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Abstract - The dissipation of the sea-swell frequency band energy (nominally 0.09 <f «;_ 0.3 Hz) and the distribution of 
low frequency band energy (nominally 0.005 «;_.f «;_ 0.09 Hz) on a transect crossing the surf and swash zones of a fine 
grained, gently sloping barred beach are investigated with data from a five element synchronous pressure sensor line 
deployed for 8 d. In this paper, we suggest a rational method to determine the frequency eut-off between the low 
frequency band and the sea-swell frequency band from the cross-shore evolution of the sea surface elevation energy 
density spectra. Sea-swell wave heights are depth limited, consistent with previous works whereas low frequency wave 
heights are independent of the local water depth. In models of surf zone hydrodynamics, wave energy dissipation is often 
parameterized in terms of y, the ratio of the sea-swell significant wave height to the local mean water depth. The 
observed values of y are well correlated with ~/kh (where ~ is the beach slope, h the mean water depth and k the local 
wavenumber corresponding to the local centroidal frequency and depth) but the linear regression through the data differs 
significantly from previous work. Finally, the evolution of the energy distribution in both frequency band indicates the 
local (not only dependent on the depth) behaviour of two phenomena: the phenomenon of merging shocks and the 
distribution of low frequency band into two components - principally infragravity motions (0.005 «;_.f < 0.05 Hz) or first 
subharmonic motions (0.05 «;_f < 0.09 Hz).© 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS 

Résumé - Observation de la transformation d'une houle irrégulière en zone de surfle long d'un profil transversal 
sur une plage sableuse de pente modérée sur la côte atlantique française. La dissipation d'énergie des vagues 
(fréquences entre 0,09 et 0,3 Hz), et la distribution des ondes basses fréquences (fréquences entre 0,005 et 0,09 Hz) le 
long d'un profil transversal ont été étudiées à partir de données acquises à l'aide d'une ligne de cinq capteurs de pression 
synchronisés, déployés 8 jours consécutifs dans la zone de surf d'une plage sableuse de pente modérée, présentant des 
systèmes barre-baïne. Nous proposons une méthode rationnelle afin de déterminer la fréquence de coupure entre les 
basses fréquences et les hautes fréquences (houle et mer du vent) basée sur l'évolution du spectre de densité d'énergie le 
long du profil transversal. En zone de surf, la hauteur des ondes hautes fréquences (vagues) est contrôlée par la hauteur 
d'eau locale alors que la hauteur des ondes basses fréquences est indépendante de la hauteur d'eau locale. Dans les 
modèles hydrodynamiques utilisés en zone de surf, la dissipation d'énergie est souvent paramétrée en terme de y, le 
rapport entre la hauteur significative des vagues et la hauteur d'eau locale. Les données indiquent que y est fortement 
corrélé à ~/kh (où ~ est la pente de la plage, h la hauteur d'eau locale et k le nombre d'onde associé à la fréquence 
centroïdale locale). Néanmoins, la régression linéaire obtenue diffère de manière significative de celle obtenue dans de 
précédentes études. Enfin, le suivi de l'évolution de la distribution de l'énergie au sein des bandes a permis de mettre en 
évidence deux phénomènes locaux ne dépendant pas uniquement de la profondeur : le phénomène de fusion de fronts 
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d'ondes et la répartition del' énergie basse fréquence entre deux modes - soit onde infragravitaire, soit sub-harmonique. 
© 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS 

cross-shore approach / wave spectra / wave dissipation / infragravity waves 

profil transversal/ spectre de densité d'énergie/ dissipation des vagues/ ondes basse fréquence! 

1. INTRODUCTION 

An improvement in the knowledge of the mechanisms of 
wave breaking and energy dissipation on beaches is 
essential in order to better understand and quantify most 
coastal sedimentary processes. As waves shoal onto 
beaches, their amplitude increases, their wavelength de­
creases and their propagation direction refracts toward 
shore-normal incidence. These 'linear' propagation ef­
fects are readily observed and well understood. Breaking 
waves are the main driving force of near-shore fluid 
motions and sediment transport. In the surf zone, turbu­
lence generated by broken waves carries sediment away 
from the bed and throws it into suspension. The sediment 
is then available for transport by waves or wave-induced 
steady currents such as long-shore currents or rip currents 
(Dalrymple, 1979; Falqués et al., 1999). The distribution 
of the wave heights plays an important role in the 
determination of water motions. Thus the ratio of the 
wave height to the water depth (y) is a key parameter in 
parametric wave models, such as the energy decay model 
of Battjes and Janssen (1978). Additionally, pronounced 
non-linear effects in shallow water cause a transformation 
of wave profiles from initially symmetric, nearly sinusoï­
dal profiles, to asymmetric, pitched forward sawtooth 
profiles (Svendsen et al., 1978; Elgar and Guza, 1985; 
Norheim et al., 1997). These non-linear effects can also 
force secondary (infragravity) waves, which are released 
as free waves (List, 1992). These infragravity waves are 
weakly dissipated in the surf zone and survive to be 
reflected at the shoreline. Symonds et al. (1982) have 
subsequently shown that slow oscillations in the wave 
set-up (associated with slow variations of the breakpoint 
location of groupy incident swell) can also drive infra­
gravity waves. These long-period waves are believed 
important to constrain near-shore morphodynamics such 
as sand bar generation and beach cusp development 
(Bowen and Inman, 1971; Bowen, 1980; Kirby et al. 
1981; Short and Aagaard, 1993). 

