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Abstract

An instrumented field study of the cross-shore evolution of incident waves was conducted on the shoreface of a gentle

sloping microtidal barred-beach (Sète, France). A spectral analysis of typical hydrodynamic conditions (storm, waning storm

and fair-weather) was performed from a series of pressure sensor data and synchronized horizontal velocities and pressure data.

Results highlight the role of sedimentary bars in the dissipation and the spectral redistribution of incident energy. At the

approach to the coast, the bars act like regulators of energy arriving at the shore and non-linear energy transfers are observed

from the gravity to infragravity domain, during breaking or non-breaking situations. Consequently, the ratio of infragravity to

gravity wave spectral energy density increases shoreward as significant wave height decreases. The study of incident wave

reflection shows that during storm conditions, no significant wave reflection is observed and the beach can be classified as

dissipative. During fair-weather conditions, a significant reflection from the beachface is observed but the bars do not play any

role in this reflection.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The nearshore evolution of incident waves has

drawn interest for the understanding of the role of
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linear and non-linear processes in the wave energy

transfer in the breaking and the surf zones. For regular

slopes, wave energy decreases and infragravity waves

behaviour are quite well understood and modelled.

Beaches are then classified as dissipative, intermediate

or reflective according to the beach slope and the

incident wave significant energy (Wright and Short,

1984). For barred beaches, such as the beach of Sète,

the wave transformation is more complex, with break-

ing preferentially over the bars, and deshoaling behind
s 38 (2005) 19–34
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the bars, characterized by wave energy transfer toward

higher and lower frequency bands. Moreover, bottom

modulations may be responsible for reflection of part

of the incident wave energy, which was discussed as

possible mechanism for beach self-protection (see

e.g., Yu and Mei, 2000). The aim of this work is to

study the cross-shore evolution of incident waves and

in particular the spectral redistribution of incident

energy in the surf zone for a gentle sloping barred

beach in microtidal conditions.

In deep water conditions, waves spectra are nar-

row and may be characterized by significant wave

height and period. Due to increasing non-linear

wave-wave interactions as water depth decreases,

the wave spectrum in the nearshore may be

described by a combination of high frequency

waves (wind waves and waves, period T in the

range of about 3–20 s) and low frequency waves

(infragravity waves, T in the range of about 20–300

s). The first harmonic or fundamental, corresponding

to the significant wave period, represents the most

energetic part of a wave spectrum. Secondary har-

monics may appear either in gravity or infragravity

band. Our knowledge about the complex hydrody-

namic processes induced by waves in the surf zone

has increased through recent improvements in

numerical analysis (i.e., Madsen et al., 1997; Herbers

et al., 1999; Cadène, 2000; Battjes and Groenendijk,

2000; Herbers et al., 2003; Yu and Slinn, 2003;

Ozkan-Haller and Li, 2003; Van Dongeren et al.,

2003) and laboratory studies (O’Hare and Davis,

1993; Greenwood and Xu, 2001; Dulou et al.,

2000, 2002). Energy at low frequency may be due

either to triad wave–wave interactions between two

predominant wave trains (free waves) of frequencies

C1 and C2, leading to the sub-harmonic at frequency

C1–C2, or infragravity wave generation through

non-linear processes due to incident wave trains.

Herbers et al. (2000) confirmed the dominant role

of triad interactions (wave–wave non-linear interac-

tions) in the spectral energy balance. In particular,

near and after the break point, wave energy is trans-

ferred to the low frequency (C1–C2) (Elgar and

Guza, 1985; Herbers et al., 1995; Dulou et al.,

2000, 2002). Due to their possible role in the for-

mation of bars and beach cusps, infragravity waves

have been the focus of many theoretical and numer-

ical modelling studies (Hasselmann, 1962; Longuet-
Higgins and Stewart, 1964; Elgar and Guza, 1985;

List, 1992; Herbers et al., 1995, 1999, 2003; Booij et

al., 1999).

Despite this knowledge about hydrodynamic pro-

cesses induced by waves and some field studies (i.e.,

Kroon, 1994; Masselink, 1998; Sénéchal et al., 2002),

there remain substantial gaps in our understanding of

infragravity wave and gravity wave transformation in

natural environments (Holman and Sallenger, 1993).

During the propagation, waves may be reflected

over the beach. This characteristic, studied by Walton

(1992) is rarely mentioned although beaches may be

classified as dissipative, reflective or intermediate. If

for regular slopes, this reflection is only due to the

slope, submerged sand bars are thought to play a role

in beach self-protection through partial wave reflec-

tion (Yu and Mei, 2000), which can be significant in

the presence of periodic bottom topographical

changes at Bragg resonance (Rey et al., 1996), when

the local wavelength of the incident wave is twice the

bottom spatial modulation.

