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Abstract

This work aims to contribute to the characterization and understanding of infragravity waves on two beaches with
erosion problems. For this reason, we have used an array of ADCP and a pressure sensor to measure wave
parameters and pressure inside and outside of the surf zone during the dry and rainy period in the beaches of
Galerazamba and Manzanillo del Mar (both dissipative and eroded beaches) located in the Colombian Caribbean
coast. Based on these measurements, we have carried out a spectral analysis in order to identify the frequency
components that characterize the wave and its energy; thus, we identified the characteristic frequencies of
infragravity waves to finally filter the infragravity signal on each beach in different seasonal periods. Among the
results of the Welch spectrum applied to surface elevation time series, we found that, the frequencies’ energy of
the sea-swell band decreases due to bottom friction and wave breaking as the wave approaches the shore, while
the frequencies’ energy of the infragravity band increases significantly. In addition, for the wavelet analysis, we
could observe how the energy of the infragravity band, especially the lowest frequencies gain energy as the waves
approaches the coast. Furthermore, based on the infragravity wave obtained from the extreme wave event
registered during the field campaign we can conclude that the contribution of this signal is important in the
erosion problems presented in the beaches of Galerazamba and Manzanillo del Mar. Finally, these results show
the need to realize other studies that allow us to understand deeply, the role of infragravity waves on the

morphological changes that occurs in these beaches.
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1 Introduction

Describe complex phenomena such as sediment transport,
coastal hydrodynamics modeling requires an accurate represent-
ation of the most complex interactions between small and large
scale movements throughout the water column. Field and labor-
atory measurements shows that low frequency oscillations have
an important contribution to the amount of energy within the
surf zone (Aagaard and Bryan, 2003; Elgar et al., 1992).

In its generation zone, wave is generally comprised of waves
with different directions and frequencies. These waves are classi-
fied and named according to their period as: gravity waves, those
with periods between 1 s and 30 s; and infragravity waves, those
with periods between 30 s and 300 s (Munk, 1949). There have
been many breakthroughs in the field of short-period oscilla-
tions, which have made it possible to determine wave’s paramet-
ers with high accuracy (e.g., Eckart, 1952; Elgar and Guza, 1985).
However, despite the extensive theoretical work and laboratory
and field experiments carried out in order to identify possible
sources of infragravity energy, the exact mechanism of genera-
tion of these oscillations remains to be ascertained (Ruessink,
1998b).

Furthermore, adequate experimental information is not avail-
able, which prevents us from characterizing a forcing condition
that reflects the interaction between short wave and long wave

components, when applied to any of the developed theoretical
models (Lara et al., 2004). Currently, it is known that this type of
waves are oscillations of the mean sea level with periods ranging
from 30-300 s (Munk, 1949); they are generated through two
mechanisms, both associated with wave height modulation, in
the wave groups scale. The first mechanism, through nonlinear
interactions among incident short waves, is the releasing of the
bound long waves when group structure of sea-swell waves is
destroy in the breaking process (e.g., Dong et al. 2009a; Herbers
et al.,, 1994; Longuet-Higgins and Stewart, 1962); In this ap-
proach, the short waves form a group structure that generate a
second order wave of less frequency (called the bound long
wave). The bound long wave travels with the group (means that
the bound long wave celerity is the group celerity), when the
short waves begin to break by the interaction with the beach
slope, the group structure disappears and the bound long wave
can propagate as a free long wave (with ¢ = \/g—h ). When the long
wave is traveling with the group, its magnitude is in terms of cen-
timeters, even decimeters in deep water (Webb et al., 1991);
however, the magnitude of the long waves increase as these oscil-
lations reach the coast by interaction with the beach slope (Lara
et al., 2004). The second mechanism is through the varying
breakpoint position (e.g., Dong et al. 2009b; Symonds et al.,
1982), in this mechanism it is proposed that the point of break-
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ing acts like a wave generator, where the long wave its generated
by the interaction between the outgoing wave (produced by the
changing of the breaking point) and the reflected one. It is im-
portant to highlight that the variation of breaking point do not as-
sumed a bound wave, so the amplitude of the long wave de-
pends on the phase difference between the incident and the re-
flected long wave.

