e.g. Orescanin et al., 2014; Orescanin and
Scooler, 2018; Wargula et al., 2014). State-of-art morphodynamic
models are capable of reproducing the short-term morphological evo-
lution of shallow inlets but they often fail to reproduce its closure (e.g.
Dodet, 2013). This suggests that other physical processes not accounted
for in such models might contribute to the closure of shallow inlets.

In addition to wind-generated short-waves (SW), with periods be-
tween 4 s and 25 s (0.04-0.25 Hz), the spectrum of ocean waves displays
other types of oscillations such as infragravity waves (Munk, 1950).
Infragravity waves (IGW) are low-frequency oscillations with periods
between 25 s and 250 s (0.004-0.04 Hz) associated with and enhanced
by the wave grouping of SW. Bertin et al. (2018) recently provided a
thorough review on the generation and propagation of IGW and on their
importance in several coastal environments. Although field observations
of IGW have been reported for several decades (e.g. Tucker, 1950), the
importance of IGW in wave-dominated inlets or in shallow and small
estuaries has only been investigated recently (Williams and Stacey,

2016; Bertin and Olabarrieta, 2016).

Williams and Stacey (2016) analysed field observations collected in
the Pescadero estuary (California) and identified low-frequency oscil-
lations in water levels and horizontal velocities associated with the
range of IGW frequencies. The significant IGW height inside the estuary
increased with more energetic offshore wave conditions, in agreement
with previous observations (e.g. Wright et al., 1982). Moreover, IGW
orbital velocities were stronger on flood than on ebb. Williams and
Stacey (2016) attributed this behaviour to the hydraulic disconnection
between the estuary and the ocean that occurs around low-tide.

Bertin and Olabarrieta (2016) investigated the IGW generation and
propagation combining field observations with the application of the
XBeach model (Roelvink et al., 2009) at the Albufeira Lagoon
(Portugal). IGW and associated orbital velocities were stronger on flood
than on ebb at this lagoon. The authors showed that IGW decreased due
to the interaction with opposing tidal currents. In this lagoon, IGW are
blocked because the magnitude of ebb currents can reach the IGW group
velocity at the inlet channel. Additionally, Bertin and Olabarrieta (2016)
proposed that the peaks in currents associated with IGW during flood
can promote flood-dominance, potentially contributing to the closure of
the inlet.

The closure of shallow, wave-dominated inlets is generally associ-
ated with storm conditions, which drive larger morphological changes
compared to situations with mild wave conditions. Large IGW waves
(>1 m) are also expected to develop under storm conditions on beaches
(e.g. De Bakker et al., 2014; Fiedler et al., 2015; Inch et al., 2017; Wright
et al., 1982). While the role of large IGW during storm conditions has
been investigated on dune morphodynamics (e.g. McCall et al., 2010),
the role of large IGW in wave-dominated inlets is limited to a few
studies. This study investigates IGW-induced processes and their role on
the hydro-sedimentary dynamics of a wave-dominated inlet during a
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storm. The study is based on the analysis of field observations collected
at the Albufeira Lagoon (October 12-15, 2018) during the passage of the
hurricane Leslie. Bertin et al. (2019) used a subset of this dataset to
discuss the hypothesis that IGW can trigger the closure of
wave-dominated inlets. The present study uses the dataset to perform a
more comprehensive analysis.

This paper is organized as follows. The field experiment is described
in section 2, which specifies the environmental conditions, the deploy-
ment of the instruments and the topographic surveys. Section 3 de-
scribes the methods used to analyse the field data. Section 4 investigates
the IGW-induced processes from a hydrodynamic perspective, namely
the propagation of IGW from the surf zone to the flood-delta and to the
inner lagoon, the physical processes that contribute to IGW reduction
and dissipation at the flood-delta and the relative importance of IGW
and SW orbital velocities. Section 5 examines the inlet’s sedimentary
dynamics, in particular the contribution of IGW to the suspended sedi-
ment transport rate at the flood-delta and the inlet short-term
morphological evolution during hurricane Leslie. The conclusions are
summarized in section 6.

2. Study site and field experiment
2.1. Albufeira lagoon

The Albufeira lagoon, located on the Western Portuguese Coast, is
connected to the Atlantic Ocean by a typically narrow (<50 m) and
shallow (<2 m) inlet channel (Fig. 1c and d). This lagoon is located on
the Caparica-Espichel littoral arc, fronted by a continental shelf with
variable width, ranging from 5 km West of the Albufeira lagoon to about
40 km West of the Tagus estuary (Fig. 1b). The Albufeira lagoon has a
river basin area of 100 km?, a lagoon area of 1.6 km? and a negligible
river discharge when compared to its tidal prism (Freitas, 1995). The
oceanic semidiurnal tidal range in front of the Albufeira lagoon varies
between 0.55 m and 3.86 m (Guerreiro et al., 2015). The offshore wave
regime is energetic with an average deep-water winter (summer) sig-
nificant wave height of 2.65 m (1.57 m) (Dodet et al., 2010). Following
Hayes’s diagram, this ephemeral inlet can be classified as
wave-dominated. The inlet is artificially opened in April during spring
tides to promote water renewal and usually closes during the maritime
winter under storm waves (Fortunato et al., 2014; Moreira et al., 2019).
Bottom sediments are typically coarse with a median sediment diameter
of 0.9 mm based on a grain-size analysis performed on sediment samples
collected at the flood-delta. The steep adjacent beaches exhibit a bottom
slope of up to 1/10 and can thus be characterized as reflective following
the classification of Wright and Short (1984).

2.2. Meteo-oceanographic conditions

During the observational period between October 12 and 15, the
Portuguese coastline was hit by the hurricane Leslie (Pasch and Roberts,
2019). Leslie was formed in the centre of the North Atlantic Ocean on
September 23 and moved to the northeast near the study site (Fig. 1a
and b). The former hurricane transitioned to an extratropical cyclone
(hereafter storm Leslie) about 500 km from the Portuguese coastline.
Landfall occurred on October 14 about 200 km north of the study site.
Near landfall, the maximum wind gusts associated with the Leslie storm
reached up to 170 km/h. These winds left 300,000 homes without
electricity, uprooted 1000 trees and caused 1900 incidents. The Portu-
guese Insurance Agency (Associacao Portuguesa de Seguradores - APS)
reported 28,000 occurrences with an estimated damage cost of 70
million euros (APS, 2018).