One of the main purposes of this study is to report 
observations of surf characteristics and low frequency 
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oscillations from a set of experiments conducted on an 
intermediate dissipative beach. Thus, the evolution of thel 
sea surface energy, estimated from the energy density 
spectra (EDS) of an irregular wave field in the surf zone 
has been further investigated. In particular, we will 
characterize the energy evolution of two frequency 
bands: the sea-swell band (nominally in the band 
0.09 <J-::;, 0.3 Hz) and the low frequency band (nomi­
nally 0.005 <J-::;, 0.09 Hz), including the 'infragravity' 
band. 

Our study is based on data collected from a cross-shore 
line of five bottom-mounted pressure transducers on a 
gently sloping barred beach on the southem part of the 
French Atlantic coastline. Although data were collected 
over 8 d, the measurements presented in this study were 
taken over two high tide cycles, in the presence of low 
energy incoming swell. Conditions were typical of weak 
wind sea, as the waves were irregular and relatively 
weak. 

This study suggests a rational method to determine the 
frequency eut-off between the low frequency band and 
the sea-swell frequency band. Although the range of 
wave conditions was limited during the experiment, this 
study analyses the sea-swell significant wave height 
dependence on the local mean water depth. Our results 
are compared with a previous study where sea conditions 
and study area characteristics were different. In the 
following, the experiment is first described, and then the 
observations are analysed and compared to previous 
works. 

2. MATERIALS AND METHODSI 

2.1. The study area characteristicsl 

This study is based on data collected during field 
experiments carried out during 8 d in May 1998. This 
fieldwork is part of a French national research pro 



gramme on sandy beach evolution (Programme national 
d'environnements côtiers). One of the programme's goals 
is to improve the understanding of the hydrodynamical 
process generating sediment transport. The data described 
in this paper were collected at Truc Vert beach, which is 
situated on the southem part of the French Atlantic 
coastline approximately 10 km north of the Cap Ferret 
spit (figure 1). Truc Vert beach is typical of the relatively 
undisturbed coast extending 100 km between the Gironde 
estuary (90 km to the north) and the Arcachon inlet 
(10 km to the south). This is a low sandy coast, almost 
N-S orientated and bordered by high Aeolian foredunes. 
The sediment consists primarily of a medium-grained 
quartz sand with a median particle size around 350 µm 
(Lorin and Viguier, 1987). This coast is exposed to almost 
continuous high energy swell originating mainly from the 
west-northwest. The wave climate is typically oceanic, 
with a mean period of 12 s and a mean significant wave 
height of 1.55 m during winter conditions and a mean 
period of 7 s and a mean significant wave height of 0.9 m 
during summer conditions. The high meso-macro tidal 
range, approximately 4.5 m at spring tides, along with the 
relatively broad intertidal region (around 200 m), allows 
instruments to be deployed and recovered safely at low 
tide while measurements can be obtained at high tide. The 
beach exhibits a ridge and runnel system in the dissipa­
tive lower intertidal domain, and a steeper beach face 
(figure 2). Off the beach, crescentic long-shore bars are 
found, as described in Froidefond et al. (1990) and more 
recently in Michel and Howa (1994). Truc Vert beach is 
classified as intermediate type 2e (following Masselink 
and Short, 1993). 

lt is worth noting that this beach is not submitted to any 
anthropic influence and is outside the influence of the 
Arcachon inlet and the Gironde estuary. This is evident in 
the mean horizontal current magnitudes at a bottom­
mounted current meter (fixed 0.6 m above sea floor) in 
approximately 9 m depth: about 0.2 m-Ç 1 in the cross­
shore direction and 0.15 m-s- 1 in the long-shore direction, 
comparable with tidal currents in the area (Lorin and 
Viguier, 1987). 

2.2. Instrumentation 

Experiments were conducted from 21 May 1998 to 28 
May 1998. The measurements were taken over several 
high tide cycles in the presence of low energy incident 
swell (significant wave height Jess than 1.5 m and mean 

547 

N. Sénéchal et al./ Oceanologica Acta 24 (2001) 545-5561 

•., 
Gironde 
estuary •, 

~---,(1~ 

foredunes 

sand bank 

town 

Figure 1. Locatiou of the study area on the southern part of the French 
Atlantic coastline, outside the influence of the Arcachon inlet and the 
Gironde estuary. This is a gently sloping barred beach, bordered by 
high Aeolian dunes. 

peak period around 7 s). The results presented here focus 
on measurements taken on 26 May and 28 May 1998. 