Other studies (e.g., Guza and Thornton, 1982; Holman and
Bowen, 1982; Holman and Sallenger, 1985) suggested that infra-
gravity waves were related to coastal erosion, problems in coastal
structures and coastal flooding (run-up) processes. Guza and
Thornton (1982), Holman and Sallenger (1985), Oltman-Shay
and Guza (1987), Wright et al. (1986) conducted the first field re-
search on infragravity oscillations; however, since the breaking
point, the wave energy and grouping factor cannot be controlled
in these environments, it was difficult to study these waves on
natural beaches. On the other hand, subsequent field studies
showed that in some low-slope dissipative beaches (=1:200),
there was a reduced infragravity wave height rather than the ex-
pected increase (Ruessink, 1998a). Since these initial observa-
tions were made, many authors have reported several mechan-
isms of infragravity energy dissipation in recent literature.
Henderson and Bowen (2002) suggested that bottom friction was
the main mechanism of energy dissipation; however, because
drag coefficient values for sandy beaches was too high in the bot-
tom friction formulations, Henderson et al. (2006) suggested a
nonlinear energy transfer from infragravity frequencies to sea
and swell frequencies. On the other hand, laboratory measure-
ments introduced the concept breaking of infragravity waves
(e.g., Battjes et al., 2004; Van Dongeren et al., 2007; Lin and
Hwung, 2012). Finally, De Bakker et al. (2014) showed that dissip-
ation of infragravity wave depended on their frequencies. Infra-
gravity waves with frequencies higher than =0.016 7 to 0.024 5 Hz
dissipated as they reached the coast, while lower frequencies
showed little energy dissipation.

In this study, we analyzed infragravity oscillations in mi-
crotidal beaches with erosion problems for two wave conditions
(average and extreme condition), obtained from hydrodynamic
measurements realized on dissipative beaches located on the
Colombian Caribbean coast during two periods (dry and wet
periods) (Fig. 1). We will specifically check energy changes in the
infragravity band during average and extreme conditions to see
the importance of this oscillation in these beaches, keeping in
mind that previous studies associated the erosion problems of
these beaches only to the gravity waves. Finally, we realized the
spectral analysis (Fourier and wavelet analysis) in order to filter
the signal and study the changes in wave height and dominant
frequencies as the infragravity wave approaches the coast.

2 Materials and methods

2.1 Study area

To carry out the analysis of infragravity waves, we selected
two beaches: Galerazamba and Manzanillo del Mar; located
northwest of the Colombian Caribbean coast (Fig. 1).

Manzanillo del Mar and Galerazamba are dissipative beaches
with slopes $,,=0.007 and f;=0.001, respectively (Fig. 1). Thus in
these beaches, especially in the surf zone and swash zone, the
energy of the infragravity waves is higher than the energy of the
gravity waves (Wright and Short, 1984). Due to their location in
the Colombian Caribbean coast, they have a microtidal system
(e.g., Restrepo et al., 2012). Wave climate for the continental shelf
of both beaches is dominated by waves coming from the north-

east and east-northeast. Nevertheless, this area is also affected by
waves coming from the west and southwest to a lesser extent. At
seasonal scale, wave variability depends on the seasonal period.
There are two seasonal periods in Colombia as a result the Inter-
tropical Convergence Zone (ITCZ) movement. The dry period
runs from December to April. It is characterized by strong winds
coming from the northeast, therefore, the largest waves are gen-
erated at this time of year (mean H=2.3 m). The rainy period
runs from August to November. It is characterized by high rain-
fall and a decrease in wind speeds, resulting in a gentle swell
(mean H=1.1 m) (Ortiz et al., 2013).

According to Rangel-Buitrago et al. (2015), the beaches of
Galerazamba and Manzanillo del Mar present high erosion rates.
The study showed that the coast line retreat on these beaches
reaches up 1.5 m/a due to several causes as sea level rise and the
strong waves of the zone associated with extreme events.

2.2 Methodology

To investigate the importance of infragravity waves in the
beaches of Galerazamba and Manzanillo del Mar, it is necessary
to obtain the infragravity wave component, to do that in both
beaches were realized measurements of wave parameters like
significant wave height (H,), peak period, mean wave direction,
currents and sea level in the surf zone during the dry and rainy
period. We placed an ADCP and a pressure sensor in April (dry
period) and November (rainy period) to observe the evolution of
the infragravity wave in each of these beaches (Fig. 2).

The ADCP was moored 10 m deep to measure the wave every
hour, with a burst length of 2 048 samples at a rate of 2 Hz. The
pressure sensor was placed 1.9 m in the surf zone to carry out
measurements every hour with a burst length of 2 048 samples at
arate of 2 Hz.