The significant wave height at the Sines buoy during winter storms
can be higher than that during storm Leslie. The significant wave height
associated with a 2-year (10-year) return period is 8.2 m (10.4 m)
(Fortunato et al., 2017). Quadrio and Taborda. (2009) analysed the
annual and quasi-decadal storminess along the western Portuguese
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Fig. 2. Time-series of: (a) significant wave height (H;) measured by Sines wave
buoy; (b) peak wave period (T,) measured by Sines wave buoy; (c) mean peak
wave direction (D,) measured by Sines wave buoy; (d) tidal elevation measured
by the Cascais tidal gauge referred to mean sea level; (e) atmospheric pressure
at mean sea level (Pgy,) measured by the Cascais meteorological station; (f)
mean wind velocity (Uying) measured by the Ferrel meteorological station. The
grey area represents the time period when the instruments were deployed at the
Albufeira lagoon.

coastline. A storm event was defined with a significant wave height
larger than 5 m and with a minimum time interval of 12 h between
events. Based on an analysis of Sines buoy measurements between 1986
and 1993, these authors reported an average of 9.3 stormy days per year.
Yet, these stormy days are most likely to occur during the maritime
winter (Moreira et al., 2019) when the Albufeira lagoon inlet is usually
closed. Storm Leslie was responsible for the morphological evolutions
that occurred at the Albufeira lagoon which were particularly noticeable
at the northern sand spit close to the inlet channel (Fig. 1c and d).

Meteo-oceanographic conditions used in this study were recorded at
four locations, namely at the Sines wave buoy moored at 100 m water
depth, at the Cascais tidal gauge, at the Cascais meteorological station
and at the Ferrel meteorological station (Fig. 1b). During the passage of
Leslie, between October 13 and 15, the maximum value of the signifi-
cant wave height registered by the Sines buoy was 4.8 m (Fig. 2a), the
peak wave period reached 16 s (Fig. 2b) and the mean peak wave di-
rection rotated from north-west to west-southwest (Fig. 2c). The
measured tidal range at Cascais decreased from 2.6 m on October 12 to
1.2 m on October 16 (Fig. 2d). Consequently, the field experiment took
place during the transition from spring to neap tides. The atmospheric
pressure at Cascais decreased by 15 mbar during the passage of Leslie
(Fig. 2e) and the 10-min averaged wind velocity at Ferrel displayed a
maximum value of 18 m/s (Fig. 2f).
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Fig. 3. Topographic survey performed on: (a) 12 October 2018; (b) 13 October
2018; (c) 14 October 2018; (d) 15 October 2018. Spatial locations of acoustic
Doppler current profilers (circles) and pressure transducers (squares). Elevation
is referred to mean sea level at Cascais tidal gauge (2.08 m above the nautical
chart datum) and the horizontal coordinates are referred in the ETRS89 PT-
TMO6 system. Blank areas constitute nodes of the digital elevation model
(DEM) grid that have a distance higher than 10 m than any RTK-DGPS
measured point. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2.3. Description of the topographic surveys

A topographic survey of the inlet near the transitional channel was
performed at every low-tide during daylight hours between 12 and 15
October 2018 (Fig. 3). The topographic surveys were conducted using
two RTK DGPS (mounted on a backpack). Tidal asymmetry at the
Albufeira lagoon induced by the inlet is associated with a 2-h phase lag
between the low tides in the ocean and in the lagoon. Therefore, the
topographic survey started at the adjacent beaches during low-tide and
progressed landward. A digital elevation model (DEM) was generated
for each daily topographic survey using a natural neighbour interpola-
tion method with a regular grid spacing of 2 m. Only DEM grid nodes
within a Euclidean distance smaller than 10 m from any RTK DGPS

Continental Shelf Research 192 (2020) 104026

Table 1

Instrument deployment. Horizontal coordinates (X, Y) are referred in the ETRS89
PT-TMO6 system. Elevation (Z) is referred to mean sea level at Cascais tidal
gauge (2.08 m above the nautical chart datum). 2o is the distance between the
instrument and the bottom during deployment. Parenthesis indicate the values
for instruments that were re-deployed.

Instrument X (m) Y (m) Z (m) Zo (m)
PT2 —91571.86 —127780.74 0.54 0.00
(0.18)
PT3 —91584.13 —127779.31 -0.21 0.00
(-0.42)
ADP1 —91424.62 —127841.40 0.91 0.15
PT4 —91414.55 —127837.70 0.93 0.00
(—91386.14) (—127827.14) (1.02)
PT5 —91405.90 —127834.46 1.00 0.00
ADP2 —91331.53 —127777.9 0.89 0.20
(—91369.41) (—127767.94) (1.22) (0.20)
PT6 —91199.87 —127721.03 0.70 0.10

measured point were considered (Fig. 3). The lack of topographic
measurements in the transitional channel on October 12 and 14 is due to
the strong tidal currents that prevented a safe survey work.

2.4. Instrumentation and data acquisition

During the field experiment, several instruments were deployed at
the Albufeira lagoon (Fig. 3). An acoustic Doppler current profiler
(ADP1) co-located and synchronized with a pressure transducer (PT)
and an optical backscatter sensor (OBS) was deployed at the flood-delta.
A second similar acoustic Doppler current profiler (ADP2) co-located
and synchronized with a PT and an OBS was deployed near the north-
ern channel. Two pressure transducers (PT3 and PT2) were deployed at
the adjacent beach. Two pressure transducers (PT4 and PT5) were
deployed near ADP1 at the flood-delta and a pressure transducer (PT6)
was deployed in the inner lagoon.

The PT2-5 were placed just below the bottom (~0.05 m) inside
stainless steel tubes that were buried in the bed. The ADP1 was deployed
on a large stainless steel screw structure 0.15 m above the bottom and
the co-located OBS was installed 0.10 m above the ADP pressure sensor,
at the location of the first measuring cell. The ADP2 was deployed on a
scaffold stainless steel frame 0.20 m above the bottom with a co-located
OBS installed in the same way as for ADP1. The PT6 was attached to a
stainless steel tube located in the inner lagoon and placed 0.10 m above
the bottom.

ADP1-2 and PT2-5 were deployed during the low-tide on October 12.
On October 13, the PT6 was deployed and the locations of PT4 and ADP2
were slightly adjusted. The PT2-3 and the PT6 were retrieved on October
14 and 16, respectively, and the remaining instruments were recovered
on October 15. Data obtained by PT4 and by ADP2 before the re-
deployment (October 13) were not used in the following analyses.
Table 1 summarizes the information on the instrumentation
deployment.

