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Abstract

Field observations were performed at an embayed beach to investigate infragravity (IG) wave (0.005-0.04 Hz) dynamics.
Offshore short-wave conditions measured by the Cabo Sillero buoy (323 m depth) were characterized by a mean
significant wave height of 0.9 m and a mean peak wave period of 9 s. Analysis of field observations demonstrate that for
this embayed beach two IG wave peaks can be detected (0.01 and 0.025 Hz). The IG wave band can be separated in two
frequency bands due to the different wave propagation characteristics (0.005-0.02 and 0.02-0.04 Hz). The bound wave
generation mechanism was identified based on a negative correlation between the short-wave envelope and the IG wave
elevation for a time lag of 5 s. The phase-lag evolution of the IG wave increasingly lags behind the short-wave envelope
shorewards.
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1. Introduction

Infragravity (IG) waves are low-frequency surface waves with periods between 25 and 250 s. Their role in
the coastal zone has long been recognized because IG waves may be responsible for beach erosion (Russel,
1993) and they can explain the formation of many morphological features (e.g. Aagaard, 1990). Moreover,
they also play a role in harbors and marinas which are designed to avoid the amplification of IG waves due
to the resonance phenomenon (Rabinovich, 2008).

Two widely accepted mechanisms were proposed for the generation of IG waves. The first was proposed
by Longuet-Higgins and Stewart (1962) and is due to the higher radiation stresses below the crests of the
short wave (SW) groups that induce an IG wave bound to the SW group. According to this theory, the IG
bound wave is 180° out of phase with the SW group. The second generation mechanism is related to the
shifting of the breakpoint position (Symonds ez al., 1982). The breakpoint displacement induces a time-
varying set-up/down which results in an IG wave that propagates both seaward and shoreward from the
breaking point. The dominant IG wave generation mechanism seems to depend on the beach slope (Battjes
et al., 2004) and short wave steepness (Baldock and Huntley, 2002).

Masselink (1995) and Inch et al. (2017) identified IG bound wave evidence based on field measurements.
These authors have found that the IG bound wave lags between 4 to 7 s from the SW envelope and, according
to Janssen et al. (2003), this seems to be a condition for the energy to be transferred from SW to the IG bound
waves. De Bakker ef al. (2013) presented results of the phase-lag evolution of the IG wave behind the SW
envelope. The phase-lag was frequency-dependent and grew from 0, at offshore, up to 1.5 w at the SW
breaking point.

Most of the above mentioned field studies were carried out in open-beaches, which differ significantly
from embayed beaches. These beaches are delimited by two natural or artificial promontories (Short and
Masselink, 1999). Several studies on embayed beaches have addressed extensively the morphodynamics
with time-scales ranging from storm-events to decades (e.g. Loureiro et al., 2012; Castelle and Coco, 2012)
and the rip systems (e.g. MacMahan et al., 2006). IG waves were also found to contribute for a substantial
part of a rip current system (up to 50 %) that eventually is formed (MacMahan et al., 2006). Nevertheless,
the general IG wave dynamic patterns, such as generation, propagation and dissipation, were usually not
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tackled in those studies.

Despite the importance of IG waves and embayed beaches in coastal areas, and to our best knowledge,
there is no evidence of a study that links both. Here, we propose to investigate the IG wave dynamics on an
embayed beach based on field measurements. Topics that are going to be considered are propagation,
generation and phase-lag evolution regarding IG waves. This way the comprehension of IG dynamics on
embayed beaches is extended.

2. Methodology
2.1. Field site and data collection

Field data were collected from 30 September to 1 October 2015 during spring tides at the Vila Praia de
Ancora beach, Portugal (Figure 1 — a) and b)). The Vila Praia de Ancora beach experiences a mesotidal
regime with a mean tidal range of 3 m and is limited by two rocky promontories.