From the significant wave height time series measured by the
ADCP during the dry and wet periods, an average condition and
an extreme condition were defined for each beach, the average
conditions refers to the mean condition presented in each peri-
od and the extreme condition is the highest value recorded by the
ADCP in each beach in any period. The average condition for
Manzanillo del Mar in the dry and wet period were 0.6 m and 0.5
m respectively, and the extreme condition was 0.86 m during the
dry period. On the other hand, for Galerazamba the average con-
dition in the dry and wet period were 1.2 m and 0.6 m, respect-
ively and the extreme condition was 1.61 m during the dry peri-
od. The sea state chosen for graph the spectra of the mean (aver-
age) condition and extreme condition was obtain by selecting an
specific date with the same values of significant wave height
found in the average condition and in the extreme condition.

With the average and extreme condition already defined for
each beach, we carried out an spectral analysis to the surface el-
evation time series associated to these conditions, in order to
identify the frequency components that characterize the wave
and its energy. The spectral analysis was carried out using a
Welch periodogram, each section was windowed with a Ham-
ming window, the total segments used was 8 with a 50% of over-
lapping.

Finally, we used the continuous wavelet transform (CWT)
(Dong et al., 2008; Huang, 2004; Liu, 1994; Massel, 2001; Morlet et
al., 1982) to characterize the propagation of the infragravity wave
from the ADCP to the pressure sensor, around the dominant fre-
quencies before and after reaching the surf zone. To achieve this,
we followed the routine developed by Torrence and Compo
(1998). The CWT (W,) of a discrete sequence x,, is defined as the
convolution of x, with a scaled and translated version y, (1):
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Fig. 1. Study area. a. Colombian Caribbean coast and b. Bathymetry study area (1. Manzanillo del Mar; 2. Galerazamba).

P (n' —n)dt
Wa(s) = D xwy’ {f} (1)
,,,

where * indicates the complex xconjugate, y represents to the
mother function (i.e., Morlet, Mexican Hat, Doubechies) and &¢
represents the temporal resolution. We used a Morlet wavelet,
because of its good performance when working with wave time
series (e.g., Ma et al., 2010, 2011).

The Normalize Morlet wavelet is defined as

vo ) = n terte %,

@

where the subscript o indicates that the  must be normalized, o,
is the non-dimensional frequency, and 7 is a dimensionless time
parameter.

Through this process, it is possible to obtain information
about a non-stationary time series for frequency, time and en-
ergy dimensions (R6zynski, 2007), in order to determine which
frequencies gain energy, as the wave approaches the coast.

2.3 Signal pre-processing
We subtracted the mean sea-level and trend from each data
obtained by the sensors. Then, in order to apply the spectral
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treatment, we transformed pressure time series to surface eleva-
tion time series by a transfer function based on linear theory, the
same used in Lara et al. (2004). Figure 3 shows the time series
measured by ADCP before and after these techniques; it also
shows the long save component within the pressure time series.
After noting infragravity contribution in each beach during
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both seasons, we applied a finite impulse response band pass fil-
ter (FIR) with 1 121 coefficients (e.g., Soe et al., 2008), to obtain
the infragravity signal in each season, the cut off frequencies
chosen for the infragravity band were 0.003 Hz<f<0.05 Hz. The
lower limit was set according to Brinkkemper et al. (2013) to
avoid the contribution of larger waves than infragravity waves.
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Fig. 3. Pressure time series obtained by the ADCP (thin line) and long wave component (dark line) (a), and surface elevation time

series measured by the ADCP (b).

3 Results and discussion

Figure 4 shows the significant wave height time series (H,)
measured by the ADCP for both beaches during the two periods.
It is evident that Galerazamba presented more energetic waves
during the dry period, consistent with the fact that it is more ex-
posed to waves than Manzanillo del Mar. We observed that
Galerazamba presented significant variation of H, during the dry
season, due to the high pressure system of the Azores. This
brought as a consequence that in the April’s last week the winds
on the Caribbean coast increased and therefore the incident
waves (Duran et al., 2012). However, during the rainy period, the
wave energy of Galerazamba was slightly higher than Manzanillo
del Mar (Fig. 4).

For average condition, the spectral analysis applied to the
surface elevation time series (chosen from an specific date with
the same H, of the average condition) show that gravity waves in
Galerazamba are more energetic than Manzanillo del Mar in the
two periods (Figs 5 and 6), and we could also observed that there
is energy contribution in the low frequency band. Upon finding
the energy contribution in low frequency bands, we applied the
FIR filter with 1 121 coefficients to each surface elevation time
series.

Figure 7 shows infragravity signals of Manzanillo del Mar and
Galerazamba received by the ADCP during the dry period and

Fig. 8 shows the infragravity signal for both beaches during the
rainy period. From these figures, it is possible to observe that the
infragravity signal is stronger in Galerazamba than Manzanillo
del Mar. Specially, the height variation in the surface elevation
does not exceed 3 cm during the dry period and 1.5 cm during
the rainy period, the small amplitude suggest that this wave is
still forced by a wave group. In order to verify if the infragravity
wave is still forced by the wave group, the comparison between
this wave and the envelopment of the short waves was made.

