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Abstract: Barred macrotidal beaches are affected by continuous horizontal displacements of different
hydrodynamic zones associated with wave transformation (shoaling, breaker and surf zones) due to
significant tide-induced water level changes. A series of wave and current meters, complemented
by a video imagery system, were deployed on a barred beach of northern France during a 6-day
experiment in order to characterize the spatial and temporal variability of wave-induced processes
across the beach. Wave and current spectral analyses and analyses of cross-shore current direction
and asymmetry resulted in the identification of distinct hydrodynamic processes, including the
development of infragravity waves and offshore-directed flows in the breaker and surf zones. Our
results revealed a high spatial variability in the hydrodynamic processes across the beach, related
to the bar-trough topography, as well as significant variations in the directions and intensity of
cross-shore currents at fixed locations due to the horizontal translation of the different hydrodynamic
zones resulting from continuous changes in water level due to tides.

Keywords: coastal hydrodynamics; barred beaches; macrotidal beaches; breaker index; wave spectral
analysis; north coast of France

1. Introduction

In recent years, an increasing number of papers were published on the morphodynam-
ics of barred macrotidal beaches, which gave some insight into the morphological behavior
of intertidal bar-trough systems (e.g., [1–6]). However, although hydrodynamics were
generally investigated in these studies, most of them were primarily focused on either the
morphodynamics of intertidal bars [3,4,7–11] or on sediment transport processes [12–19].
Comparatively, fewer papers were specifically concerned with the hydrodynamics of
barred macrotidal beaches (e.g., [1,20,21]).

The hydrodynamics of barred macrotidal beaches are complex and highly variable
both spatially and temporarily due to cross-shore morphological variations (bar-trough
topography) and to large vertical tidal fluctuations that induce significant horizontal
translations of the different hydrodynamic zones associated with wave transformations
(shoaling, breaker and surf zones). The characterization of the hydrodynamic processes
affecting macrotidal beaches is, therefore, further complicated by the perpetual shore-
normal migration of the breaker and surf zones, which results in continual changes in wave
breaking conditions across the intertidal bar topography [1,9,17]. The continuous changes
in water level, due to vertical tidal variations, are not only responsible for changes in
wave height and associated energy dissipation across the beach, but also affect the spatial
distribution and vertical structure of wave-induced cross-shore currents, such as swash
bore or undertow, across the spatially variable topography of barred beaches [9,22–25]. On
the other hand, the changes in wave height and in current velocities and directions that
take place over macrotidal beaches during a single tidal cycle have major impacts on the
dynamics of intertidal bars that almost continuously experience changes in on-offshore
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shear stress at the bed which strongly control net sediment transport and, consequently,
bar evolution [4,8,9,17]. Due to the complex interrelations between water level, wave
heights and wave- and current-induced bed stress, which considerably vary over time at
any given location, but also from place to place across the beach, the modeling of intertidal
bar formation and evolution is still a challenging issue [26].

A better knowledge and understanding of barred beach hydrodynamics are not
only useful for fundamental research, but also for a wide range of coastal engineering
applications for which precise values of wave and current variables are needed. Breaking
wave height, for example, is often a required parameter for computing longshore sediment
transport on beaches [27,28] or for modelling coastal dune erosion [29–31] whereas breaker
heights in many morphodynamic models are frequently indirectly derived from a semi-
empirical breaking index (e.g., [32,33]. Values of wave height at breaking can be obtained
through numerical modelling (e.g., [34,35]) or from in situ measurements of water surface
elevation changes using a variety of acoustic or pressure sensors [36,37] or of flow data
that can be transformed to surface elevation spectra [38,39]. However, the actual wave
height at the breakpoint is often difficult to determine from direct measurements of flow
or surface elevation data, since it can hardly be ascertained whether wave heights were
obtained during breaking or non-breaking conditions.

In this paper, we report the results of a 6-day experiment carried out on a barred
macrotidal beach during which an array of wave and current meters was deployed across
the intertidal and nearshore zones down to 5 m water depth (below maximum low-tide
level). These hydrodynamic measurements were complemented by the simultaneous
acquisition of video camera images of the beach. These images enabled the determination
of the location of the wave breaking zone (and hence of the other hydrodynamic zones)
during distinct periods of the hydrodynamic field experiment. The aim of this study was to
define the signatures of wave-induced hydrodynamics, characterizing the different zones
of wave transformation across a macrotidal beach, based on wave spectral analysis and
wave-induced cross-shore current analyses. This work resulted in the identification of a
series of discrete hydrodynamic variables that can be easily extracted from standard wave
and current data for discriminating the main hydrodynamic zones associated with wave
transformation on barred macrotidal beaches.

2. Study Area

This study was conducted on a sandy macrotidal barred beach of northern France,
near the Belgian border (Figure 1C). The study site consists of a 350 to 400 m wide, low
sloping (1.4%), dissipative beach (Figure 2), facing the North Sea. The beach is characterized
by a series of shore-parallel bars with a crest height that commonly exceeds 1 m above
the surrounding seabed (Figure 2D). A number of studies conducted on the beaches of
northern France showed that this bar-trough morphology is quasi-permanent, even under
storm wave conditions [4–6]. The beach is composed of well-sorted fine sand (mean grain
size = 0.20 mm). Some variation is observed in the grain-size of surface sediments, sand
being finer on the lower beach compared to the middle and the upper beach, which is
commonly observed on the barred beaches of the region [40].