The PT2-5 were configured to acquire pressure data in a continuous
mode with a sampling frequency of 4 Hz and a resampling to 2 Hz was
performed to account for small (<1 s) time drifts. The PT6 acquired
pressure data continuously with a sampling frequency of 2 Hz. Each ADP
was configured to record high-sampling and time-averaged measure-
ments every 30 min. Both ADPs were set to measure velocities in an East-
North-Up coordinate system. Measurements of near-bottom pressure,
horizontal velocities and sediment concentration were obtained with
bursts of 20 min every 30 min with a sampling frequency of 2 Hz.
Pressure measurements at ADP1 (ADP2) were registered 0.15 m (0.20
m) above the bed, horizontal velocities were recorded in a near-bottom
cell 0.50 m thick and sediment concentrations were obtained 0.10 m
above the pressure measurements at each ADP. The sediment concen-
trations were obtained after laboratory calibration using sediment
samples collected at each ADP location. A recirculation tank was used to
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Table 2
Main flow orientation (§) at ADP1 obtained with a Prin-
cipal Component Analysis.

Tidal cycle 0 (degrees) to North

40.7
43.4
36.5
32.8
14.7
-3.0

U WN -

calibrate sediment concentrations up to 23 kg/m°. The correlation co-
efficient (R?) value associated with the linear calibration equation was
0.93 (0.95) for the OBS at the ADP1 (ADP2) location. The blanking
distance and the cell size of each ADP was 0.10 m.

3. Data analysis
3.1. Data preparation

The full time-series of raw pressure records obtained by the PT2-6
were corrected using the sea level atmospheric pressure at Cascais
(Fig. 2e) and the distance between the pressure sensor and the bed (z).
The full time-series were divided into blocks of 30 min and blocks that
showed intermittently dry conditions were discarded, thereby excluding
swash oscillations. For each block, the mean water depth (d) was equal
to the time-averaged value of the water depth (h) by assuming a hy-
drostatic approximation. The sea-surface elevation () was obtained as

Continental Shelf Research 192 (2020) 104026

the difference between h and d. The procedure outlined above was the
same for each ADP raw-pressure record but 20 min blocks were used
instead. For the ADPs, only blocks with d > 0.6 m were used in the
following analyses.

A 3rd order low-pass Butterworth filter, without phase lag and with a
cut-off frequency (0.5 Hz) close to the Nyquist frequency, was used on
the raw horizontal velocities (1,v) to remove possible noise. For each
block, the mean horizontal velocities (#v) were computed as the time-
averages of the horizontal velocities (u,v). The oscillatory horizontal
velocities (Upsc, Vosc) Were obtained as the difference between (wv) and (u,
v). The main flow direction (@) at the ADP1 location was determined for
each tidal cycle using a Principal Component Analysis (PCA) using & and
v as inputs. § was used to rotate u and v for each tidal cycle (Table 2).
Henceforth, u and v will denote velocities along 6 and perpendicular to 6,
respectively. The analyses will mostly focus on u since it is usually much
larger than v. While the flood and ebb currents display opposite di-
rections at ADP1, currents at ADP2 are generally directed to the North-
East during the flood and to the West (along with the northern channel)
during the ebb due to the surrounding topography (Fig. 3). Hence,
instead of the PCA we used an angle of 50° to North to rotate u and v at
ADP2. The angle of 50° to North is approximately the main flow di-
rection at ADP2 during the flood when the larger mean velocities were
measured (October 14).

The suspended sediment concentration (c) values higher than the
calibrated range (23 kg/m®) were extrapolated, as in De Bakker et al.
(2016), using the linear calibration equations. Negative values of c were
set to zero. For each 20 min block, a de-spiking procedure was per-
formed on the c time-series as in Storlazzi and Jaffe (2002) in order to

Fig. 4. Time-series of: (a) mean water depth

(d); (b) significant short-wave height (Hpyg,
sw); (c) significant infragravity height (Hpmo,
ig); (d) relative short-wave height (ypr3) at
the PT3 location, time-averaged velocity (@)

——e— ADP1| 7]
—8—PT3 |

at the ADP1 location and relative infra-

gravity wave height (yapp1i) at the ADP1
1 location; (e) spectrogram of sea-surface
1 elevation variance density at the PT3 loca-
tion; (f) spectrogram of sea-surface elevation
variance density at the ADP1 location. Ver-

tical dashed lines indicate a similar water

depth at flood and ebb at the ADP1 location.
1 (For interpretation of the references to
7 colour in this figure legend, the reader is
referred to the Web version of this article.)
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eliminate values associated with air bubbles. Values of ¢(t) > ¢ + 3o,
were removed and re-interpolated using a cubic spline. ¢ and o are the
time-averaged and the standard deviation of c, respectively, for each
block. The replaced values always represented less than 2% of the
number of values in each block.

3.2. Bulk short wave and infragravity wave parameters

A variance spectral density wave spectrum (S,) was calculated with
the Welch’s method (Welch, 1967) using 5 as input for each block.
Hanning-windowed sub-samples of 512 points were 50% overlapped
which resulted in a spectrum with a frequency resolution (df) of 0.0039
Hz and with 16 and 26 degrees of freedom (dof) for the ADP and the PT
data, respectively. Different dof were used to maintain the same df
among instruments.

Estimating # associated with the wave motion using a pressure sensor
near the bottom usually requires a correction factor (K). K is often based
on linear wave theory to take into account the wave-induced pressure
attenuation over the water depth (Dean and Dalrymple, 1992). The
interaction between waves and currents at tidal inlets may affect K. In
this case, currents should be included in K through the Doppler effect
(Ky) (e.g. Smith, 2002). At the ADP1 location, the use of K or Ky showed
negligible differences (<0.01 m) when compared without K in terms of
significant wave heights (not shown). Therefore, no correction factor
was applied on S,

The nth order spectral moment (m;,) was obtained by integrating S,:

fmax
= / Sfdf &)

Fmin

where (fmin, fmax) Were set to (0.0039, 0.04) Hz and to (0.04, 0.5) Hz for
the IGW and SW frequency bands, respectively. The separation fre-
quency of 0.04 Hz was chosen to approximately follow a spectral energy
density valley between SW and IGW frequencies of S, time-series ob-
tained at the adjacent beach (see below — Fig. 4e). Some authors set the
separation frequency to half of the offshore peak SW frequency (e.g.
Rijnsdorp et al., 2015; Guérin et al., 2018). The values of half the peak
SW frequency obtained using records at the Sines buoy (Fig. 2b) ranged
between 0.04 Hz and 0.05 Hz during the field experiment, thus being
close to the chosen 0.04 Hz separation frequency value. The significant
wave height was obtained as:

Hyuo= 4\/”’_0 (2)

Two significant wave heights were defined, namely the significant short-
wave height (Hpmg,sw) and the significant infragravity wave height (Hpy,
ig)- These two variables were obtained using (1) and the corresponding
integration limits. The mean infragravity wave period (Tmog,;5) was ob-
tained as Tz, = (mo,ig/mg,ig)o'5 as an analogy with the mean SW period
(Tmoz,sw) (e.g. Holthuijsen, 2007).