In Figs 9a-d, the cross correlation analysis shows a negative
correlation between the envelopment of the short waves and the
long waves at the travel time zero, for the beaches of
Galerazamba and Manzanillo del Mar during the two periods,
suggesting that the infragravity waves are still forced by the wave
group at the ADCP. However, to confirm that the infragravity en-
ergy is due to the release of bound long waves, the cross correla-
tion analysis between the envelopment of the short waves at the
ADCP and the long waves at the pressure sensor was applied for
the two beaches and both periods (dry period and wet period). In
Figs 9e-h the results of the cross-correlation analysis are shown.
From these graphs it is possible to notice that in the time re-
quired to travel from the ADCP to the pressure sensor, the cross
correlation for the two beaches during both periods was negative
which confirms that the IG energy is generated by the release of
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bound long waves.

We applied the above procedure to the time series measured
by the pressure sensor. Spectral analysis (Fig. 10) shows that
wave energy measured by the pressure sensor during the dry
period is lower than the measured by the ADCP (Figs 5 and 6),
probably due to wave energy loss resulting from phenomena
such as wave breaking and bottom friction; a similar situation oc-
curs with the spectra measured by the same sensor during the

rainy period. In addition to this, we could observe swell waves
due to decreased local wind waves producing sea waves in the
spectra of measurements carried out during this period.

Once we have identified the infragravity component in the
spectra of the data measured by the pressure sensor, we filtered it
and obtained higher values of surface elevation (Fig. 11) than
those measured by the ADCP (Figs 7 and 8). This result is consist-
ent with the fact that the maximum infragravity energy is usually
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found in the surf and swash zone (Oltman-Shay and Guza, 1987).

Figure 11 shows that maximum amplitude of the infragravity
signal is higher during the dry period than the rainy period where
maximum amplitudes recorded values do not exceed 4 cm. This
agrees with Ruessink (1998a), who states that the higher the en-
ergy of the incident wave, the higher the energy of the infragrav-
ity component.

3.1 Extreme condition

During these campaigns, we could identify the most energet-
ic sea states for Manzanillo and Galerazamba beaches. The most
energetic wave event in Galerazamba presented a significant
wave height of 1.61 m, while for Manzanillo del Mar the highest
significant wave height was 0.86 m. We also applied spectral ana-

lysis to the time series measured by ADCP and the pressure
sensor during these extreme conditions (Figs 12 and 13). These
spectra show how the energy of the high frequencies decreases
due to the wave breaking and bottom friction as the waves ap-
proaches to the shore, while the low-frequencies energy (infra-
gravity waves) increases, these findings shows that in the beaches
of Galerazamba and Manzanillo del Mar, the role of infragravity
waves is very important (in terms of energy) because the energy
associated to the infragravity waves do not dissipate as the waves
approach to the coast, while the energy associated to the gravity
waves dissipate as the waves approach to the coast.

By filtering the infragravity signal for Galerazamba (Fig. 14)
we could observe that the maximum height measured by the AD-
CP was 8 cm. When the infragravity waves is measured by the
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pressure sensor the maximum height found was 18 cm. This cor-  urement, it is important to note that this increase is given for a
responds to an increase of 125% compared to the ADCP meas- significant wave height of 1.6 m (the maximum value recorded
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during the campaign). However, the increase may be much high-
er when appearing more energetic wave conditions, highlighting
the importance of these oscillations in the coastal flooding phe-
nomena. On the other side, the maximum height measured by
the ADCP in Manzanillo del Mar was 5 cm. When the infragravity
waves is measured by the pressure sensor the maximum height
found was 8 cm. This corresponds to an increase of 60% com-
pared to the ADCP measurement (Fig. 15).

3.2 Wavelet analysis

Finally, we calculated the wavelet spectrum to determine the
information of the magnitude, frequency and temporal occur-
rence of long-wave energy packages in surface elevation time
series measured during the extreme condition. The surface eleva-
tion time series of the sea-swell band for the beaches of
Galerazamba and Manzanillo del Mar are shown (Figs 16a and
17a) with its wavelet spectrum (Figs 16b, 16¢, 17b, and 17¢) as
well as, the surface elevation time series of the infragravity band
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Fig. 14. Infragravity signal in Galerazamba during the more energetic wave event as measured by ADCP (a) and pressure sensor (b).

and its wavelets spectra for the ADCP (Figs 16d, 16e, 16f, 17d, 17e,
and 17f).