Three bottom-mounted pressure sensors (Pa, Pb, Pc 
where Pc is located the furthest offshore and Pa the 
closest onshore) and one bottom-mounted directional 
wave current meter (DWCM), S 1, were deployed in a 
cross-shore transect. This cross-shore transect was lo­
cated between two ridge and runnel systems in order to 
limit the effects of long-shore currents in the rip channel 
(figure 2, left). Residual cross-shore currents computed 
over data acquisition runs at sensor S 1 (0.5 m above the 
bed) were Jess than 0.09 m-s-1 for the 2 d, while residual 
long-shore currents were Jess than 0.07 m-Ç 1• The instru­
ments were situated on the beach face slope in order to be 
fully immersed at high tide. The tidal ranges on 26 and 28 
May were 4.26 and 3.75 m, respectively. A second 
DWCM was moored 0.5 m above the bottom at location 
S2, offshore of the intertidal ridge in 9 m water depth at 
high tide (figure 2, right). The three pressure sensors arel 
piezores1stlve pressure transmitters (Keller PR-1 
26W/8369). The sensors measure absolute pressure, with 
a sensitivity of 16.0 mAbar-1 and a precision of 0.6 %1 
(atmospheric pressure has been measured during ail the 
fieldwork to adjust the water depth). The two DWCMs 
are manufactured by InterOcean System. Models S4DW 
and S4ADW were deployed at Sl and S2 respectively. 
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Figure 2. Left: Intertidal mor­
phology of the beach study site 
with location of the pressure sen­
sors (Pa. Pb, and Pc) and the 
S4DW (Sl) outside the influence 
of rip channels. Elevations (in 
meters) are given above the Nor­
malisation géographique française 
(the French ordnance datum). 
Right: cross-shore profile with lo­
cations of pressure sensors (Pa, Pb, 
and Pc), S4DW (SI) and S4ADW 
(S2), and approximate beach 
slopes p in % -1 
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Each includes a 70-m high-resolution depth sensor and 
has a precision of 2 %. On the S4 DWCMs, data were 
acquired continuously at a 2-Hz sample rate throughout 
the study period. Data from the pressure sensors were 
relayed via long cables to the top of the beach where the 
signais were sampled at 3 Hz. During 26 May 1998, three 
consecutive data runs were acquired, respectively 86, 38 
and 109 min long, corresponding to 1 h before high tide 
and 3 h after high tide, and covering water depths 
between 0.4 and 3.0 m. Data collections were limited to 
the time during which the sensors were fully immersed. 
Pressure sensor data were obtained from well outside the 
surf zone to well within the surf zone. On 28 May 1998, 
two consecutive data runs (with only a few minutes 
interruption) were acquired. They were respectively 32 
and 97 min long, corresponding to 2h30 after high tide 
(until Pc was periodically exposed) and covering water 
depths between 0.2 and 2.0 m. During this day, the 
pressure sensors were located well inside the surf zone. 
S 1 sensor data were obtained from well outside the surf 
zone to well within the surf zone for both days. Beach 
profiles were determined at each low tide using a Leica 
WLD TC500 theodolite. The precision is 0.2 % for 
distances and 2.5 % for heights. At each low tide, the 
heights of the bottom-mounted sensors above the sea 
floor were also measured (precision: 3 % ) to adjust water 
depths; thus water depth error is estimated to be less than 

548 

Distance (m) 

0.1 m. Between two low tides, the beach profile did not 
change significantly, beach slopes in the surf zone (see 
below for their determinations) ranged from about 0.02 
at S 1 to about 0.05 at Pb (figure 2, right).I 

2.3. Methods 

Ali hydrodynamic data were processed similarly for the 
two high tide cycles. First, pressure measurements were 
converted to water elevations. Outside the surf zone, a 
correction factor as proposed in Horrikawa and Kubota 
(1988) was applied to account for the pressure field 
being non-hydrostatic. This correction generates a high­
frequency eut-off corresponding to the li mit of the sensor 
sensitivity according to its immersion and the water 
depth attenuation of the waves. In our case, the high 
frequency eut-off of Fh; = 0.3 Hz was applied to the 
whole data set. At frequencies greater than 0.3 Hz, the 
observed wave energy is relatively small (< 20 % of total 
energy). A low frequency eut-off of F10 = 0.005 Hz was 
also applied to ail data. In the surf zone, sea surface 
elevations were estimated assuming that the pressure 
field is hydrostatic. Indeed, as shown by Lin and Liu 
(1998), using a numerical model based on the Reynolds 
equations, the pressure distribution under spilling break­
ing waves is almost hydrostatic with a maximum devia 



tion from hydrostatic pressure of only 7 %. The maxi­
mum deviation occurs under the broken wave front. 