3.3. Wave-generated orbital velocities

The wave-generated orbital velocity (u,p) was calculated following
Wiberg and Sherwood (2008) as

fx
Uy = [ 2 / S, + S.df 3)
foin

where S, and S, are the horizontal velocity (uys. and vos.) spectra and
(fmin, fmax) Was set to (0.0039, 0.2) Hz. The IGW (uorp,ig) and SW (uorb,sw)
orbital velocities were calculated by setting (fimin, fmax) to (0.0039, 0.04)
Hz and to (0.04, 0.2) Hz, respectively. A value of fiax = 0.2 Hz was
chosen because the comparison between the values of u,y using (3)
against the values of uy using linear wave theory can differ by up to a
factor of 2 for fnax > 0.2 Hz likely due to noise associated with velocity
measurements.
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3.4. Suspended sediment transport rate

The net time-averaged suspended sediment transport rate (qpe) at a
fixed distance from the bottom can be defined as

Gner = UC 4)

where the overbar denotes the average over 20 min. The variability in g
= uc was assessed through the calculation of the 10% and 90% per-
centiles of g for each block. This variability is associated with the wave-
induced sediment transport. The first tidal cycle at the ADP1 location
was not considered in the following analysis because the correlation
between the time-series of u and ¢ was weak (<0.3).

The oscillatory suspended sediment transport rate (gos.) was calcu-
lated to quantify the relative importance between IGW and SW for the
wave-induced sediment transport as in Osborne and Greenwood (1992):

“finax
Gosc = / R(CSH(,\(C”W )df )
Jmin

where R is the real part of the co-spectrum (CS) between u,s. and cos,
(fmin, fmax) Was set to (0.0039, 0.2) Hz and c, is the difference between ¢
and c. The IGW (g;g) and SW (gsy) suspended sediment transport rates
were calculated by setting (fmin, fmax) to (0.0039, 0.04) Hz and to (0.04,
0.2) Hz, respectively.

4. Hydrodynamics
4.1. Propagation of short and infragravity waves through the inlet channel

At the PT3 location, the mean water depth is symmetric between
flood and ebb due to the oceanic tide (Fig. 4a). The values of Hpg sy at
that location are controlled by the water depth (Fig. 4b) with a relative
wave height (ypr3 = Hmo,sw/d) that ranges between 0.6 and 0.8 for d >
0.8 m (Fig. 4d). Therefore, PT3 was always located within the surf zone.
For very shallow water depths (d < 0.8 m), y increases to values above
0.8 (Fig. 4d). In the inner surf zone, waves become asymmetric and take
a bore-like shape, characterized by steep wave fronts (Martins et al.,
2018). The y values associated with bores close to the shoreline can
equal or even exceed unity (e.g. Nielsen, 2009; Power et al., 2010). Also,
the interaction between an incident and a reflected wave may lead to a
standing wave pattern which can increase the y values (Martins et al.,
2017). Similarly, the values of y may also vary when IGW amplitudes
become comparable to the water depth (Roelvink, 1993).

Unlike Hpo 5w, the values of Hyyg, g at PT3 increase between the first
and the fourth tidal cycle for similar d (Fig. 4c). This behaviour was
attributed to the variation in offshore wave conditions experienced
during the field campaign, ranging from moderate to energetic (Fig. 2a).
Moreover, the values of Hy,ig at PT3 are similar between ebb and flood
for each tidal cycle but, in general, slightly decrease around high-tide
(Fig. 4c). This behaviour can be associated with IGW shoaling which
would induce a variation of Hpg ;; due to modifications in d.

As the tide propagates into coastal lagoons, it is damped and dis-
torted by the narrow inlet and the shallow water depths (e.g. Keulegan,
1967; Speer and Aubrey, 1985; Bertin et al., 2009). The tidal distortion
results in a larger phase lag at low tide than at high tide. At the
flood-delta (ADP1), high-tide occurs in general 2 h later than at the
adjacent beach (PT3) (Fig. 4a). The values of Hy sy are reduced by
about 90% between the surf zone (PT3) and the flood-delta (ADP1)
(Fig. 4b). This reduction of Hy,g s can result from the SW dissipation due
to depth-induced breaking at the ebb-delta and at the northern sand spit
(Fig. 3) and also from SW refraction and diffraction near the inlet
channel. Additionally, the values of Hpyg s, at ADP1 are larger during the
flood than during the ebb for similar water depths (Fig. 4b). This
behaviour is explained by the interaction with ebb currents following
Dodet et al. (2013) and Bertin and Olabarrieta (2016). Soon after slack
tide, ebb currents increase the SW steepness which leads to wave energy



D. Mendes et al.

35 : - . r .
d=0.5m
30
25 d=1.0m
X
c 20t d=2.0m 1
il
S 15 d=4.0m |
B
=10 d=8.0m |

0 05 1 16 2 25 3 35

U (m/s)

Fig. 5. Reduction (%) of infragravity wave energy as a function of a depth-
integrated following current velocity (U) for different water depths (d).

dissipation by white-capping on the higher-frequencies of the SW fre-
quency band (Fig. 5f). As the magnitude of the ebb current increases and
matches the SW group velocity, full wave blocking occurs.

The values of Hp ;; were larger at the PT3 than at the ADP1 locations
(Fig. 4c). Part of the IGW energy at PT3 is associated to IGW reflection at
the steep beach. The IGW reflection coefficient at the PT3 location was
inferred using the parameter (fy) proposed by van Dongeren et al.
(2007):
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where the beach slope «a is taken as 1/10. van Dongeren et al. (2007)
verified that the IGW reflection coefficient is equal to 1 if gy > 1.25
using laboratory measurements. At the PT3, the average value of Sy was
3.8 with a standard deviation of 0.4 over the field experiment. The IGW
reflection coefficient is therefore equal to 1 which suggests that 50% of
the IGW energy at the PT3 location originates from the full reflection of
IGW at the shoreline. Considering this, the IGW energy flux at the ADP1
location is found to be approximately 30% (15%) during flood (ebb) of
the incident IGW energy flux at the PT3 location. The minimum
reduction of incident IGW energy flux between the two locations co-
incides with high tides, with for instance 50% reduction found on the
14/10 at 6AM. This highlights the importance of water depth at the inlet
transitional channel and in the lagoon on the physical processes
responsible for IGW energy changes. Refraction and diffraction of IGW
spread laterally the amount of IGW energy after the inlet channel and
can contribute to the reduction of Hyyg,;g between the surf zone (PT3) and
the flood-delta (ADP1). Similar to Hpg, s, the values of Hy,g,;g at ADP1 are
larger during flood than during ebb (Fig. 4c). These differences are a
result of the wave blocking due to ebb currents (Bertin and Olabarrieta,
2016). Moreover, the maximum values of Hp,j; occur later in time than
the maximum values of Hyg g (Fig. 4b and c). Bertin and Olabarrieta
(2016) showed analytically that lower frequencies require higher
counter-currents or smaller water depths to be blocked. Hence, higher
frequencies are blocked earlier than lower frequencies (Fig. 4f). During
flood, tidal currents can also affect Hyyg,i; at ADP1 due to an increase of
the wave celerity. To demonstrate the role of flood currents on the
changes in wave height (H), we consider the depth-integrated cross--
shore energy flux balance based on linear wave theory in shallow waters
neglecting alongshore variations and any dissipation between two lo-
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Fig. 7. Time-series of (a) significant infragravity
wave height (H,;) at the ADP1 (red circles), at the
ADP2 (black circles) and at the PT6 (blue squares)
locations; (b) spectrogram of sea-surface elevation
variance density at the ADP1 location; (c) spectro-