For Galerazamba the wavelet analysis shows that energy is
concentrated around the peak period of 8 s throughout the burst
duration. This result is consistent with the spectral analysis (PSD)
of the same series (Fig. 12a) which evidences the frequency with
the maximum energy is 0.125 Hz (T=8 s). However, at low fre-
quencies it is not possible to determine which ones have higher

energies in the infragravity band. Therefore, by applying the
wavelet analysis to the infragravity band, it is possible to identify
that the highest energy contribution takes place at a frequency of
about 0.020 Hz (T=48 s) (Fig. 16f).

Figures 18 and 19 show the results for the pressure sensor for
both beaches. It is evident that the wave in sea-swell band keeps
its maximum energy in a period of 8 s (Figs 18c and 19c).
However, when comparing the energy values of both sensors we
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found that the energy value in the pressure sensor is lower for the
gravitational band. This result confirms our findings through
Welch spectra regarding the surface elevation signals measured
by the ADCP and the pressure sensor during the highest energy
event. On the other hand, Figs 18f and 19f show frequencies that
appear in the infragravity band with higher energy. When com-
paring Figs 16f to 18f we can observe that the energy of the
highest frequencies lose energy while the lower frequencies gain
energy as waves approach the shore, since the period 48 s com-
ponent loses energy, and the 64 s period component gain energy.

For Manzanillo del Mar, we observe a similar behavior, because
Figs 17f and 19f show an energy loss from highest frequencies
and an energy gain for the lower frequencies as waves approach
the shore (the period of 32 s losses energy, while the 64 s period
component gains energy).

These results agree with those found by de Bakker et al.
(2014) where it is shown that in a dissipative beach the energy of
the high frequencies decrease, while energy of the low frequen-
cies increase. On the other hand, it is also possible to observe that
the infragravity frequencies presented near to the shore for
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Galerazamba range from 0.020 8 Hz (T=48 s) to 0.015 6 Hz (7T=64
s), and for Manzanillo del Mar range from 0.031 2 (7=32 s) to
0.015 6 Hz (T=64 s). These values are lower than the values found
by de Bakker et al. (2014), suggesting that the infragravity energy
that is present in these beaches does not dissipate as they reach
the coast. While, the gravity (sea-swell) energy will dissipate due
the wave breaking and bottom friction.

It is important to note that although Fig. 18f shows an energy
contribution in the 500 s period component, in Fig. 18e this com-
ponent is below the curve of statistical significance and it should
not be considered.

4 Conclusions

We have carried out an experimental infragravity wave ana-
lysis for two case studies of dissipative beaches (Galerazamba
and Manzanillo del Mar). Based on the spectral analysis of sur-
face elevation time series, we found that the frequencies’ energy
in the sea-swell band decreases due to wave breaking and bot-
tom friction as the wave approaches the coast, while the energy
of some frequencies in the infragravity band increases. However,
it is not possible to identify which of the components within the
infragravity band gain energy as the wave approaches the coast
from this analysis because the energy of the infragravity frequen-
cies does not follow a known pattern.

Through the wavelet analysis, we found that the energy from

the sea-swell decrease, while the energy of the infragravity band
increases as the wave approaches the coast (as shown in the
above discussion from Fourier analysis). However, we could de-
termine within the infragravity band the frequencies that have
higher energy, thus determining that the energy within the infra-
gravity band is gained by the lowest frequencies as the wave ap-
proaches the shore. It was also possible to find that the frequen-
cies that gain energy while the waves reach the coast are lower
than 0.016 7 Hz, hence we can conclude that the energy associ-
ated with these frequencies does not dissipate as waves ap-
proach the coast.

By filter the infragravity wave from the maximum wave event
recorded during the field campaign in Galerazamba and Man-
zanillo del Mar, we can hint the importance of the contribution of
this signal in coastal flooding processes, since it was 18 cm
(Galerazamba) and 8 cm (Manzanillo del Mar) high when meas-
ured near the coast, i.e., 125% and 60% higher than the average
condition for Galerazamba and Manzanillo del Mar. From the
wavelet analysis, we establish that these waves play an important
role on morphological changes, because we were able to determ-
ine the frequencies of these waves that gain energy as they ap-
proach the coast and by comparing these frequencies with the
frequencies found from de Bakker et al. (2014) for a dissipative
beach establish that the energy of infragravity frequencies
presented in both beaches do not dissipate as they approach to
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the coast. We therefore believe the infragravity waves should be
taken into account in the processes of coastal flooding and also
on morphological changes on dissipative beaches.
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