The main purpose of this study was to determine the 
evolution of the sea surface elevation energy, estimated 
from the energy density spectra (EDS) (i.e. Hegge and 
Masselink, 1996) on a cross-shore transect in the surf 
zone in both low and sea-swell frequency bands. The 
selected data were processed by breaking the entire 
record into consecutive sections of 600 s each (periods 
where tidal variations of the sea surface level are Jess than 
10 % ). Energy estimates were calculated by Fourier 
transforming overlapping (75 %), Hanning-windowed, 
and detited 5-min data segments averaged over 10 min. 

Then, we used the significant wave height Hs (equa­
tion 1): 

1 2 E=-,BgH 1 ()' s 
(1) 

where E is the energy, g the gravitational acceleration, p 
the water density. 

So, in order to analyse separately the two frequency 
bands, we suggest the following notations: H 10 for the 
significant height associated to the low frequencies (equa­
tion 2a), H1,; for the significant height associated to the 
sea-swell frequencies (equation 2b), E10 (proportional to 
H1}) for the mean low frequency energy and E1,; (pro­
portional to H1,;2) for the mean high frequency energy. 

(2a) 

(2b) 

where s(f) is the energy density associated with frequency 
f and Fe is the eut-off frequency between the low 
frequency band and the sea-swell frequency band (see 
below for its determination). 

Observations of the cross-shore evolution of H1,; allow us 
to determine if the sensor is outside or inside the surf 
zone. Indeed, wave breaking induces a decrease of the 
sea-swell energy (E1z;). So from a comparison between 
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Figure 3. Sea surface elevation energy density spectra (EDS) at 
bottom-mounted sensor S2 in 9 m water depth (a) 28 May 1998 and (b) 

26 May 1998. Significant wave height is 0.8 m for the 26th and 1.20 m 
for the 28th. Energy at low frequencies (s 0.09 Hz) is very low ( < 2 %1 
total energy ). 

one sensor and the others, we can generally determinel 
whether it is or not inside the surf zone.l 

3. RESULTS AND DISCUSSION! 

3.1. Sea state conditions as measured offshore 

Figure 3 represents the energy density spectruml 
(d.o.f. = 42) as measured at station S2 at high tide in 
about 9 m water depth. For 28 May 1998 (figure 3a), we 
distinguish only one broad frequency band in the EDS 
between 0.1 and 0.2 Hz corresponding to wind sea 
energy, significant wave height Hs (defined as four times 
the sea surface elevation standard deviation) at sensor S2 
associated to this day is about 1.20 m. Wave crests spread 
parallel to the coastline. Energy at low frequencies is very 
low (< 1 % total energy). For 26 May 1998, we distin­
guish in figure 3b two prevailing frequency bands in the 
EDS: a first one around 0.1 Hz corresponding to swell 
energy and a second much broader one centred between 
0.18 and 0.25 Hz corresponding to wind sea energy. Total 
significant wave height Hs in 8 m water depth (S2) is 
about 0.80 m for this day. Wind sea crests propagate withl 
a weaker angle from the normal of the beach than the 
swell crests propagate. Energy at low frequencies 
(0.005 <J«;_ 0.09 Hz) is very low (< 2 % total energy at 
S2). 
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3.2. Frequency eut-off between low 
and high frequencies 

At first, the main purpose is to segregate properly the 
'total energy spectra' into two frequency bands represen­
tative of low frequencies and sea-swell frequencies (in­
cluding pure wind-sea) and then to analyse their respec­
tive spectral evolutions on a cross-shore transect. 
Actually there is no general agreement about the defini­
tion of the frequency eut-off between high and low 
frequency bands (including infragravity band) and its 
determination varies from an author to the other. For 
example, Roelvink and Stive (1989) suggest taking the 
limit at 0.5 FP where FP is the main spectral offshore 
peak, assumed to be invariant as the waves shoal in the 
cross-shore direction. In our case, since the offshore 
conditions are typical of weak wind sea with a relative 
broad band EDS and no real frequency peak (or at least 
greatly variable in short time) and since the wave period 
density fonction is deeply modified along the cross-shore 
transect (Sénéchal et al., 2001), such a criterion is not 
suitable. Herbers et al. (1995) took a constant 0.04-Hz 
eut-off frequency whatever the offshore swell energy is, 
to avoid contamination of the infragravity band estimates 
by more energetic swell. Finally Holland and Holman 
(1999) as well as Raubenheimer et al. (1996) took a 
constant 0.05-Hz eut-off frequency whereas frequency 
peaks and sea surface elevation energy density spectra 
were very different (frequency peaks ranged from 0.06 to 
about 0.14 Hz). This underlines the doubt in the determi­
nation of this high-frequency eut-off. In our point of view, 
this threshold is like a 'climatological' value, only justi­
fied in the presence of a spectral gap around this eut-off. 
But in our data, there is no systematic evidence for such 
a spectral gap, especially in the surf zone. Instead, we 
determine the eut-off by using the observations of the 
evolution of the EDS along a cross-shore transect for 
each 10-min period. We calculate the ratio between the 
EDS at sensor S2 situated off the beach (EDS 0 ff) and the 
EDS at sensors situated in the intertidal zone (EDSinr)­
We observed for each high tide cycle, a frequency eut-off 
under which the ratio (EDS0 f/EDSint) is of the order of 
10-1 whereas above this frequency threshold the ratio 
ranges from 1 to 10, thus with a pronounced variation of 
a factor 10 to 100 around the eut-off frequency. It is 
noteworthy that the transition between the two domains is 
very abrupt and was observed in ail runs. Figure 4 shows 
the ratio EDS 0 friEDSint for a 10-min period during the 28 
May experiment. The two domains are clearly distin-
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Figure 4. Example of ratio EDS 0 ft/EDS"" between energy density 
computed al sensor S2 (in 8 m water depth) and sensors Pa (solid line) 
and Pb (dashed line). We clearly distinguish two areas (ratio> 1 and 
ratio< 1) delimited by a very abrupt transition. This pronounced 
threshold seems to be a good criterion which provides an objective 
detennination of the eut-off frequency between the sea-swell fre­
quency band and the infragravity band, here F, = 0.082 Hz (standard 
deviation less than 0.01 Hz for ail the data set).I 