gram of sea-surface elevation variance density at the

ADP2 location; (d) spectrogram of sea-surface
elevation variance density at the PT6 location. Ver-
tical dashed lines indicate a similar water depth at
flood and ebb at the ADP1 location. (For interpre-
tation of the references to colour in this figure

legend, the reader is referred to the Web version of

this article.)
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depth-integrated flood current (U > 0 m/s) to be negligible at location A
but not at location B. Under these conditions,

1 1
SPSHAV/gdy :gng§<\/gdB + U) @)
If we further consider that d = dy = dp then,

Hi\? U

—) =1+—= 8)
() =7

For a situation in whichd =1 m and U = 1 m/s, the ratio Hy/Hg is 1.15.
This corresponds to a reduction of approximately 13% of H from A to B
due to the flood current. The reduction of H as a function of U and
d shows the importance of this effect in mixed-energy and tidal domi-
nated inlets that are characterized by larger water depths at the transi-
tional channel (Fig. 5). As d increases, the reduction decreases
logarithmically for the same U. Therefore, this reduction is more
important for shallow wave-dominated inlets than for other types of
inlets.

4.2. Reduction of infragravity wave energy between the inlet channel and
the inner lagoon

The values of Hyy,i; over the flood-delta decreased eastward, i.e.,
away from the inlet mouth (Fig. 6a). This decrease is particularly strong
during the Leslie storm on October 14. Several studies associate IGW
dissipation on sandy beaches to IGW depth-induced breaking (e.g. van
Dongeren et al., 2007; De Bakker et al., 2014; Inch et al., 2017) and to
bottom friction (e.g. Rijnsdorp et al., 2015). IGW energy losses can also
occur due to nonlinear energy transfers from IGW to SW frequencies (e.
g. Ruju et al., 2012; Guedes et al., 2013; Mendes et al., 2018). The
physical processes responsible for the decrease of Hpg;; over the
flood-delta were investigated through the application of a 1D energy
flux balance equation (hereafter 1DEB), detailed in Appendix A, over a
transect that includes the ADP1, the PT4 and the PT5. IGW dissipation
by depth-induced breaking (Dp) and the IGW dissipation due to bottom
friction (Dy) were incorporated in the 1DEB.

The time-series of Hy, j; obtained with the 1DEB was compared with
the measured values of Hy,;; at the PT4 and PT5 locations (Fig. 6¢ and
d). In general, the 1DEB is able to reproduce fairly well the variation of

O &
Q Q
N N

W8

(‘d by
Q
Q Q
N AN
e e

Hpyo,ig between the ADP1 and the PT4 and PT5 locations. The largest
differences occur soon after slack tide on October 14. Two sensitivity
analyses were performed in order to reduce these differences. The y;pgp
values associated with D, were varied between 0.3 and 0.6 and the
hydraulic roughness related to Dy was computed with a different
formulation (Appendix A). The following analysis is based on results
with y;pgg = 0.4 and using a hydraulic roughness in the computation of
Dy that accounts for bed form dimensions using the formulation of Grant
and Madsen (1982), with bedload sediment transport and with sand
grains (Appendix A).

The relative importance of depth-induced breaking and bottom
friction over the cross-shore transect was assessed by comparing the
space-time variation of Dy/Dy (Fig. 6e). In general, Dy/Dyis largest during
flood with values reaching up to 1.5 during storm Leslie (October 14).
Based on this analysis, D and Dy contribute equally in general to explain
the IGW dissipation (Fig. 6a) over the flood-delta transect and D is
slightly larger than Dy on October 14 during the flood.

The differences between the results of 1DEB and the observed values
at PT4 and at PT5 were investigated through the calculation of the
frequency-integrated reflection coefficient (RZ) (Fig. 6b) using the
method of Sheremet et al. (2002). Soon after high-tide, on October 14 at
08h00, the value of R? increases from 0.1 to 0.2. This increase is likely
due to wave reflection at the steep margin of the sand bank (X ~ 55 m in
Fig. 6f). Wave reflection is not taken into account in the 1DEB and might
have contributed to the differences between the 1DEB computations and
the observations. Note that the effects of wave refraction, wave
diffraction and wave interaction with tidal currents between the inlet
channel and the ADP1 location were taken into account because the
boundary conditions were given by the measured values at the ADP1
location. The effects of wave refraction are presumably small over the
transect due to the flatness of the bottom at the flood-delta (Fig. 3). The
effects of wave diffraction between ADP1 and PT4 locations were
calculated using the analytical equation of Penney and Price (1952) with
an inlet channel width of 50 m and a mean water depth of 0.8 m. Wave
diffraction reduces H by 6% for the Ty, at the PT3 and ADP1 locations
(60 s) and is considered negligible.