The beach faces west northwest and is exposed to both Atlantic swells and locally generated wind waves.
The cross-shore profile is characterized by a dissipative profile (1:70) up to the mean sea level (MSL)
position, when it suddenly steepens to a slope of approximately 1:20. The beach is composed of medium
sand (Dso = 0.5 mm).
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Figure 1 — Geographic location of the Vila Praia de Ancora beach (a) and b), adapted from GoogleEarth). Topo-

bathymetric profile based on the 2011 LIDAR information and instruments positions (c)). Water depth is relative to
mean sea level.
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Pressure observations were recorded continuously at 2 Hz by three synchronized pressure transducers
(PT) (Figure 1c)). The PT3 was deployed near the intertidal zone and it was attached to a spider-like structure
that allowed us to record the pressure fluctuations in very shallow waters during low-tide. PT2, PT3 and the
acoustic Dopler current profiler (ADCP) were moored in the subtidal zone using a boat.

The bathymetric survey was not performed during the field experiment and the 2011 LIDAR topo-
bathymetric information will be used. The intertidal zone was surveyed using a quad-bike. Offshore SW
conditions measured by the Cabo Sillero buoy (323 m depth) were characterized by a mean significant SW
height of 0.9 m and a mean peak wave period of 9 s. The wave conditions measured by the ADCP were
characterized by a mean significant SW height of 0.7 m, a mean peak period of 10 s and a mean wave
direction 20° south from shore normal. Spring tidal amplitudes varied between -1.6 and 1.8 m relative to
MSL.

2.2. Data processing and analysis

The pressure data were corrected from atmospheric pressure, converted to water depth assuming a vertical
hydrostatic pressure balance and filtered using a 3'-order Butterworth filter in order to separate three
different signals. The tidal signal was obtained with a low-pass filter with a 0.005 Hz cut-off frequency, the
IG signal was band-passed between 0.005-0.04 Hz and the SW signal was band-passed between 0.04-0.33
Hz.

These limits are consistent with several studies on unlimited fetch beaches (e.g. Inch et al., 2017).
Following Janssen et al. (2003), the low-frequency fluctuations associated with the wave groups were
computed using a SW envelope concept.. The envelope is based on the Hilbert transform:

A®) = ™ +ir{n™}g (M

where I'{} denotes the Hilbert transform operator, 1 is the sea-surface elevation and SW and IG stands for
band-pass filtering within the previous mentioned frequencies. The significant wave height for the IG
(Hmo'%) and SW (Hmo®Y) bands were calculated as four times the standard deviation of the sea-surface
elevation time series. Here, 40 min time series centered either at low or high tides were used to ensure that
stationary conditions are met and to guarantee an adequate statistical significance for the auto-spectral, cross-
spectral and cross-correlation estimates. The mean water depth was defined as the mean value of the tidal
signal for each 40 min.

Auto-spectra were computed dividing the signal in 8 Hanning-tappered and 50% overlapped blocks of
1024 samples (~ 38 min). This procedure gave a frequency resolution of 0.002 Hz with 14 degrees of freedom
(dof). Cross-spectra were calculated in a similar way. The squared coherence 95% confidence interval was
calculated based on the dof and this yielded a value of 0.35. Cross-correlation was also computed between
two dependent correlated signals using 4096 samples (N) following Masselink (1995). The reduced number
of independent samples (N*) was calculated using the expression of Garret and Petrie (1981):

N*"'= N7+ 2N 23NN = DRy, () @

where Ryy is the auto-correlation function. The corresponding 95% confidence limits for the auto-correlation
function was estimated as:

1.96/VN* (©)
3. Results and discussion
3.1. Wave statistics
Table 1 presents the hydrodynamic conditions during each tidal cycle of the field experiment. During low-
tides (TIDE 1 and 3), Hmo®Y increased between the ADCP and the PT1 and then decreased shorewards at

PT2 and PT3. This behavior is representative of shoaling and further breaking wave conditions. Since no
video-camera was available, the definition of the water depth at the breaking position cannot be accurately
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determined. Therefore, we assumed a wave height to water depth ratio (y,) of 0.33. This value was found by
Ruessink (1998) on a multiple-barred dissipative profile with a slope of 1:100. It was hereafter assumed that
wave breaking took place between PT1 and PT2 during low-tides and this is, in fact, in accordance with
visual observations during the field experiment.

It was also assumed that during high-tides all the sensors were located seaward from the breaking zone.
The ratio between IG and SW HmO was around 10% during high-tides. During low-tides, this value increased
from 10% up to around 60% for the shallowest sensor (PT3). Even under low-energy conditions, IG waves
contribute that much to wave energy near the shore, consistent with previous studies (e.g. Guza and Thornton,
1985).