guished. The first domain (ratio< 1) is mainly due to the 
weak infragravity frequency band energy ( < 2 % total 
energy, see figure 3) at the offshore location, but also to 
the increase of low frequency energy (by a factor 5 to 7) 
in the intertidal zone. The second domain (ratio > 1) 
essentially corresponds to the loss of energy associated 
with wave breaking. This frequency eut-off has very 
slight variations ( < 10 % ) for each 10-min period of our 
data set. For 26 and 28 May 1998, this frequency eut-off 
found to be the same is Fe= 0.09 Hz (with a standard 
deviation of 0.01 Hz for the 28th and 0.003 Hz for the 
26th). So the ratio EDS0 f/EDSint seems to be a good 
criterion which provides an objective determination of 
the eut-off frequency in presence of a very abrupt 
transition between the two frequency bands. This allows 
us to discriminate properly two frequency bands: a low 
frequency band and a sea-swell band. In the following, 
the energy density spectrum evolution will be analysed 
in bath low and high frequency bands. 

3.3. Significant wave height evolutionl 

Considering now the evolution of the significant wave 
height at sea-swell frequencies in the surf zone, the result 
is consistent with previous laboratory observations 
(Stive, 1984; Svendsen, 1984) and previous field experi­
ments (Wright et al., 1982; Thornton and Guza, 1982). 
These studies suggested that the significant heights (HJ 
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Figure 5. Significant sea-swell wave height H1,, ( defined as four times 
the sea surface elevation standard deviation in the sea-swell frequency 
band) versus depth (h) for ail the 10-min periods during the two survey 
runs when the sensors are located in the surf zone (cross). The least 
square linear fit (solid line) is H1,, = 0.18 + 0.34h, cmTelation coeffi­
cient= 0.96. 

of broken waves in the surf zone are depth (h) limited (i.e. 
figure 5). The least square linear fit (correlation coeffi­
cient= 0.96) is: 

Hhi = 0.18 + 0.34 h (3) 

Many models in the surf zone parameterize wave energy 
dissipation in terms of semi-empirical y values defined as 
the ratio of the significant wave height to the local depth. 
Random wave heights can be considered as limited by the 
local water depth (i.e. approximately independent of the 
offshore wave height). In our case, the observed values of 
y increase from 0.38 after breaking to 0.95 well inside the 
inner surf zone (figure 6). This is consistent neither with 
the result of Andersen and Fredsoe ( 1983), who suggested 
that this value decreases from the value of about 0.8 at the 
initiation of wave-breaking to become almost constant at 
about 0.5 in the inner zone, nor with other previous 
studies, which suggested that this value is constant 
(Thornton and Guza, 1982, 1983). But it is qualitatively 
consistent with the study of Raubenheimer et al. (1996) in 
which observed values of y ranged from 0.20 to 1.40. 
Figure 6 represents our y values computed from the 26 
and the 28 May data (cross symbol) versus normalized 
beach slopes ~/kh (where ~ is the beach slope estimated 
from the observed profiles as the difference in vertical 
elevation over a distance equal to shallow water wave­
length at the local sea-swell centroidal frequency, k the 
local wavenumber corresponding to the local centroidal 
frequency and depth and h the local depth). The least 
square linear fit between y and ~/kh is displayed by a 
solid line in.figure 6. As suggested by Raubenheimer et al. 
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Figure 6. Ratio y of the significant wave height H1,, to the local depth 
h, versus normalized beach slope, p!kh, for all the 10-min periods 
during the two survey runs when the sensors are located in the surf 
zone (cross). The least square linear fit (solid line) is 
y= 0.35 + 2.18 p!kh, correlation coefficient= 0.90. The solid line with 
error bars is the trend suggested by Raubenheimer and al. ( 1996) for 
0 s plkh s 0.25 (trend was established for Os plkh s l)j 