In this study, spectral analyses are used to assess

wave characteristics and energy transfers, in particular

from waves to infragravity waves. The reflection of

incident wave energy is calculated by use of coinci-

dent pressure and velocity measurements. Due to the

typically normal wave incidence (maximum of 208)
we focus on the cross-shore wave evolution over two

bars along two instrumented transects.

After a description of the site and the instrumenta-

tion deployed, the bar morphology and impacts of the

shoreface on the wave characteristics are presented

and discussed for typical hydrodynamic conditions

(storm, waning storm and fair-weather).
2. Field experiment

2.1. Study area

The studied area is located in the vicinity of Sète,

in the Gulf of Lions, on the Mediterranean, France, in

front of the Thau lagoon barrier (Fig. 1). This site is

part of the French national research program

bProgramme National d’Environnement Côtier

(PNEC-ART 7)Q studying barred beaches. The major-

ity of waves in the region has mean significant height

(Hs) under 2 m, 30% of the values b1 m, predomi-



Fig. 1. Location of the study zone, Sète, Gulf of Lions, France.
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nantly in summer. The directions are 140–2208N (Fig.

1) associated with sea breeze. Only 2% of waves have

Hs more than 4 m high, associated with SE to E wave

directions, with periods from 5 to 10 s. These storms

typically last only 24 h. The tide does not exceed 0.30

cm (Akouango, 1997; S.H.O.M., 2003). Nevertheless,

higher water level variations are observed in response

to set-ups and set-downs under the influence of wind

and atmospheric pressure fluctuations. In extreme

cases, set-ups can reach 0.50 m at 450 m from the

shore during storms (Akouango, 1997) and 1 m near

the shore (Certain, 2002) under the added action of

breaking waves.

The studied area is 500 m wide and extends 700

m seawards (Fig. 2) to 7 m depth. Several lines of

field evidence and a simple calculation show this

depth to be around the depth of closure (Durand,

1999), that is the limit of topographic changes due to

wave induced sediment transport. The backshore

consists of an erosive dune. The beach is narrow

(20 to 50 m) and subject to erosion. The rate of

shore retreat is 1 m y�1. The sand volume lost in the

last ten years is approximately 3400 m3 (Certain,

2002). The nearshore has a slope of 1% and is
composed of a system of bars and troughs (Fig. 2).

The inner system (inner trough and inner bar),

between the shore and the outer trough, is 50 to

150 m wide but at times disappears by merging of

the inner bar to the beach. The inner bar crest is

about 1.5 to 2 m deep, whereas the inner trough is

0.5 m deeper. The outer system (outer trough and

outer bar) is positioned between the inner bar and the

lower-shoreface. It is generally 250 to 300 m in

width; the outer trough is about 5 m deep, while

the top of the outer bar is 4 m deep. Beyond the

outer bar, the lower-shoreface has a gentle slope of

0.85%. Bars are linear and the wave-dominated

beach may be classified between intermediate barred

and dissipative barred (X value around 6) according

to the conceptual beach model of Masselink and

Short (1993) (see also Short and Aagaard, 1993;

Gourlay, 1968). Although bar dynamics can be sig-

nificant over decades on the study area, the bars

were observed to be relatively stable during the

measurement period.

The sediment grain size decreases from 320 Am
onshore to 130 Am offshore with coarser sand in the

troughs and finer sand over the crests (Certain, 2002).
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Fig. 2. Subtidal morphology of the beach with the bar and trough system (cross-section profile) and position of the instrumental deployment (S4

in the troughs and on the lower-shoreface, and pressure sensors profile on the inner bar).
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Superimposed on this scheme, Akouango (1997)

described a variable grain size distribution depending

on wave climate. The beach is characterised by fine

sand during fair-weather condition of the summer, but

following a short autumnal period of transition the

beach becomes coarser grained under the more

dynamic winter conditions. The finer sediment is

transported offshore where conditions are less agitated

(Barusseau et al., 1994). As a result, sandstone can be

seen in the outer trough and on the lower-shoreface.
2.2. Materials and data availability

The experiment took place between November 1st

and December 1st 2000 (Certain et al., 2001). Two

instrumented cross-shore profiles were deployed to

study wave conditions in the entrance of the system

and its deformation over the bars (Fig. 2):

(1) Three wave-recording Interocean S4 current

meters (DW and ADW models) (Interocean,
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1990) were positioned on the lower-shoreface,

in the outer and inner troughs (Fig. 2), respec-

tively, to �6.0,�4.0 and �2.5 m depth. The

instruments were programmed to record for 18

or 36 min, depending of their memory capacity,

every three hours at a 2 Hz frequency. Fixed on

non-magnetic structures, they measured the two

horizontal current components at a distance of

0.9 m from the seabed. After each sampling

period, the two horizontal current components

were averaged and stored in the instrument.