The study site is affected by semi-diurnal tides with a mean tidal range of approxi-
mately 3.5 m to 5.5 m during neap and spring tides, respectively (Figure 1D) [41]. This
relatively high tidal range is responsible for strong tidal currents that flow almost parallel
to the shoreline on the shoreface and in the nearshore zone, the ebb currents being directed
westward and the flood currents flowing eastward [42]. The reversing of tidal currents
does not occur at high or low tide, but typically after a delay of two to three hours, which
is consistent with the propagation of a dominantly progressive tidal wave in the Eastern
Channel [4]. Current measurements conducted in previous studies show that the speeds of
flood currents exceed those of the ebb, resulting in a net flood-dominated asymmetry in
the coastal zone [19,43].
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Figure 1. (A) Location of the study area showing the location of offshore sand banks. (B) Deep-water wave rose diagram 
based on hourly wave measurements from 1997 to 2016 at the Westhinder wave buoy; the green arrow indicates the loca-
tion of the nearshore current meter. (C) Map of the study area and field experiment site. (D) Typical tidal curves for spring 
and neap tides at the study site. 

The prevailing winds in the region are from west to southwest, with a secondary 
wind direction from north to northeast [44]. As a result, the dominant wave directions are 
from southwest to west, originating from the English Channel, followed by waves from 
the northeast to north, generated in the North Sea (Figure 1B). In this relatively short-fetch 
environment, the modal offshore significant wave height is less than 1 m with wave peri-
ods typically ranging from 4 to 8 s, although maximum wave height may episodically 
exceed 5 m with periods of 9 to 10 s during major storms [45]. However, waves undergo 
significant shoaling and energy dissipation over the massive inner shelf sand banks (Fig-
ure 1A) and the gentle beach and nearshore slopes that characterize the coast of Northern 
France, resulting in significantly lower wave heights at the coast [37]. 

Figure 1. (A) Location of the study area showing the location of offshore sand banks. (B) Deep-water wave rose diagram
based on hourly wave measurements from 1997 to 2016 at the Westhinder wave buoy; the green arrow indicates the location
of the nearshore current meter. (C) Map of the study area and field experiment site. (D) Typical tidal curves for spring and
neap tides at the study site.

The prevailing winds in the region are from west to southwest, with a secondary wind
direction from north to northeast [44]. As a result, the dominant wave directions are from
southwest to west, originating from the English Channel, followed by waves from the
northeast to north, generated in the North Sea (Figure 1B). In this relatively short-fetch
environment, the modal offshore significant wave height is less than 1 m with wave periods
typically ranging from 4 to 8 s, although maximum wave height may episodically exceed
5 m with periods of 9 to 10 s during major storms [45]. However, waves undergo significant
shoaling and energy dissipation over the massive inner shelf sand banks (Figure 1A) and
the gentle beach and nearshore slopes that characterize the coast of Northern France,
resulting in significantly lower wave heights at the coast [37].
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Figure 2. (A) Photograph of multiple breaker and surf zones due to wave reformation on the studied beach; (B) example 
of an averaged image of 60 consecutive photographs showing the location of breaker zones and non-breaking zones; (C) 
schematic representation of the different hydrodynamic zones distinguished during the field experiment; (D) cross-shore 

Figure 2. (A) Photograph of multiple breaker and surf zones due to wave reformation on the studied beach; (B) example
of an averaged image of 60 consecutive photographs showing the location of breaker zones and non-breaking zones;
(C) schematic representation of the different hydrodynamic zones distinguished during the field experiment; (D) cross-
shore profile showing the location of the video camera and hydrodynamic instruments deployed in the intertidal zone
(elevations are relative to the French topographic chart datum). Altitudes of mean sea level (MSL) and of mean high-water
neap (MHWN) and mean high water spring (MHWS) are indicated on the lower diagram.
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3. Materials and Methods
3.1. Hydrodynamics

A series of hydrographic instruments were deployed along a cross-shore transect
from the upper beach (Figure 2D) down to a water depth of −5 m below Hydrographic
Datum (Figure 1; Table 1), which corresponds to approximately the lower astronomical tide
level, to measure wave and current parameters at different locations of the intertidal and
subtidal zones. On the beach, instruments were deployed on the seaward side of intertidal
bars and within the troughs. Waves and currents were measured using two Teledyne
(San Diego, CA, USA) WorkHorse Sentinel (1200 kHz) Acoustic Doppler Current Profilers
(ADCP) located on the upper and the lower beach, and three electromagnetic wave and
current meters: two Midas (Totnes, UK) Valeport© meters deployed in the intertidal zone
(Figure 2D) and an InterOcean (San Diego, CA, USA) directional wave and current meter
ADW S4 moored in 5 m water depth (Figure 1). The morphology of the beach was surveyed
at the beginning and at the end of the experiment, using a high resolution Differential
Global Positioning System DGPS, for monitoring any change in bar-trough morphology
and in the position relative to the instruments. Our measurements show that the intertidal
bars stayed remarkably constant during the six-day long experiment.

Table 1. Distance from shoreline and depth/elevation of hydrographic instruments relative to
Hydrographic Datum (HD) and Chart Datum (CD). Distance was measured from the toe of foredune
in the backshore, considered as the position of shoreline.