(1996), the y values are well correlated with ~/kh. The 
least squares linear fit to the data of.figure 6 is (correlation 
coefficient= 0.9): 

y= 0.35 + 2.18( ~/k:h) (4) 

The high correlation coefficient between y and ~/kh, 
where k is the wavenumber associated with the local 
sea-swell frequency, seems to be consistent with the 
assumption that the local significant wave height in the 
surf zone is approximately independent of both the 
offshore wave height and offshore conditions (figure 3) as 
previously observed by Raubenheimer et al. (1996). 
Likewise, regarding the beach slope, it appears that it is 
not necessary to consider the local beach slope and that 
considering a global beach slope ( estimated from the 
observed profiles as the difference elevation over a 
distance equal to shallow water wavelength at a fre­
quency eut-off) is sufficient. Nevertheless, even if the 
local beach slopes are similar to those of Raubenheimer 
et al. (1996): between 0.02 and 0.05 here, and between 
0.01 to 0.09 in their study, our data do not follow their 
regression, denoted by the solid line with error bars in 
figure 6. Our data are systematically greater than their 
values and lie outside their error bars. This effect would 
be even greater if the same frequency eut-off F10 were 
used (i.e. if we use the frequency eut-off of 0.05 instead 
of 0.09 Hz). Our results confirm the strong correlation 
between y and ~/kh, but show that a simple universal 
parameterization based on a linear relation between y and 
~/k:h is not valid. Indeed, from analytical models for wave 
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dissipation in the inner surf zone, such as those of Stive 
(1984) or Bonnetan 2001 it can be shown that the relation 
between y and ~/kh is not linear and depends also on 
Hblhb and ~/kbhb, where b indicates the values at the 
breakpoint location. This last point like the validity of a 
simple linear relation is at the present time further 
investigated with data collected at the same beach in 
March 2000. 

3.4. Low frequency phenomena 

Considering now the low frequency band, the plot of 
absolute H10 (figure 7a) shows a relative constancy of surf 
beat heights at outer (S 1, Pc) and inner (Pb, Pa) stations. 
This is consistent with the result of Wright et al. (1982) 
and also with the recent result of Ruessink (1998) when 
his entire measurement transect experienced surf zone 
conditions (wave heights about 2-3 m). Nevertheless, as 
Wright et al. (1982) suggested, this effect may be the 
result of the somewhat arbitrary definition of low fre­
quency motion as consisting of ail periods greater than 
11 sin our case (greater than 30 sin the case of Wright et 
al. (1982) and greater than 25 s in the case of Ruessink 
(1998)). 

A shoreward increase in relative height of the surf beat is 
strongly evident from the curve of the ratio 
Hfo(T > 11 s)/Hh;(T < 11 s) which rises from the vicinity 
of 0.4 at the outer station (Sl) to over 1.2 at the inner 
station (Pa) (figure 7b). Wright et al. (1982) also observed 
such an increase of the relative height. They noted a 
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Figure 7. (a) Absolute H10 (T > 11 s) al different depths across the surf 
zone. (b) Relative H10 (T> 11 s) expressed as a ratio relative to the 
significant sea-swell wave height (T < 11 s). 
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shoreward increase from the vicinity of 1 at the outer 
station to over 2 at the inner station. Note that this 
discrepancy in the values is certainly due to the fact that 
all their sensors were deployed across the inner 150 m of 
a wide surf zone (about 500 m) with high incident wave 
energy (wave height about 3-4 m) whereas our data have 
been collected along a short surf zone (about 150 m) 
with low incident wind sea. 

Severa) mechanisms behind the generation of low fre-1 
quency waves have been proposed. Particularly, it has 
been shown that resonant non-linear interactions be­
tween freely propagating waves excite forced wavesl 
(Hasselmann, 1962; Elgar and Guza, 1985; Herbers et 
al., 1995) and that non-linear triad interactions are a 
plausible mechanism for the transfers of energy to lower 
frequencies in shallow water (Elgar and Guza, 1985; 
Herbers et al., 1995). 

In the following, the structure of the low frequency band 
energy density spectrum in the surf zone will be further 
investigated for 28 May to further characterize low 
frequency phenomena. In particular, emphasis will be 
placed on the evolution of the energy distribution inside 
the low frequency band. The high frequency band will 
also be displayed as a reference. 