Similar to the reduction of Hpmy,j; at the flood-delta, the values of Hy,
ig decreased between the flood-delta (ADP1), the northern channel
(ADP2) and the inner lagoon (PT6) (Fig. 7a). The general patterns
observed in the spectrograms of the sea-surface elevation at the different
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Fig. 8. Time-series of (a) the time-averaged velocity
along the main flow direction (@) (red circles) and
perpendicular to it (¥) (grey circles); (b) the ratio

between the tidal range at PT6 (TRpre) and at Cas-
cais tidal gauge (TRcascais); (¢) the wave setup at the

no data for, PT6

PT3 location; (d) the wave-generated short-wave
(Uorb,sw> Ted circles) and infragravity wave orbital
velocities (Uor,ig, black circles) at the ADP1 location;
(e) the uop, 5 (red circles) and uen, ;4 (black circles) at

the ADP2 location; (f) the ratio uom,ig/tor,sw at the

ADP1 (red circles) and ADP2 (black circles) loca-
tions. Vertical dashed lines indicate a similar water
depth at flood and ebb at the ADP1 location. (For
interpretation of the references to colour in this

figure legend, the reader is referred to the Web
version of this article.)
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locations (ADP1, ADP2 and PT6) (Fig. 7b-d) indicate that the spectral
energy density is different between flood and ebb and between the high-
and low-frequencies in the IGW frequency band. First, spectral energy
density in the high-frequency part of the IGW frequency band (>0.008
Hz) is present at the ADP1 and ADP2 locations only during flood. Sec-
ond, spectral energy density in the low-frequency part of the IGW fre-
quency band (<0.008 Hz) is present at the ADP1, ADP2 and PT6
locations during almost the full tidal cycle. The absence of spectral en-
ergy density for f > 0.008 Hz during ebb at all locations can be attributed
to ebb currents because these IGW frequencies require less intense
currents to be blocked (Bertin and Olabarrieta, 2016). Additionally, IGW
dissipation through depth-induced breaking is less intense for low- than
for high-frequencies in the IGW frequency band (e.g. Battjes et al.,
2004). The spectral energy density associated with f < 0.008 Hz is less
prone to be blocked by ebb currents or to be dissipated by depth-induced
breaking at the flood-delta. Consequently, low-frequency IGW are better
able to propagate until ADP2 and PT6 locations. The effect of IGW
refraction and diffraction can also play a role between ADP1 and ADP2
and PT6 locations to explain the variations of Hpg;; over the tidal cycle.

4.3. Tidal currents, infragravity and short-wave orbital velocities

The comparison between the first and last tidal cycles reveals a
decrease in the maximum u at the ADP1 location from 1 m/s to 0.5 m/s
(Fig. 8a). This decrease can be partly explained by a reduction of the
offshore tidal amplitude because the field experiment took place be-
tween spring and neap tides (Fig. 2d). However, the decrease between
the first and the last tidal cycles is not monotonic as would be expected
due to the ocean conditions alone and the maximum u is approximately
1.2 m/s during the fourth tidal cycle (Fig. 8a). We investigated this
observation by calculating the ratio between the tidal range at the PT6
location (TRprg) and at the Cascais tidal gauge (TRcascais)- This ratio was
calculated by adjusting a 3rd order spline to the maxima and minima of

the tidal level and it ranges from O to 1. Generally, and in wave-
dominated inlets, values close to 1 would indicate a negligible influ-
ence of the inlet on the tidal range while values close to 0 would
correspond to a closed inlet. During winter months, this ratio decreases
due to inlet infilling induced by storms which promotes sediment ac-
cretion at the lagoon entrance (e.g. Oliveira et al., 2006; Bertin et al.,
2009). During the field experiment, TRprs/TRcascais increased during
storm Leslie (October 14) and decreased later on (Fig. 8b). This
behaviour indicates that the tidal amplitude increased inside the lagoon.
The topographic surveys showed that there was an accretion of the inlet
near the northern sand spit between October 13 and 14 (Fig. 3) which
would reduce the tidal amplitude. We calculated the wave setup as the
difference between the mean water depth at the PT3 location and at the
Cascais tidal gauge (Fig. 8c) to understand if the tidal amplitude increase
was due to an increase in mean sea level associated with the wave setup.
Note that the wind-induced setup along the Portuguese coast is small
because the continental shelf is narrow (Alvarez Fanjul et al., 1998).
Moreover, a simple calculation of the wind-induced setup inside lagoon
gives a value of 0.02 m which is smaller than the wave-induced setup
(Fig. 8c). The maximum values of TRpre/TRcascais 00 October 14 coin-
cided with an increase of the maximum wave setup at the PT3 location
from 0.20 to 0.30 m (Fig. 8b and c). Therefore, the increase of
TRp16/TRascais 0N October 14 was due the wave setup, which reduced
the tidal energy dissipation at the inlet. The tidal amplitude growth
induced by the wave setup on October 14 increased the magnitude of
flood currents (Fig. 8a—c). Previous studies on wave-dominated inlets
highlighted the effect of the wave setup in increasing tidal amplitude
inside lagoons (e.g. Bertin et al., 2009; Wargula et al., 2014). Here, we
show that the increase of the mean sea level inside the lagoon due to the
wave setup can also increase the tidal currents at the flood-delta during
storm conditions as in Orescanin et al. (2014).

The time-series of o, sw and Uerm,jg increases during flood as the
propagation of SW and IGW is fostered by the rising tide (Fig. 8d and e).
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Fig. 9. Raw time-series (grey lines) during flood (left column) and during ebb (right column) of: (a,b) water depth (h); (c,d) horizontal velocity (u); (e,f) suspended
sediment transport rate (q) at the ADP1 location. Black lines indicate infragravity wave motions obtained with a 3rd order Butterworth low-pass filter with a cut-off

frequency of 0.04 Hz without phase lag.
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Fig. 10. Time-series of net suspended sediment transport rate (g, circles) at the ADP1 (top) and at the ADP2 (bottom) locations. Vertical bars indicate the 10%
(q10%) and 90% (qggss) quartile values of the suspended sediment transport rate for each block. Vertical dashed lines indicate a similar water depth at flood and ebb at

the ADP1 location.

During ebb, uymp,sw and e, ;; decrease to values close to zero. Moreover,
Uorh,sw Starts to decrease sooner than uem, g at the ADP1 and ADP2 loca-
tions (Fig. 8d and e). Consequently, iy, can be 2.5 times larger than
Uorh,sw SooN after slack tide at both locations. The previously mentioned
temporal variations of Uy ey and ugp,ig result in general from the
interaction with ebb currents. Wave blocking by ebb currents is
frequency-dependent (Bertin and Olabarrieta, 2016) and SW fre-
quencies are blocked earlier in time than IGW frequencies. The
maximum values of Uy, g (~0.4 m/s) were approximately constant
between October 12-15 at the ADP1 location because SW energy is
depth-controlled due to depth-induced breaking at the northern sand
spit. In contrast, the maximum values of uyy,j; were largest on October
14 (~0.8 m/s) at the same location. Similar to Hyg,jg, this indicates that
IGW energy depends on the offshore wave conditions, which were the
most intense on October 14.