Instrument Distance from
Shoreline (m)

Depth/Elevation
Relative to HD (m)

Depth/Elevation
Relative to CD (m)

Valeport bar B1 85 4.7 2.0

ADCP trough 105 4.1 1.4

ADCP bar B2 165 3.48 0.78

Valeport bar B3 260 2.35 −0.35

ADW S4 785 −5.0 −7.7

All instruments operated during 9 min intervals every 15 min at a frequency of 2 Hz.
The duration of each burst of hydrodynamic measurements was chosen as a compromise
between two opposite constraints. It had to be long enough to allow wave spectral analysis,
but it also had to be short enough to respect stationary conditions as water depth is
continuously changing over a tidal cycle on macrotidal beaches.

Wave parameters were obtained by spectral analysis, providing almost continuous
records of significant wave height (Hs), wave period (T) and direction. The wave spectral
analysis of each burst has been realized using the Matlab Toolbox “OceanlYZ” developed
by Karimpour and Chen [46] using a fast Fourier transform (FFT) algorithm, the measured
data being transformed from the time domain to the frequency domain. In addition, wave
power spectral density was computed for each individual burst record through power
spectral analysis of the time-series of surface elevation.

All instruments recorded mean current velocity (Vm) with an accuracy of 0.02 m·s−1,
but at different elevations above the bed depending on each instrument. The ADW S4 and
Valeport current meters recorded current velocity at 0.4 m and 0.2 m above the seabed,
respectively, while the ADCP measured current velocity at intervals of 0.2 m through
the water column from 0.4 m above the bed to the surface. Current velocity at 0.2 m
above the bed was estimated using the ADCP data by applying a logarithmic regression
curve to the measured velocities obtained at different elevations in the water column, the
vertical structure of wave-driven longshore currents on beaches being well described by a
logarithmic profile [47]. The mean currents were decomposed into cross-shore (Vt) and
longshore (Vl) currents, normalized relative to shoreline orientation in order to evaluate
the current patterns relative to the beach orientation.
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Following the method used by Guza and Thornton [48] and by Greenwood and
Osborne [49], the first three normalized moments of the cross-shore velocity field were
computed for each burst of each instrument for calculating the horizontal asymmetry of
the cross-shore flow (which is also known as velocity skewness):

Vt =
1
n

n

∑
i=1

Vt(x,i) (1)

Vts =

[
1

n − 1

n

∑
i=1

(
Vt(x,i) − Vt

)2
]1/2

(2)

Vtsk =

[
1

n − 1

n

∑
i=1

(
Vt(x,i) − Vt

)3
]

/Vts
3 (3)

where Vt is the shore normal velocity at location x and n is the sample size (1024 for
the Midas Valeport records and 1200 for the ADCP records). The overbar indicates time-
averaged values and the subscripts s and sk refer to the standard deviation and skewness,
respectively. This method provides a simple way to define cross-shore velocity skewness
considered here as the normalized time-averaged third moment about the mean, which
is different from the time-averaged third moment of the total oscillatory velocity vector
(<Vt

3>) computed by Bowen [50] or Bailard [51]. It also differs from wave skewness
(e.g., [52]) that is related to the wave shape and not to orbital velocities. The time-series
of cross-shore current velocity (Vt) of individual burst records were also subject to power
spectral analysis which provided the power spectral density of cross-shore currents.

3.2. Video Imagery

A video camera was installed in the backshore at an elevation of 10 m above the mean
tide level and was programmed for recording a photograph of the beach and nearshore zone
every 10 s. Series of 60 consecutive photographs were used for producing average images
of the coastal zone that were used for distinguishing the shoaling, breaking and surf zones
during each burst of hydrodynamic measurements realized during the day (Figure 2A,B).
Because the camera system had to be installed and removed every day, photographs were
not continuously obtained during the field experiment, but during discrete periods of
several hours. A total of 4380 photographs were used to make 73 average pictures, which
enabled the determination of the wave processes (shoaling, breaking or surf) that were
occurring at and near the hydrographic instruments during the daytime, the location of
each instrument being signaled by a red buoy at the surface. Several breaker zones may
be observed on such beaches with multiple bars where waves commonly break on an
outer (seaward) bar and reform for breaking once more on a shallower (landward) bar
(Figure 2A). In these cases, a distinction was made between the shoaling zone seaward of
the outer bar and a non-breaking zone with reformed waves landward (Figure 2A,C).

These observations allowed the calculation of a breaker index (Hb/hb) when waves
were observed to break over an instrument, using the breaking wave height (Hb) and
water depth (hb) measured by that particular instrument. Although, wave breaking could
take place over any bar across the beach during the rising or falling tide, most of the
observations of wave breaking were obtained over the bar B3 on the lower beach, because
it was submerged and affected by waves longer than any other bars located landward
(Figure 2D).