Figure 8 represents the averaged normalized energy 
density spectra (NEDS) as measured in the surf zone. 
EDS in the low frequency band has been normalized by 
the total energy contained in the low frequency band and 

0.101~------.-----------a;;--, 

Figure 8. In each frequency band averaged normalized energy 
density spectra in the smf zone: (a) al sensor SI for depths ranging 
1. 79 to 1.26 m; (b) al sensor Pc and Pb for depths ranging 1.30 to 
0.14 m; (c) al sensor Pa for depth less than 0.3 m.l 



EDS in the high frequency band has been nonnalized by 
the total energy contained in the high frequency band so 
that: 

é' 

F10 :,; f < F,, NEDS(f) = /f) and i NEDS(f) = 1 (5a) 
' F 
~ s(f) la 

F10 

Fhi 

F, :,;J < Fhi' NEDS(f) = 1--::(f) and~ NEDS(f) = 1 (5b) 

" F, L... s(f) 
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where s(f) is the energy density associated with frequency 
f 

The long dashed line indicates the limit between the two 
frequency bands. Figure 8a has been obtained by aver­
aging ten consecutive NEDS as measured at sensor Sl 
(while in the surf zone) during falling tide condition and 
covering mean water depths from 1.79 to 1.26 m. Figure 
8b has been computed by averaging eleven consecutive 
NEDS as measured at sensor Pc and ten consecutive 
NEDS as measured at sensor Pb during falling tide 
condition and covering water depths from 1.30 to 0.14 m. 
Figure 8c has been established by averaging four con­
secutive NEDS as measured at sensor Pa (water depth 
Jess than 0.3 m). We clearly distinguish the strong modi­
fication of the energy distribution in each frequency band. 
Indeed, in the low frequency band, we clearly observe the 
down-shifting of the EDS between figure 8b and c. The 
mean centroidal frequency computed in the low fre­
quency band abruptly decreases from 0.058 Hz in figure 
8a (standard deviation is 0.005) and 0.055 Hz in figure 8b 
(standard deviation is 0.005) to 0.041 Hz in figure 8c 
(standard deviation is 0.002). This phenomenon occurs 
on a very short distance (about 20 m) and is not only due 
to the decrease of the water depth (figure 8b includes data 
covering water depths from 1.30 to 0.14 m) but is a local 
phenomenon. Indeed, considering only NEDS for sensor 
Pb, when it is in less than 0.3 m water depth (three 
consecutive NEDS), we find a mean centroidal frequency 
of 0.053 Hz with a standard deviation of 0.004 (consid­
ering NEDS for water depth less than 0.5 m (six consecu­
tive NEDS) leads to a mean centroidal frequency of 
0.053 Hz and a standard deviation around 0.05 Hz). Until 
sensor Pb, only 36 % of the low frequency energy 
(standard deviation is 10 % for the 31 NEDS being 
considered and covering water depths from 1.79 to 
0.14 m) is contained in the infragravity band (nominally 
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0.005 sf < 0.05 Hz) whereas at sensor Pa, 67 % of the 
low frequency energy (standard deviation is 5 % for the 
four NEDS being considered) is contained in the infra­
gravity band. lt appears that until sensor Pb, the lowl 
frequency energy is dominated by the first subharmonic 
frequency band (nominally 0.05 sf < 0.09 Hz), even 
when Pb is situated in the swash zone. This is not 
consistent with the result of Guza et al. (1984) whol 
showed that motions at surf beat frequencies (defined as 
f < 0.05 Hz) dominate the swash spectrum on dissipative 
beaches. Nevertheless at sensor Pa, also situated in the 
swash zone, low frequency energy is dominated by 
infragravity waves, consistent in this case with Guza et al. 
(1984). lt looks as if the first subharmonics were not 
transmitted between Pb and Pa and the infragravity band 
would be strongly amplified or as if the first subharmon­
ics were transferred to infragravity motions between 
sensor Pb and Pa. The reason for this is not yet under­
stood. It may be the effect of the local morphology of the 
beach. Further investigations are required to understand 
this phenomenon. 

Bound long waves (Hasselmann, 1962; Longuet-Higgins 
and Stewart, 1962) could partly explain the infragravity 
band energy. Indeed, we clearly observed incident wave 
groups at the offshore sensor S2 (figure 9a). The existence 
of these wave groups gives rise, through wave-wave 
interaction, to second order waves, which may then be 
released in the surf zone. The incident-wave time series 
envelope A(t) has been computed in order to check the 
wave envelope energy density spectrum. Indeed, we 
suppose that most of the bound long wave energy will be 
contained in the same frequency band as is the wave 
envelope energy. A(t) is derived from the time series Y](t) 
at sensor S2 (in about 9 m water depth) through three 
simple operations. The time series is first linearly de­
trended to exclude effects of the rising and the falling of 
the tide and then high-pass filtered with a eut-off fre­
quency of 0.05 Hz (20-s period). The high-pass filtered 
signal is called 'basic signal'. The 'basic signal' is also 
low-pass filtered with a high frequency eut-off to exclude 
high-frequency signais, either artificial ( e.g. electrical 
noise) or high-frequency capillary waves. The filtering 
was accomplished in the frequency domain. The high­
frequency filter eut-off was set at 0.3 Hz. Zero crossings 
were localized from the low-pass filtered 'basic signal'. 
Second, we find lrJ(t)I to introduce envelope-related 
variance to the series and we determine the maxima 
between two successive zero crossings. The final step in 
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Figure 9. (a) Observed wave group in the time series at sensor S2 
(about 9 m water depth) and computed incident-wave time series 
envelope (thick solid line), (b) EDS of the envelope, 90 % of the 
energy is in the 0.005-0.05-Hz frequency band. 

finding A(t) is to compute a linear interpolation between 
each maximum and smoothing the obtained signal (figure 
9a). Ninety percent of the energy of the incident time 
series envelope is in the infragravity band energy and we 
distinguish no significant frequency peak (figure 9b). So, 
we can suppose that this phenomenon is one of the 
phenomena generating infragravity energy in our case. 
Nevertheless the structure of the envelope energy density 
spectrum clearly differs from those found at sensors S 1, 
Pc and Pb (see figure 8a and b) and this theory cannot 
support the abrupt modification observed at sensor Pa. 