5. Sediment dynamics and morphological changes

The time-series of h, u and q during the most energetic offshore wave
conditions (October 14) at maximum flood and ebb illustrate the dif-
ferences between flood and ebb (Fig. 9, at ADP1). During the flood, large
positive values of q were associated with peaks in horizontal velocities
with an IGW time scale O(1 min). These large values of u, associated
with IGW crests, are responsible for the instantaneous increase of the g

10

values by up to two orders of magnitude (Bertin et al., 2019). During the
ebb, g values are very close to zero. Therefore, suspended sediment
transport is mainly directed landward during flood and is negligible
during the ebb at the flood-delta.

The values of gp increased during flood and displayed negligible
values during ebb (Fig. 10). In the absence of waves (SW and IGW),
which occurs during the ebb due to wave blocking, the values of q;99
and of qgpy; are similar to the values of qp,;. When waves are present, the
values of qjp9 and of qggy; strongly differ from those of gpe. In the latter
case, qopy; largely exceeds gner, thereby highlighting the importance of
the wave-induced suspended sediment transport. Moreover, the values
of gne at the ADP2 location were much smaller than at the ADP1 location
(Fig. 10). Even considering that the OBS at the ADP2 location was
located 0.05 m above the OBS at ADP1, our results suggest that the
suspended sediment transport is more intense at the flood-delta and
decreases landward. This decrease is associated with a landward decline
of IGW energy between the ADP1 and ADP2 locations (Fig. 7a). The
difference between qp; at the ADP1 and ADP2 locations is associated
with a suspended sediment transport spatial gradient that can promote
accretion at the flood-delta.

To further highlight the importance of the wave-induced suspended
sediment transport, Fig. 11 depicts the relationship between d, u and
Qnet- The magnitude of uyy is shown by the size of the vertical bars.
During flood, positive values of u are associated with positive and large
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Fig. 11. Scatter diagram of the time-averaged water depth (d), time-averaged
velocity () and net suspended sediment transport rate (gn.) at the ADP1
location. Vertical bars indicate the magnitude of the wave-generated orbital
velocity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

values of g, and with large values of u,4. During ebb, negative values of
u are associated with negligible values of gne: and small values of ugp.
Moreover, the values of g are much larger during flood than during
ebb for similar u which occur for d < 0.7 m (Fig. 11). Although the
magnitude of flood currents was larger than the magnitude of ebb cur-
rents at the ADP1 location (flood-dominance), the association between
large values of u, and large values of gy during flood and not during
ebb shows that the contribution of waves for the suspended sediment
transport rate is much larger than the tidal currents contribution. The
main role of tidal currents on the suspended sediment transport is
related to the blocking of waves during ebb, which consequently reduces
the values of gy

In order to assess the relative importance of IGW and SW on sus-
pended sediment transport, the oscillatory suspended sediment
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transport (gosc) was decomposed into IGW (q;) and SW (gsy) contribu-
tions through the integration of the co-spectrum (Fig. 12). While the
values of g;; increased until the time instants associated with maximum u
values and were negligible during ebb, the values of gy, were always
much smaller. The reduction of g;; during ebb is a consequence of wave
blocking. The small values of gy, are associated with strong SW dissi-
pation through depth-induced breaking that occurs over the northern
sand spit and with SW refraction and diffraction close to the inlet
channel. Moreover, the co-spectral analysis shows that the suspended
sediment transport associated with IGW is confined to f < 0.02 Hz and is
reduced for all IGW frequencies at approximately the same time instant
(Fig. 12¢). This suggests that the frequency-dependent effect associated
with wave blocking by ebb currents is less pronounced for g than for S,
(compare Figs. 4f-12c).

The Leslie storm induced important morphological changes in the
Albufeira Lagoon inlet (Fig. 13). At the northern sand spit, the
morphological changes that occurred between October 12 and 13 and
between October 14 and 15 were modest (<1 m). In contrast, the sedi-
ment accumulation reached up to 1.5 m between October 13 and 14,
during the most energetic offshore wave conditions (Fig. 13b). This
accumulation was responsible for the disconnection between the
northern channel and the inlet transitional channel at the flood-delta
(Figs. 3-13d).

The OBS measurements at both ADPs are only characteristic of a
specific horizontal and vertical location. Still, the major morphological
changes (Fig. 13b) are associated with the largest net suspended sedi-
ment transport rates at ADP1 (Fig. 10a). This observation suggests that,
in this case, the OBS measurements at ADP1 can be representative of the
morphological changes that occur at the flood-delta during the most
energetic offshore wave conditions.

This large sediment accumulation at the flood-delta was primarily
attributed to IGW. The values of Hpygj, increased with more energetic
offshore wave conditions (Figs. 4 and 2). Similarly to Hyg,g, the values of
Uorbig at the ADP1 location were the largest during the storm (Fig. 8d).

15 ; Y . Y . , . r Y Y . Fig. 12. Time-series of: (a) infragravity component
= 1k a) , i of the oscillatory suspended sediment transport rate
N (gig); (b) short-wave component of the oscillatory
E o05¢F . . .

35 suspended sediment transport rate (gs,); (c) real part
=, 0r 7 of the co-spectrum between de-trended horizontal
0-_9’ -05F - velocity and de-trended sediment concentration; (d)
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Fig. 13. Differences between the digital elevation models (DEM) obtained with
the topographic surveys performed on 12-15 October 2018. The horizontal
coordinates are referred in the ETRS89 PT-TMO6 system. Blank areas constitute
nodes of the DEM grid that have a distance higher than 10 m than any RTK-
DGPS measured point. Positive (negative) values indicate accretion (erosion).
The annotations stand for NC — northern channel; SS — northern sand spit; TC —
inlet transitional channel. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

The magnitude of tidal currents increased during the storm (Fig. 8) but
their contribution to the suspended sediment transport was very small
(Fig. 9e and f). Also, because SW inside the lagoon were limited by
depth-induced breaking, uym,sw was unaffected by the storm (Figs. 4b
and 8d). Consequently, the short-term morphological changes at the
flood-delta induced by storm Leslie are mainly explained by IGW.

The net result of these morphological changes after storm Leslie was
a sediment accumulation at the flood-delta and at the transitional
channel (Fig. 13d). Moreover, the differences between the topographic
surveys before and after the most energetic offshore wave conditions
(Fig. 13d) suggest an erosion of the southern margin of the transitional
channel with sediment deposited in the lagoon. This sediment accu-
mulation drastically reduced the tidal amplitude inside the lagoon
(Fig. 8b) and the cross-sectional area of the transitional channel. The
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tidal amplitude reduction decreased the stability of the inlet, eventually
leading to inlet’s closure which occurred approximately on November 9,
2018 based on satellite images (Bertin et al., 2019).

6. Conclusions

This study investigated the infragravity wave-induced processes and
their contribution to the hydro-sedimentary dynamics of a wave-
dominated inlet during a storm. We analysed field observations
collected at the Albufeira lagoon during the passage of the storm Leslie
(2018). These field observations included measurements of hydrody-
namics (water levels and horizontal velocities), sediment transport
(suspended sediment concentrations) and morphological evolution
(topographic surveys).