4. Results
4.1. Hydro-Meteorological Conditions during the Field Experiment

The field experiment was conducted under different hydro-meteorological forcing
conditions associated with light to moderate winds (about 3 to 12 m s−1) blowing almost
continuously obliquely onshore from NNE to NE (Figure 3A). The tidal range varied
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from 3.7 m to 4.6 m (Figure 3B), whereas offshore significant wave height ranged from
approximately 0.8 to 2.0 m (Figure 3C) with periods of about 4 to 5 s. Wave heights tended
to increase during the field experiment, with maximum wave heights recorded on 8 June in
response to NE winds with speeds of 10 to 11 m s−1 (Figure 3A). Waves were much lower
in the shallow nearshore and intertidal zones, where they barely reached 1.0 m on 8 June
(Figure 3C) due to wave energy dissipation over the gently sloping shoreface and the inner
shelf sand banks. Strong wave energy dissipation was observed across the beach at high
tide, as shown by the substantial decrease in wave height from the bar on the lower beach
(bar B3) to the upper bar (bar B1) (Figure 4). Continuous records of waves also showed
that wave heights were strongly modulated by changes in water level due to tides, this
being especially obvious in the shallow nearshore and intertidal zones (Figure 3C). These
tidally induced changes in wave height have been well documented in previous studies of
beach morphodynamics in the region [4,6].
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Figure 3. Time series of wind data and hydrodynamic parameters recorded from 2 to 8 June 2013 on bar B3 on the lower
beach (see Figure 2D for location) and offshore of the studied beach. (A) Wind velocity and direction recorded at the Dunkirk
weather station; (B) water level changes recorded in 5 m water depth (relative to Hydrographic Datum); (C) significant
wave height (Hs); (D) mean current velocity and (E) longshore and cross-shore current velocity recorded on bar B3.
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Figure 4. Stacked burst records of significant wave height recorded at high tide showing changes in wave height across
the intertidal zone. Wave height was measured on each intertidal bar and in the trough on the upper beach (locations are
indicated by dashed lines). The horizontal axis does not correspond to a continuous time-series, but to the numbers of
successive 15 min burst records obtained at high tide from 2 to 8 June 2013.
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Current measurements on the lower beach (bar B3) show that the mean currents
were essentially flowing alongshore, towards the east–northeast during flooding and
towards the west–southwest during ebb, reaching 0.7 m s−1 on 8 June (Figure 3D). Peaks
in current velocity, mostly ranging from approximately 0.4 to 0.6 m s−1, correspond to
westward-directed ebb currents reinforced by northeasterly winds and waves. Analyses of
cross-shore and longshore current velocities also show the dominance of westward-flowing
currents compared to eastward-directed currents during the experiment, but furthermore
show that longshore currents are significantly stronger than cross-shore currents over this
sand bar located on the lower beach (Figure 3E). Our measurements also highlight that
offshore-directed cross-shore flows reach higher velocities than onshore-directed flows. It
is also clear from our observations that offshore-directed flows occur during both rising
and falling tides, whereas (weak) onshore currents principally take place at high tide
(Figure 3E).

4.2. Discrimination of Hydrodynamic Zones

The video camera system installed in the backshore was used from 3 to 7 June for
determining the position of the different hydrodynamic zones in the intertidal zone during
distinct current meter record bursts, based on 10 min time-averaged images obtained
simultaneously during each burst. The determination of the position of the breaker zone
during a current meter burst enabled to define the location of the shoaling, surf and
swash zones during the same burst (Figure 2A,B), and hence to determine in which
hydrodynamic zone each hydrographic instrument was located during that particular
burst. These observations also allowed us to evaluate breaking wave height and water
depth when breaking was occurring near an instrument.

Measurements obtained on the lower bar (Figure 2D, bar B3), which was submerged
for longer periods of time and where the wave-current meter collected more data than the
other instruments located landward, revealed that during breaking conditions the ratio
of wave height to water depth (Hs/h) ranged from approximately 0.2 to 0.45 on the lower
beach (Figure 5). During shoaling wave conditions, the Hs/h ratio was typically lower
than 0.2, which is somewhat lower than the 0.3 to 0.35 relative wave height (Hs/h) value
commonly given for discriminating between shoaling and breaking conditions on barred
macrotidal beaches [9,16]. A comparison between relative wave height at breaking and
wave steepness (Hn/Ln) measured seaward in 5 m water depth (relative to hydrographic
datum) showed that low ratios of relative wave height to water depth during breaking
conditions tend to correspond to higher wave steepness in the nearshore zone (Figure 5).
This suggests that steeper waves break more rapidly and, therefore, in deeper water depths,
which corresponds to lower relative wave height ratios (Hs/h). Conversely, breaker index
values exceeding 0.3 are mostly associated with waves of low steepness <0.009. Surf
zone processes were observed with relative wave height values of more than about 0.4,
associated with low nearshore wave steepness (Hn/Ln) conditions (Figure 5). However,
because both breaking and broken wave conditions were generally observed during these
individual 10 min video records, these conditions were considered to be representative of a
transition between breaking and surf zone processes.
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wave height to depth ratio (Hs/h) measured on bar B3 on the lower beach (see Figure 2D for location).
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breaking and surf zones is based on visual determination from video images.

4.3. Characterization of Wave Spectra

Figure 6 shows power spectral density at different locations across the intertidal zone
during two 10 min bursts during which waves were breaking over bar B2 near high tide
(Figure 2D). During each burst measurement, a typical wave power spectrum is observed
in each hydrodynamic zone. As waves were breaking over bar B2, bar B3 was affected by
shoaling processes which were associated with frequencies that mostly ranged from 0.1 to
0.3 Hz (Figure 6).

The wave power spectral densities can be either relatively evenly distributed over a
wide range frequency, such as on 5 June when power spectral densities of approximately
0.1 to 0.15 m2 s were associated with wave frequencies of about 0.15 to 0.25 Hz (Figure 6A,
Bar B3), corresponding to wave periods of 4 to 7 s, or can show a distinct peak like on 6 June
when the power spectral density reached 0.4 m2 s, corresponding to surface gravity waves
with a period of about 6 s (0.17 Hz) (Figure 6B, Bar B3). Over the landward bar B2 that
was characterized by breaking wave conditions during these measurements, a widening of
wave frequencies is observable with the presence of higher frequency waves (>0.4 Hz) as
well as lower frequencies (<0.05 Hz) that may correspond to infragravity waves. Although
a shoreward decrease in wave height, and hence in power spectral density, was generally
observed from one bar to another, it was also observed that power spectral density could
increase shoreward from bar B3 to bar B2. On 5 June, for example (Figure 6A), a maximum
power spectral density of 0.15 m2 s was measured on bar B3, reaching 0.25 m2 s on bar B2,
which may be due to an increase in wave height just before or during breaking on bar B2.
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before high tide).