Since the offshore wave forcing and tidal levels were similar when comparing both low- or high-tides,
further analysis in this study will regard only the comparison between TIDE 1 and TIDE 2. The SW (thin
lines) and IG (thick lines) sea-surface elevations and the SW envelope (dashed lines) time-series for 500 s
around the mean water depth are compared in Figure 2. During low-tide (Figure 2a)), the IG sea-surface
elevation at PT1 was consistent with the bound wave theory due to the phase lag of 180° from the SW wave
envelope. At PT2, the wave groups were already destroyed due to depth-induced breaking, in accordance
with the assumption made regarding the location of each instrument, and this reduced the fluctuations of the
SW envelope. Further onshore the IG elevation seems to dominate the fluctuations.

During high-tide the behavior was different since the three PTs were located offshore of the breaking
position. Actually, the phase lag of 180° was not so evident probably because of both the deeper water depth
and the low-energetic SW conditions experienced during the field campaign.

Table 1 — Short and infragravity wave parameters for each low- and high-tide observed during the field experiment.

TIDE 1 (low-tide)
PT No. h (m) Hm,'¢ (m) Hm,SY (m) Hmy'¢/HmSW HmoV/h
3 0.42 0.13 0.21 0.63 0.34
2 2.20 0.13 0.37 0.35 0.17
1 3.30 0.13 0.82 0.16 0.24
ADCP 11.5 - 0.67 - -
TIDE 2 (high-tide)
PT No. h (m) Hm,'¢ (m) Hm,SY (m) Hmy'¢/HmyW HmyV/h
3 3.95 0.11 0.80 0.14 0.22
2 5.61 0.09 0.67 0.13 0.12
1 6.88 0.08 0.79 0.11 0.12
ADCP 15.1 - 0.75 - -
TIDE 3 (low-tide)
PT No. h (m) Hm,'¢ (m) Hm,%"Y (m) Hm'/HmW HmoV/h
3 0.68 0.11 0.18 0.60 0.23
2 2.27 0.11 0.38 0.29 0.16
1 3.38 0.14 0.89 0.16 0.26
ADCP 11.6 - 0.74 - -
TIDE 4 (high-tide)
PT No. h (m) Hm,'¢ (m) Hm,%"Y (m) Hm,'/HmW Hm*V/h
3 4.00 0.09 0.68 0.13 0.17
2 5.55 0.10 0.67 0.15 0.12
1 6.82 0.08 0.72 0.12 0.11
ADCP 149 - 0.68 - -

3.2. Infragravity wave propagation

Table 1 and Figure 2 describe the general IG wave hydrodynamics but they are not sufficient to understand
the frequency evolution of the IG wave field. Therefore, the wave spectra of the IG and SW wave band were
computed and shown in Figure 3. Regarding the spectrum evolution during low tide (Figure 3a)), the peak
frequency (f,) was approximately 0.083 Hz and the spectral energy density (SED) associated to the f,
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decreased shorewards. This was representative of SW dissipation across the surf zone. The frequency peak
of 0.166 Hz at PT1 also agrees with the first superharmonic (2 fj).

During high-tide there was only small dissipation around the f, of 0.083 Hz between PT1 and PT3 (Figure
3b)). This is consistent with wave shoaling up to the point of wave breaking. It was also clearly observed the
first and second superharmonics of 0.166 and 0.249 Hz (2 f, and 3 f;,). These observations are in close relation
to the ones reported, for example, by Herbers et al. (2000).

Regarding 1G waves and during low-tide, the most offshore sensor displayed two frequency peaks at
0.015 and 0.025 Hz (Figure 3a) thick blue line). Shoreward, at PT2, these peaks become well defined around
the same frequencies (Figure 3 — a) dashed red line). Very close to the shore, at PT3, the 0.025 Hz peak
increased and the 0.015 Hz peak shifted to an even lower frequency centered close to 0.01 Hz (Figure 3 — a)
dashed-dot black line). During high-tide the behavior was different. The deepest sensor only displayed one
clear low-frequency close to 0.01 Hz. The spectra shifts towards a more broad-banded at PT2 and, finally,
two peaks are distinguishable for PT3. The first peak was around 0.01 Hz and the second close to 0.035 Hz.
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Figure 2 — Time-series of short-wave (thin lines) and infragravity wave (thick lines) sea-surface elevations and
short-wave envelope (dashed lines) around the mean water depth for each instrument and for the low- and high-tide a)
and b), respectively.