The physical processes responsible for the variations of IGW energy
from the surf zone to the inner lagoon were investigated. At the surf
zone, the measured significant IGW height (Hy,,ig) increased with en-
ergetic offshore wave conditions, reaching a maximum of approximately
1 m during storm Leslie. At the seaward limit of the flood-delta, Hyg,ig
dropped to approximately 0.4 m due to IGW refraction and diffraction
near the inlet channel. During flood, currents can reduce Hpg,ig by up to
20% and this effect is usually more important in wave-dominated than
in tide-dominated inlets due to the higher depths in the latter. During
ebb, currents were capable of blocking IGW. The application of a 1D
energy flux balance equation over a transect at the flood-delta suggests
that the observed reduction of Hpyg i, was explained by similar contri-
butions of IGW depth-induced breaking and bottom friction. The anal-
ysis of the IGW propagation between the flood-delta and the inner
lagoon showed that high-frequency IGW are more easily blocked by ebb
currents and are more prone to IGW depth-induced breaking than low-
frequency IGW. Consequently, high-frequency IGW are spatially
confined to the flood-delta while low-frequency IGW can propagate
further into the inner lagoon. Storm Leslie induced a maximum wave
setup of 0.30 m on the ocean side of the lagoon. The increase of the mean
water level outside due to the wave setup enhanced the tidal range in-
side the lagoon and the current magnitude observed at the flood-delta.
At that location, the calculated IGW orbital velocities were larger than
the SW orbital velocities in general, being up to 2.5 times larger soon
after slack tide.

Large values of horizontal velocities associated with IGW crests
increased the instantaneous suspended sediment transport rate by up to
two orders of magnitude during flood at the flood-delta. The net sus-
pended sediment transport rate and its variability associated with the
wave motion was positive during flood and negligible during ebb. The
positive values were also associated with large wave-induced orbital
velocities, suggesting that waves were more important to the suspended
sediment transport than tidal currents. The primary role of tidal currents
is related to the wave blocking during ebb, which drastically reduces the
net suspended sediment transport rate. During flood, the values of the
suspended sediment transport rate induced by IGW were much larger
than those induced by SW and were directed towards the lagoon. During
ebb, these values associated with both IGW and SW were close to zero
due to the wave blocking induced by ebb currents. The net suspended
sediment transport rate was larger at the flood-delta than near the
northern channel. This difference induced a spatial gradient and was
associated with sediment accretion near the flood-delta which was
responsible for the disconnection between the northern channel and the
inlet transitional channel during storm Leslie. Although this sediment
accretion did not exclusively result from IGW, these low-frequency
waves were shown to play a dominant role in the sedimentary dy-
namics of wave-dominated inlets during a storm. Future modelling ef-
forts to simulate the morphodynamics of these inlets during storm
conditions must therefore take IGW into account.
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APPENDIX A. Formulation of the 1D energy flux balance equation

Following Dean and Dalrymple. (1992), the depth-integrated steady-state cross-shore energy flux balance equation neglecting alongshore vari-
ations reads:

d |1 ) .
% {gngrms.ig (\/g—d+ Ux):| - 7Df - Db (Al)

where p is the water density, s is the horizontal axis along the transect, Hyys ig = Hng,ig/ (2)°% is the root-mean square IGW height, U is the depth-

integrated and time-averaged velocity along the transect and Dy and D, represent the IGW energy dissipation through bottom friction and depth-
induced breaking, respectively.
We adopted the bottom friction formulation of Thornton and Guza (1983) in the shallow water regime:

3
L | Homsig
Dy :hWWE { \/L%] (A.2)

where f,, is a friction coefficient. f,, was calculated following Nielsen (2009).

fo=exp {5.5 (;rl) " 6.3} (A.3)

where r is the hydraulic roughness, A = llLTorb)ingog)ig/(Zﬂ) is the wave orbital excursion and uLTorb)ig = Hyps,ig (g/d)0'5/2 is the IGW orbital velocity
based on linear wave theory in shallow waters.

The value of r over movable beds is difficult to estimate and constitutes an unsolved issue (e.g. Nielsen, 2009; Trowbridge and Lentz, 2018). Nielsen
(2009) estimates r as

2
r=8 '% +1701/055 — 0.05ds (A.4)

where 7 is the bed form height, 4 is the bed form wavelength and ds is the median sediment diameter. We set 7, = 0.1 m and A = 1 m, based on visual
observations in the field, and dsp = 0.0009 m based on grain size analysis performed on sediment samples collected in the field near the ADP1, PT5 and
PT4 locations. 05 5 is the nominal grain roughness Shield parameter computed as

0565 (27AT )

0, =
2.5 G- 1gd

(A.5)

where s = 2.65 is the ratio between the grain and the water density. f 5 is the nominal grain roughness friction factor

02
fs=exp {5.5 (2‘16150) — 6.3} (A.6)

The resulting value of f,, is therefore variable in space and in time which is closer to field conditions than using a constant f,,.
Dy in (A.1) was computed with the formulation given by Thornton and Guza (1983):

3ﬁ 1 H,yi i !
b, = 16 78 3Tozi }/]DEB;d}|: - ? 5/2:|
ig (1 + (Hrm\-,ig/J’mEBd) >

(A7)

where B = 1 and y;pgg = 0.4 are empirical coefficients associated with wave breaking.
In the sensitivity analysis, r was also computed as

2
r=277 ’% +1701/6,5 — 0.05ds, + 2.5ds (A.8)

(A.4) and (A.8) use the same r contribution due to bed-load sediment transport (second term). The differences between (A.4) and (A.8) are as follows.
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The calculation of r induced by ripples (first term) in (A.8) was given by Grant and Madsen (1982). Moreover, (A.8) includes r induced by sand grains
(third term). The computation of r using (A.8) reduced slightly the differences between calculations and observations in terms of significant infra-
gravity wave heights. Therefore, r was calculated with (A.8).

A first-order upwind finite difference numerical scheme was used to discretize (A.1) for a given bottom profile and for a given time-series of d, Hpo,
ig» Tmoz,ig and U; at the ADP1 location. The numerical discretization of (A.1) gives:

1/2
H?(Ved;, + Uy,) As(Ds + D)

Vedi + Ui §pe(Vedisr + Usip)

Hi = (1.9

where As = 0.1 m is the spatial discretization and the subscript i indicates the location. The variation of U along the transect is determined based on
mass conservation using known water depths with the value of Us (equal to u) at the ADP1 location.
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