The significant dissipation of wave energy during breaking results in considerable
flattening of the power spectrum in the landward trough (Figure 2D), with a peak in power
spectral density that decreased from 0.25 m2 s to 0.07 m2 s from bar B2 to the landward
trough on 5 June (Figure 6A), and from nearly 0.3 m2 s to approximately 0.1 m2 s on 6 June
(Figure 6B), whereas the peak in wave frequency remained centered on the same value
from the bar to the trough. When reaching bar B1 on the upper beach (Figure 2D), reformed
waves have lost most of their energy as shown by the wave power spectral density values
that are minimal and distributed over a wide range of frequencies (Figure 6A,B, Bar B1).

Such changes in the wave power spectrum are not only observable across the intertidal
zone at a particular moment in time, but also at the same location as different hydrodynamic
zones, and hence hydrodynamic processes, progressively take place with tide-induced
changes in water level. These changes are clearly observable over bar B3 where most of
these variations can be recorded due to its most seaward position. As water depth decreased
from 3.1 m to 0.62 m over bar B3 during falling tide on 4 June, shoaling wave conditions
were followed by breaking waves and eventually surf zone conditions (Figure 7A) as the
wave breaking zone shifted seaward.

The opposite occurred during rising tide on 6 June, when bar B3 was the site of surf
zone conditions, followed by breaking and then shoaling waves (Figure 7B). Similar ranges
of wave frequency (0.1 to 0.3 Hz) were recorded under wave shoaling conditions during
both rising and falling tides, and similarly to what was observed across the intertidal
zone, a widening of wave frequencies is noticeable from shoaling to breaking conditions,
accompanied by a decrease in wave power spectral density (Figure 7A,B). Alike, wave
energy loss is maximum after breaking with extremely low power spectral density values
when the bar is in the surf zone (Figure 7).

This progressive decrease in wave energy is also clearly visible on Figure 8 showing
the temporal variations in power spectral density recorded on bar B3 during several falling
tides. In all cases, peaks in power spectral density are observed during shoaling wave
conditions, although some peaks were also recorded in the breaking zone on some occasions
(e.g., on 5 and 6 June; Figure 8B,C). These peaks in wave energy can correspond to different
wave frequencies, such as on 5 June (Figure 8B), or can be more restricted to the same wave
frequency, as was the case on 6 June when higher energy waves with a period of about 5 to
6 s (≈0.17 to 0.2 Hz) were responsible for most of the wave energy expenditure over the bar
(Figure 8C), similarly to what was shown for bar B3 in Figure 6A,B, respectively. Figure 8
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also shows the obvious widening of the wave frequency spectra in the breaking and surf
zones, with notably the development of low-frequency infragravity waves (<0.05 Hz).
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Figure 8. Temporal variations in wave frequency and wave power spectral density over bar B3 (see 
Figure 2D for location) under non-breaking and breaking wave processes as water depth decreased 

Figure 8. Temporal variations in wave frequency and wave power spectral density over bar B3 (see
Figure 2D for location) under non-breaking and breaking wave processes as water depth decreased
during falling tide during moderate energy conditions (offshore Hs ≈ 1.2 m) on (A) 4 June (high tide
at 10:30 AM and low tide at 05:30 PM) and (B) 5 June 2013 (high tide at 11:30 AM and low tide at
06:30 PM), and during higher energy conditions (offshore Hs ≈ 1.4–1.5 m) on (C) 6 June 2013 (high
tide at 12:15 AM and low tide at 19:15 PM).

This decrease in wave power spectral density from shoaling to surf zone conditions
over bar B3 is also clear when analyzing the peak wave power spectral density (PWPSD)
during each burst as a function of Hs/h (Figure 9B). Some peak values of wave power
spectral density under shoaling conditions are lower than others recorded during breaking
conditions, which can be explained by different offshore wave energy levels at the moment
of measurement, but also by the exact location of the breaking waves relative to the
recording instrument. However, higher variability is observed when all data from all
instruments across the intertidal zone are considered (Figure 9A). A large range of PWPSD
is observed for shoaling and breaking conditions, depending on offshore wave energy
conditions, but the highest values, exceeding 0.4 m2 s, essentially correspond to data
obtained on bar B2. As shown on Figure 3A,B, wave heights are strongly modulated by
water depth, notably in the nearshore zone where much lower wave heights are observed



J. Mar. Sci. Eng. 2021, 9, 909 14 of 26

at low tide due to wave energy dissipation over the low-gradient shoreface. Consequently,
for similar offshore wave energy levels, wave height and wave energy are higher when
waves break on bar B2 on the middle beach than when they break over bar B3 located on
the lower beach. Very low PWPSD values associated with high Hs/h ratio (>0.5) were
also measured during breaking conditions, but these were essentially recorded on bar B1,
due to wave energy dissipation over the lower intertidal bars, which resulted in very low
amplitude waves breaking over the very shallow bar B1 on the upper beach.
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Figure 9. Peak of wave power spectral density during individual burst records plotted as a function of wave height to depth
ratio (Hs/h) for (A) data recorded by all instruments across the intertidal zone and (B) data recorded on bar B3.