Nevertheless, even if the long-shore effects are limited, 
we can suppose that the infragravity band may have been 
weakly contaminated. Following a long-shore approach, 
Holland and Holman (1999) showed clear partitions of 
infragravity band energy levels associated with leaky 
waves, edge wave modes, bound waves and non-gravity 
waves. 

Another possible mechanism for low frequency wave 
generation in the surf zone is the merging of bores as 
illustrated in figure 10 (see also Bonnetan and Dupuis, 
2001 ). This figure shows synchronized time series at 
sensors (a) Pc, (b) Pb and (c) Pa on the 28 May. Sénéchal 
et al. (2001), focusing on a 30-min section centred on the 
high tide on the 28th have shown that this phenomenon 
was particularly significant for this data set. This led to a 
significant modification of the wave period distribution, 
as measured by a down-crossing method but also to the 
associated down-shifting of the EDS in the high fre­
quency band. In particular, the wave period distribution 
shows wave periods equal or greater than twice the 
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Figure 10. Synchronized time series (a) at sensor Pc, (b) at sensor Pb 
and ( c) at sens or Pa. Dotted lin es indicate the formation of merging 
shocks. 

offshore mean period, which can lead to weak energy 
contamination in our low frequency band. 

Figure 8 clearly shows the down-shifting of the energy 
density in the high frequency band. The mean centroidal 
frequency computed in the high frequency band slightly 
decreases from 0.176 Hz in.figure 8a (standard deviation 
is 0.006) to 0.169 Hz in.figure 8b (standard deviation is 
0.007) and then more abruptly to 0.152 Hz in figure 8c 
(standard deviation is 0.002). This phenomenon, which 
mainly depends on the local water depth appears to be 
locally stressed at sensor Pa. Indeed, considering only 
NEDS for sensor Pb, when it is in less than 0.3 m water 
depth leads to a mean centroidal frequency of 0.16 Hz 
with a standard deviation of 0.004 Hz. 

The abrupt modification of the low frequency energy 
distribution and the stressed decrease of the high fre­
quency mean centroidal frequency at sensor Pa are not 
fully understood and should be further investigated. 

4. CONCLUSION 

The evolution of the EDS on a cross-shore transect 
allowed us to separate the total wave energy into two 
frequency bands: a sea-swell band (0.09 <f S 0.3 Hz), 
characterized by the ratio EDS0 rrfEDSint (the ratio of the 
energy density offshore, in about 8 m water depth, and 
within the intertidal zone) greater than I and a low 
frequency band (0.005 sf s 0.09 Hz), characterized by 
the ratio less than 1. The ratio EDS0 frfEDSint seems to be 
a good criterion to provide an objective determination of 



the frequency eut-off. Indeed, the transition between the 
two domains is very abrupt (figure 4). 

The sea-swell energy Hh; is depth limited (figure 5), 
consistent with previous laboratory observations and field 
experiments. The observed ratio y (Hh;lh) is well corre­
lated with ~/kh (figure 6) but the least squares linear fit 
diverges from the results of Raubenheimer et al. (1996) 
and our data are significantly outside their error bars. This 
shows that the parameterization based on a linear relation 
between y and ~/kh is not suitable. 

Low frequency energy E10 is independent of the mean 
local depth (figure 7a). In the upper surf zone, there is 
more energy in the infragravity wave band than in the 
sea-swell band (figure 7b) consistent with previous results 
obtained on a high-energy dissipative surf zone (Wright 
et al., 1982). 

The evolution of the energy distribution in the low 
frequency band (figure 8) clearly shows the local behav­
iour of two phenomena. First until sensor Pb, the low 
frequency energy is primarily contained in the subhar­
monic band (nominally 0.05 -::;,j < 0.09 Hz), even when 
the sensor is in the swash zone (figure 8a, b) and then it is 
primarily contained in the infragravity band (nominally 
0.005 -::;,J < 0.05 Hz), which can be only partly explained 
by the bound long wave theory (figure 9). Second the 
phenomenon of merging shocks (figure 10) is also stressed 
at sensor Pa (figure 8c). It is associated with a decrease of 
the high frequency mean centroidal frequency. The rea­
sons for this high frequency mean centroidal frequency 
stressed decrease and this abrupt low frequency energy 
distribution modification, which occurs at the same loca­
tion, are not well understood, although we believe that it 
may be due to the local morphology of the beach. 
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