The frequency shift observed during low-tide is expected and may result from non-linear near-resonant
interactions between IG and SW (De Bakker et al., 2015) since there was no evidence of energy dissipation
for Hmo'C (Table 1). Two IG wave frequencies may interact with each other and might transfer energy to
other IG wave frequency. For example, the interaction between 0.01 and 0.012 Hz will transfer energy to
0.022 Hz through near-resonant non-linear energy transfer mechanism.

However, the frequency of 0.035 Hz is hardly explained especially if one compares the PT3 at low-tide
with PT1 during high-tide which were approximately at the same water depths (Table 1).

Two different behaviors were detected regarding the previous analysis and two different regimes can be
identified over the IG band. A low-frequency band between 0.005 to 0.02 Hz which experienced frequency
shifts to lower frequencies. A high-frequency band between 0.02 to 0.04 Hz which displayed an energy grow
shorewards. This separation in two IG wave bands with different behaviors is similar with other studies (e.g.
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Fiedler et al., 2015).

10° 10°
= T
L L
o " (Y]
£ 107} E 10
2 i
107} 107
10° 10°

f (Hz) f(Hz)

Figure 3 — Infragravity wave band spectrum for PT1 (solid blue lines), PT2 (dashed red lines) and PT3 (dashed-dot
black line) during: a) low-tide, and b) high-tide.

3.3. Infragravity wave generation

The generation of IG wave energy is addressed in this section. Similar to other authors, the cross-
correlation between the SW envelope and the IG sea-surface elevation was calculated at the location of each
PT both for low- and high-tide (Figure 4). During low-tide, at PT1 there was a negative correlation for a time
lag of approximately 5 s (Figure 5 — a) thick blue line).

Further shoreward, at PT2, the correlation weakens and a negative value is seen at a lag of 18 s. Near the
shore, at PT3, it seems that the SW envelope is forcing the IG wave because the positive correlation for a
time lag of 5 s is in agreement with the breakpoint mechanism.

During high-tide, the correlations for a time lag close to 0 s were negative both for PT1 and PT2.
Shorewards, at PT3, there was in fact a significant negative correlation value for a small time lag (~5 s) but
also another, and stronger, at a time lag of 35 s.

During low-tide, these results showed an evidence of the bound wave generation mechanism in a similar
way reported by other authors (e.g. Masselink, 1995). Close to the shoreline, the positive peak seems to
indicate the breaking point mechanism but this can be highly debatable when looking to Figure 2 — a). For
such shallower depths, the SW envelope no longer exists because the wave groups were destroyed during
breaking. During high-tide, the same evidences can be detected at PT1 and PT2 regarding the bound-wave
mechanism.

The pattern observed for PT3 during high-tide was more intriguing. We tried to understand if these peaks
were related to the time lag that a free wave generated at PT3 takes to propagate shorewards, reflects at the
shoreline and reach the PT3 position. Considering a total distance of 120 m and a wave celerity equals to 6.3
m/s (h =4 m) the time interval should be 20 s. Therefore, no explanation was found to support these results.

The cross-correlation between the SW envelope at PT3 and the IG sea-surface elevation at each PT was
also computed and shown in Figure 5. During low-tide, it was observed a negative correlation value of -0.05
for a time lag of approximately 4 s at PT2 and another negative value close to -0.1 for a lag of 18 s at PT3.
This negative correlation values can be an evidence that the SW envelope at PT1 is still correlated with the
IG sea-surface elevation at PT2 and PT3. During high-tide the behavior was different. It was observed that
at PT2 there was a negative correlation value of -0.07 for a time lag of 30 s. At PT3, all the correlation values
are within the 95% confidence limits and there is no correlation. This last evidence implies that the IG wave
at PT3 is no longer forced by the SW envelope at PT1.
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Figure 4 — Cross-correlation between the short-wave envelope and the infragravity wave elevation for PT1 (thick
blue lines), PT2 (dashed red lines) and PT3 (dashed-dot black line) during low- and high-tide a) and b), respectively.
Thin black lines represent the 95% confidence intervals of the cross-correlation estimates.
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Figure 5 — Cross-correlation between the short-wave envelope at PT3 and the infragravity wave elevation at PT1
(thick blue lines), PT2 (dashed red lines) and PT3 (dashed-dot black line) during low- and high-tide a) and b),
respectively. Thin black lines represent the 95% confidence intervals of the cross-correlation estimates.