4.4. Characterization of Cross-Shore Currents

Similar to what is observed with wave power spectral density, distinct signatures
in cross-shore velocity spectral density can be recognized in each hydrodynamic zone
from the current records. As for the waves, the frequency spectra of cross-shore currents
are narrower in the shoaling and breaking zones compared to the surf zone where a
much wider spectrum is observed (Figure 10). This can be seen on the current spectra
recorded on bar B3 that experienced shoaling, breaking and eventually surf processes as
the tide was falling on 4 June, with distinct frequency peaks under shoaling and breaking
conditions and much subdued peaks when the bar was in the surf zone (Figure 10A). It is
noteworthy that the peak frequencies in the shoaling and breaking zones in these records
are mostly ranging from 0.15 to 0.2 Hz although a wider distribution is generally observed
in the breaking zone, which is very similar to what was observed for the wave spectra
(Figures 6 and 7), suggesting that the cross-shore currents are mostly wave-generated
currents. These (on)offshore-directed oscillatory currents mainly occur in the shoaling
and breaking zone, whereas they tend to be much weaker in the surf zone after wave
breaking. The analysis of the frequency distribution of cross-shore currents shows the
existence of lower frequency flows (<0.1 Hz) in the surf zone (Figure 10), which were
virtually absent in the shoaling zone and breaking zones, suggesting the development of
near-steady cross-shore flows near the bed in this hydrodynamic zone. A similar cross-
shore currents spectral characterization was observed over bar B3 during rising tide as well
with peak frequencies mostly ranging from 0.18 to 0.25 Hz in the shoaling and breaking
zones (Figure 10B), showing that these currents were associated with waves with periods
of 4 to 5.5 s. Again, the values of power spectral density were significantly lower in the
surf zone and distributed over a much wider frequency range.
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Figure 11 shows the temporal variations in cross-shore currents power spectral den-
sity recorded on bar B3 under breaking and non-breaking conditions during several fall-
ing tides. The figure highlights that the peak spectral densities of the cross-shore currents 
are observed in the breaker zone, and to a lesser extent in the shoaling zone, whereas the 
power spectral densities are much lower in the surf zone. Our results also show that the 
frequencies associated with the peaks in spectral density essentially range from 0.15 to 0.2 
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Figure 10. Examples of cross-shore current power density spectra obtained from current data recorded on bar B3 (see
Figure 2D for location) under different wave processes (shoaling, breaking and surf) during (A) falling tide on 4 June 2013
(high tide at 10:30 AM and low tide at 05:30 PM) and (B) rising tide on 6 June 2013 (low tide at 07:00 AM and high tide at
12:15 PM).

Figure 11 shows the temporal variations in cross-shore currents power spectral density
recorded on bar B3 under breaking and non-breaking conditions during several falling
tides. The figure highlights that the peak spectral densities of the cross-shore currents
are observed in the breaker zone, and to a lesser extent in the shoaling zone, whereas the
power spectral densities are much lower in the surf zone. Our results also show that the
frequencies associated with the peaks in spectral density essentially range from 0.15 to
0.2 Hz, which correspond to wave periods of about 5 to 7 s, similar to what was observed
for wave power spectral densities (Figures 7 and 8).
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Figure 11. Temporal variations in frequency and power spectral density of cross-shore currents over 
bar B3 (see Figure 2D for location) under non-breaking and breaking wave processes as water depth 

Figure 11. Temporal variations in frequency and power spectral density of cross-shore currents over
bar B3 (see Figure 2D for location) under non-breaking and breaking wave processes as water depth
decreased during falling tide during moderate energy conditions (offshore Hs ≈ 1.2 m) on (A) 4 June
(high tide at 10:30 AM and low tide at 05:30 PM) and (B) 5 June 2013 (high tide at 11:30 AM and low
tide at 06:30 PM), and during higher energy conditions (offshore Hs ≈ 1.4–1.5 m) on (C) 6 June 2013
(high tide at 12:15 AM and low tide at 19:15 PM).

In addition to the analysis of the power spectral density of cross-shore currents, the
frequency distribution of onshore- and offshore-directed currents was also examined.
As shown in a series of cross-shore current records obtained over bar B3, the frequency
distribution of onshore and offshore velocities is nearly symmetrical and characterized
by low skewness values under shoaling processes (Figure 12). In the breaking zone,
however, the frequency distribution of onshore- and offshore-directed flows is generally
asymmetric with higher frequencies of offshore currents compared to onshore currents
(Figure 12A). This asymmetry in cross-shore current distributions is even more pronounced
in the surf zone where the proportion of offshore-directed currents is significantly higher
than onshore currents of the same velocity, this being highlighted by the high values in
cross-shore currents skewness (Figure 12A,B).
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Figure 12. Examples of (A1,B1) frequency distributions of cross-shore velocities, and (A2,B2) cumulative frequency
distributions of onshore and offshore velocities from current measurements recorded on bar B3 and under different wave
processes (shoaling, breaking and surf). Data recorded (A) during falling tide on 4 June and (B) during rising tide on 6 June
2013. The positive and negative values of cross-shore velocities in A1 and B1 correspond, respectively, to offshore- and
onshore-directed flows.

These variations in cross-shore current distributions are especially obvious when
looking at the changes in frequency of cross-shore current velocities over bar B3 that
successively experienced shoaling, breaking and surf processes as water depth decreased
during falling tides (Figure 13). In the three examples shown in Figure 13, the distribution
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of onshore- and offshore-directed currents in the shoaling zone is centered on low-velocity
values that are mostly ranging from approximately −0.15 m s−1 to 0.1 m s−1, respectively.
A slightly higher proportion of onshore flows can be observed for higher velocity cross-
shore currents, which can probably be explained by the onshore asymmetry of shoaling
waves. A lower proportion of low-velocity cross-shore currents were recorded on 6 June
(Figure 13C), which can be explained by slightly higher offshore significant wave heights
in the beginning of the afternoon compared to the two preceding days (Figure 3C), but the
same distribution pattern of onshore- and offshore-directed flows remained.

The action of breaking waves over the bar resulted in an increase in cross-shore current
velocities in both directions, which reached or exceeded 0.8 m s−1 in both directions on
several occasions while maximum cross-shore currents hardly reached 0.6 m s−1 in the
shoaling zone on the same days, especially for offshore flows (Figure 13). In addition,
a clear shift towards offshore-directed flows is visible in the distribution of cross-shore
currents, characterized by an increase in the frequency of offshore currents of any given
velocity (Figure 13). This tendency proceeds further when the bar is in the surf zone and is
affected by broken waves and dominated by offshore-directed flows, as observed on 4 June
(Figure 13A) and 5 June (Figure 13B).
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Figure 13. Temporal variations in frequency of onshore- and offshore-directed cross-shore current 
velocities over bar B3 (see Figure 2D for location) under non-breaking and breaking wave processes 

Figure 13. Temporal variations in frequency of onshore- and offshore-directed cross-shore current
velocities over bar B3 (see Figure 2D for location) under non-breaking and breaking wave processes as
water depth decreased during falling tide during moderate energy conditions (offshore Hs ≈ 1.2 m) on
(A) 4 June and (B) 5 June 2013, and higher energy conditions (offshore Hs ≈ 1.4–1.5 m) on (C) 6 June 2013.

The variation in cross-shore current patterns across the beach could only be observed
during limited time periods at, or near, high tide when all instruments were submerged.
During these periods, the lower beach mostly experienced onshore-directed near bottom
currents associated with shoaling waves as Figure 14 shows. Depending on wave condi-
tions, bar B2 could be affected by shoaling processes and onshore-directed currents or by
off-shore-directed flows when the bar was in the breaking or surf zone. It is quite clear
from these measurements that offshore-directed currents tend to develop on the mid to the
upper beach as water depth decreases and waves transform from shoaling to breaking.
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Figure 14. Stacked burst records of mean cross-shore current velocities at high tide showing variations
in current direction and velocity across the intertidal zone. Near-bottom currents were measured on
each intertidal bar and in the trough on the upper beach (locations are indicated by dashed lines).
The horizontal axis does not correspond to a continuous time-series, but to the numbers of successive
15 min burst records obtained at high tide from 2 to 8 June 2013.
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5. Discussion

Our measurements of wave and current parameters across the surveyed beach showed
distinct hydrodynamic signatures characterizing each zone dominated by either shoaling,
breaking and surf processes, the limits of which having been determined visually by the
position of breaking waves during discrete time periods. Our direct measurements of wave
height and water depth during breaking conditions also allowed us to compute accurate
wave height to depth ratios at breaking (Hb/hb), such data being rather limited in macrotidal
beach environments. It is well known that wave height to depth ratios on natural beaches
can considerably differ from the theoretically derived value of 0.78 (McCowan’s criterion),
which is still a widely used breaker index in coastal hydrodynamics and/or sediment
transport applications, even if a large numbers of experimental studies showed that the
ratio of wave height to depth at breaking can considerably differ from this theoretical value,
depending on several parameters, notably beach slope and wave steepness [39,53,54]. Wave
height to depth ratios of 0.3 to 0.5 are commonly proposed for discriminating breaking
wave conditions on barred macrotidal beaches [3,8,16], but very few field measurements
have been carried out so far for verifying the validity of these values for random waves
breaking on macrotidal beaches, since these values are mostly derived from measurements
on mesotidal rather than macrotidal beaches. Masselink [8], for example, uses a breaker
index of 0.4 in his morphodynamic model of intertidal bar formation on macrotidal beaches
in which he places the start of the outer and inner surf zone at depths corresponding to
H/h ratios of 0.3 and 0.5, respectively, based on hydrodynamic measurements conducted
on a micro- to mesotidal shoreface [55] and on a mesotidal beach [38]. From video images
and acoustic sensor data, Grasso and Ruessink [54] report Hb/hb values of approximately
0.3 as a boundary between non-breaking and breaking conditions on a meso- to macrotidal
beach.

Although our results mostly agree with the breaking index values >0.3 previously
reported for macrotidal beaches, our measurements also show that waves can begin to
break in deeper water than what could be predicted using these values, since breaking
waves associated with Hb/hb ratios of 0.2 to 0.3 were observed on several occasions across
the intertidal zone (Figure 9), especially on the lower beach (Figure 15). The discrepancies
between our results and previously published breaker index values for macrotidal beaches
may be due to the fact that some of the previous studies from which these values were
derived were carried out in micro- to mesotidal coastal environments, as mentioned before,
but could also be explained by different methods for determining the wave height at breaking
or the breaker position (and thus the wave breaking depth). It is also possible that the very
low gradients that characterize the investigated beach (tanβ = 1.4%) and nearshore zone
(tanβ ≈ 1%) favor the initiation of wave breaking. The observed differences with the results
obtained in previous studied may also be related to differences in ranges of wave height,
since moderate energy conditions prevailed during our field experiment compared to the
aforementioned experimental studies that were mostly carried out on more energetic beaches.