3.4. Infragravity wave phase evolution

In order to better understand the infragravity wave phase evolution, the cross-spectra between the SW
envelope and the IG elevation were computed both for low- and high-tide (Figure 6). The absolute value of
the cross-spectra for each PT was computed to understand if there was in fact some energy present at that
frequency (Figure 6 — left panels). The phase lag evolution of the IG elevation behind the SW envelope
(Figure 6 — right panels) was also computed.

The evolution presented at Figure 6 —b) is very similar to the one presented by several authors (e.g. Battjes
et al., 2004). The IG wave starts to lag behind the SW envelope and this increases shorewards. Also, the
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frequencies between 0.02 and 0.04 Hz increased more than the frequencies between 0.005 and 0.02 Hz. These
evidences further supports the different characteristics of two IG wave bands. At high-tide, considerable
scatter occurred and the results are difficult to interpret. Besides, the majority of the phase lags were between
0 and 0.5 and this is consistent with the expected lags that would occur before the breaking region.
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Figure 6 — Cross-spectrum between the short-wave envelope and the infragravity wave elevation for PT1 (thick blue
lines), PT2 (dashed red lines) and PT3 (dashed-dot black line) during low- and high-tide a) and c), respectively. Phase
lag between the short-wave envelope and the infragravity wave elevation for PT1 (blue), PT2 (red) and PT3 (black)
during low- and high-tide b) and d), respectively. Circles stands for values where the squared coherence was greater
than 0.35 and dots for values where it was lower.

Finally, the cross-spectra between the SW envelope at PT3 and the IG sea-surface elevation at each PT was
also computed (Figure 7). During low-tide, the phase-evolution rapidly increases for frequencies above 0.02
Hz at PT1. This evidence is again consistent with the different behavior between the two IG wave bands.
Moreover, the vast majority of the coherence values at PT2 were not significant at 95% confidence level
which might indicate that the two signals are not correlated and this is in agreement with the small values of
the correlation coefficient between the SW envelope at PT3 and the IG sea-surface elevation at PT2 (Figure
5 —a)). Regarding high-tide, the scatter presented in the phase-evolution (Figure 7 — d)) did not allow any
interpretation of the results.
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Figure 7 — Cross-spectrum between the short-wave envelope at PT3 and the infragravity wave elevation at PT1
(thick blue lines), PT2 (dashed red lines) and PT3 (dashed-dot black line) during low- and high-tide a) and c),
respectively. Phase lag between the short-wave envelope at PT3 and the infragravity wave elevation at PT1 (blue), PT2
(red) and PT3 (black) during low- and high-tide b) and d), respectively. Circles stands for values where the squared
coherence was greater than 0.35 and dots for values where it was lower.

4. Conclusions

Field data presented in this study depart from other field studies because these data were obtained in an
embayed beach. The IG wave energy increased shoreward during low-tides and remained similar during
high-tides. Two different IG wave bands were identified: from 0.005 to 0.02 Hz and from 0.02 to 0.04 Hz.
The cross-shore spectral evolution during low-tide supports the near-resonant non-linear energy transfer
mechanism between IG wave frequencies. Two lower IG wave frequencies interact with each other and
energy is transferred to the higher IG wave frequency. The value of this high IG wave frequency corresponds
to the sum between the two low IG wave frequencies.

IG wave generation was greatly explained by the bound wave theory because a strong negative correlation
occurred between the SW envelope and the IG wave elevation for a time lag of approximately 5 s. The phase-
lag evolution between the SW envelope and the IG wave elevation increased shoreward and was frequency-
dependent consistent with previous observations.
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