Interestingly, in their study of the hydrodynamics of four macrotidal beaches in Brit-
tany, Dehouck et al. [20] proposed an empirical breaking index of 0.2–0.25 for separating
the shoaling and the surf zones based on the occurrence of offshore-directed flows when the
wave height to water depth ratio exceeded this value, arguing that these seaward currents
corresponded to surf zone undertow. Although their criteria for discriminating between
shoaling and surf processes is based on a different approach, these authors obtained similar
values to what we observed in our study using video imagery. In accordance with their
findings, offshore-directed currents were also recorded in the present study over intertidal
bars for similar H/h values under breaking and surf processes (Figures 12 and 15A). Veloc-
ities of offshore-directed cross-shore currents were relatively low during our experiment,
rarely exceeding 0.2 m s−1 (Figure 15A), compared to undertow velocities that commonly
reach values up to 0.4 m s−1 in the surf zone of other barred beaches [4,20,56,57]. This is
probably due to the moderate wave energy regime that characterized our field experiment
during which offshore Hs were constantly lower than 2 m (Figure 3C) while wave heights
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offshore of the Brittany coast during the experiment of Dehouck et al. [20], for example,
ranged between 3 and 7 m during storms that took place during their experiment.

Onshore-directed flows were also observed in the surf and breaking zones during our
field experiment, but they were essentially measured on the middle and the upper beach
over bars B2 and B1 and especially in the trough between these bars (Figure 15A). Because
the trough is the site of wave transformation after breaking, the onshore-directed currents
measured in the trough are probably due to surf zone bores associated with asymmetric
saw-tooth shape waves [9]. The occurrence of onshore flows over the inner bars (bars B2
and B1) may be due to reformed waves after breaking on the bar located immediately
seaward, resulting in an onshore asymmetry of wave oscillatory currents.

In addition of the differences in the direction of cross-shore flows across the inter-
tidal zone, other distinct hydrodynamic characteristics were observed within each hydro-
dynamic zone (Figure 16). The analysis of wave spectral density showed the develop-
ment of both low-frequency and high-frequency waves in the breaking and surf zones
(Figures 7 and 8). The observed high frequencies presumably correspond to turbulent
motions related to breaking waves. As waves break and transform in the surf zone, wave
energy is transferred into turbulent motions through highly energetic processes associated
with breaking waves time scales, and turbulence is then dissipated at smaller scales (i.e.,
smaller than the incident wave periods) [58,59]. Strong wave energy dissipation associated
with high-frequency motions can be observed across the beach from the shoaling zone to
the surf zone (Figure 6), but also over a particular bar through time due the horizontal tidal
translation of the hydrodynamic zones (Figure 8).

Low-frequency waves (<0.05 Hz) were also measured in the breaking and surf zones
(Figure 8) which probably result from infragravity-wave growth. Several mechanisms
have been proposed for explaining the generation of infragravity waves in coastal regions
including non-linear interactions between freely propagating short waves [60,61], bound
long waves generated through wave–wave interaction within wave groups [62,63], and
merging of bores in the surf zone [64]. Our records show the existence of wave groups with
distinct peaks in frequencies in the short gravity range over intertidal bars (e.g., bars B2
and B3, Figure 5), which may be responsible for energy transfer to lower frequencies in
the breaking and surf zones through wave–wave interaction. However, our measurements
did not allow to discern trapped infragravity waves at the location of bars as described by
Rijnsdorp et al. [61] in their study of infragravity wave dynamics over a barred beach.

Overall, our results are in general agreement with the conceptual model of Masselink
et al. [9], describing changes in cross-shore sediment transport over intertidal bars based on
the relative contribution of offshore- or onshore-directed flows that vary in direction and
intensity in response to the shifting of wave processes across the beach profile, resulting
from tide-induced water-level changes. However, more variability in cross-shore current
directions was observed in the breaker and surf zones of the investigated beach, compared
to what is theoretically predicted by this idealized model. This may possibly be explained
by the fact that, for a given water depth in the intertidal zone, there will be distributions of
both breaking and non-breaking waves at a particular moment in time due to the random
character of natural wind-generated waves [34], resulting in a mixture of breaking and surf
processes.
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Figure 15. Relationship between wave height to depth ratio (Hs/h) and (A,B) mean-cross-shore
current velocity recorded across the intertidal zone by (A) all instruments and (B) on bar B3, and (C)
cross-shore velocity skewness recorded on bar B3.
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6. Conclusions

The results of this study show that the different zones of wave transformation, which
almost continuously shift in position across a barred macrotidal beach, are characterized
by distinct wave-induced processes. The analyses of wave power spectral density clearly
show a widening of the frequencies of the incident gravity waves from the shoaling
to the surf zone, with the development of both infragravity and turbulent frequencies
associated with a major decrease in wave energy. Analyses of cross-shore flow asymmetry
also showed significant differences between the shoaling zone, which is characterized
by virtually symmetrical cross-shore current velocities, whereas offshore-directed cross-
shore flow asymmetry is generally observed in the wave breaking and surf zones. These
results suggest that these processes represent hydrodynamic signatures that can be used
for discriminating the different hydrodynamic zones of barred macrotidal beaches from
wave and current data (Figure 16).

However, the determination of a hydrodynamic zone can hardly be based on a single
parameter because some overlap was observed in the hydrodynamic variables associated
with the different wave transformation zones from the lower to the upper beach (Figure 16),
requiring the use of several parameters for determining hydrodynamic zones from wave
and current measurements.
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