Pressures were recorded at a ground distance

of 0.8 m.

(2) A pressure sensor array was positioned on the

inner bar crest, parallel to the first profile at a

distance of 100 m (Fig. 2). It was composed of a

series of 5 synchronous Hitec Inc. pressure

sensors in the cross-shore direction on the

inner bar crest on a ballasted cable (Fig. 2) in

water depths of about 2 m. The pressure is

converted into an electric signal collected in
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Fig. 3. Spectral energy density from both pressure sensor data (dotted line

and in the inner trough (2) during storm 3 (cf. Sect. 4.1 Hydrodynamics c
real time by use of electric cables. The data

acquisition system (power supply, converters

and computer) is located on the shore. The

distances Dxi =xi�x1 between the more off-

shore sensor labelled 1 and the sensor labelled

i where respectively Dx1=0 m, Dx2=9.5 m,

Dx3=19 m, Dx4=27.4 m, Dx5=38 m. The pres-

sure sensors were calibrated for a full scale of

10 m in hydrostatic conditions. The sampling

frequency was 16 Hz and the pressure accuracy

in terms of water height was about 0.01 m.

Records were collected by monitoring from

the shore and could cover long measurement

periods.

3. Data analysis

Raw data were stored and spectral analysis was

used to assess wave characteristics, assuming the sea

state to be represented by a superimposition of Airy
0.15 0.2 0.25

0.15 0.2 0.25
cy (Hz)

(1)

(2)

) and horizontal velocity data (plain line) on the lower-shoreface (1)

onditions).
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waves (linear approximation). Spectra based on pro-

gressive waves may be calculated either through velo-

city or pressure measurements for the S4 instruments.

Comparison of results with those obtained for the

incident wave, assuming partially standing waves,

may give additional information on the applicability

of both methods. While pressure and velocity data

give similar spectra in intermediate water, differences

are observed in very shallow waters, as shown in Fig.

3, where calculations assuming either progressive

waves, or partially standing waves were made. Since

in shallow water, hydrostatic flow can be assumed

despite wave nonlinearities, we chose to use the pres-

sure data for the spectral analysis of progressive

waves. Linear detrended pressure measurements

were converted to water elevations (Horikawa,

1988) which lead to a necessary cut off chosen at

0.25 Hz, appropriated for this deployment. A 540 s

Hanning window with 50% overlap was used for

power spectrum and cross-spectrum as proposed by

Welch (1967). The limit between the gravity and

infragravity wave domains depends on the incident

wave frequency. In short period fetch limited environ-

ments this limit may be reasonably fixed at 0.05 Hz

(Bauer, 1990; Sénéchal et al., 2001). The lower limit

for infragravity waves was fixed at 0.004 Hz. Correc-

tion relative to atmospheric pressure was not neces-

sary as pressure sensors measure it directly.

Since classic techniques were used for progressive

waves (see for instance Rodriguez et al., 1999), in this

section we focus on the algorithms for partially stand-

ing waves calculations by use of coincident pressure

and horizontal velocity measurements. In the near-

shore, we can expect waves to be partially reflected.

On this basis, the surface elevation for the wave

component of angular frequency x =2kf takes the

form:

g x; y; tð Þ ¼ aicos xt � k coshix� k sinhiyþ uið Þ½
þ arcos xt � k coshrx� k sinhryþ urð Þ�

ð1Þ

where
Y
k (k cos h; k sin h) is the wavenumber, a and

u are respectively amplitudes and phases, h is the

angle with respect to the x-axis and the indices i and r

denote respectively the incident and reflected waves.

An assumption must be made for the angle of

obliquely incident partially standing waves and
reflected waves measured from synchronized horizon-

tal velocity and pressure data recorded at a single

point (see for instance Walton, 1992; Drevard et al.,

2003). Walton (1992) assumed a wave incidence

angle h with respect to the beach cross-shore direc-

tion, the angle between the wave directions being

k�2h. In the present study for which quasi-normal

waves were observed, we assumed both incident and

reflected waves to be in the same direction but in

opposite directions of motions (hi =h and hr =hi +k).
No information about beach direction is then required

for the energy calculations, although the incident

wave direction for each frequency component is

given by:

h ¼ atan
jvj
juj if jujp 0 and h ¼ k

2
if juj ¼ 0: ð2Þ

For simplicity, we assume in the following motion

in the xOz plane, where the z-axis is oriented upwards,

and the x-axis is the direction of propagation. Using

complex notations, the velocity potential for a wave of

angular frequency x, propagating in the x-axis may be

expressed as:

U x; z; tð Þ ¼ Ui x; z; tð Þ þ Ur x; z; tð Þ

¼ aix
k

C zð Þei xt�kxð Þ þ arx
k

C zð Þei xtþkxþuð Þ

ð3Þ

where h is the water depth, C zð Þ ¼ x cosh k zþhð Þ½ �
sinh khð Þ and u

the phase difference between incident and reflected

wave at x =0. This corresponds to a free surface

deformation:

g x; tð Þ ¼ gi x; tð Þ þ gr x; tð Þ

¼ � iaie
i xt�kxð Þ � iare

i xtþkxþuð Þ ð4Þ

where H =2a is the crest to through amplitude.

The wavenumber k is consistent with the dispersion

relation

x2 ¼ gk tanh khð Þ ð5Þ

where g is gravity. Horizontal velocity and pressure

at depth z are then given by

u ¼ C zð Þ gi � grð Þ ð6Þ

pþ qgz ¼ qx
k

C zð Þ gi þ grð Þ ð7Þ
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Writing u(m) = |u|e iuu and p(m)= |p|e iup, where expo-

nent (m) denotes the measured values, we obtain

ai ¼
1

2C zð Þ

�
juj2þ k2jpj2

q2x2
þ 2juj jpjk

qx
cos up�uu

� ��1
2

ð8Þ

ar ¼
1

2C zð Þ

�
juj2þ k2jpj2

q2x2
� 2juj jpjk

qx
cos up�uu

� ��1
2

:

ð9Þ

The ratio R of reflected energy is then given by

R fð Þ ¼ a2r
a2i

: ð10Þ

Let us note that if aibar, the direction h2 may

correspond either to the incident wave if only linear
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Fig. 4. Meteorological and general hydrodynamic conditions encountered d

s�1 and (b) direction are in north referenced degrees. (c) Hs; (d) Tp and

shoreface (plain line), in the outer trough (dotted line) and in the inner tro
processes are concerned, or to a wave component

generated in shallow waters and propagating offshore.

For progressive waves, this method overcomes the

uncertainty k in the direction when classical analyses

are done.
4. Experimental results

4.1. Hydrodynamics conditions

The meteorological and hydrodynamic conditions

during the field experiment are presented in Fig. 4 for

each three S4 measurement point: lower-shoreface,

outer trough and inner trough. Wave characteristics

and general spectral variables are listed in Table 1.

During the survey from November 1st to December
20-Nov-2000 25-Nov-2000 30-Nov-2000
e

inner trough
outer trough
lower shoreface

(a)

(b)

(c)

(d)

(e)

uring the measurement experimentation. (a) Wind velocity are in m

(e) wave direction are presented for S4 instruments on the lower

ugh (long dash). Situations analysed are here shaded in gray.



Table 1

The different types of hydrodynamic conditions encountered and analysed on the Sète site and principal results obtained from the analysis of the energy spectra (Hs, T, First harmonic

(Fh) spectral energy density (SED), infragravity peak SED, total infragravity SED and first harmonic SED versus infragravity SED)

Lower-shoreface Outer trough

Situations met

classified

according to the

decreasing agitation

of the environment

Name Dates Hour Hs

(m)

T (s) First

harmomnic

SED

(m2 Hz�1)

Infragravity

(peak) SED

Total

infragravity

SED

First

harmonic

SED/infra-

gravity SED

Tr (s) Er

rate

Hs

(m)

T (s)

Storm Storm 1 06/11/2000 3h 3.1 10.38 21 1.1 9.6 3 10.09 0.025 1.7 9.46

Storm 2 12/11/2000 6h 2.7 7.71 21.7 0.3 2.7 1.1 7.55 0.026 1.9 7.4

Storm 3 23/11/2000 6h 2.7 8.3 7.4 0.2 1.6 1.2 8.18 0.020 1.7 8.57

Storm 4 30/11/2000 9h 1.9 8.18 7.3 0.3 1.9 1.9 7.45 0.028 1.8 9

Storm waning Situation 1 07/11/2000 9h 0.51 10 0.8 0.028 0.23 2.6 9.56 0.028 0.55 10.19

Situation 2 23/11/2000 15h 1.65 8.2 8.2 0.23 0.023 2.12 8.00 0.029 1.54 8.43

Fair- weather Situation 3 18/11/2000 15h 0.18 12.25 0.20 0.019 0.18 18.94 12 0.30 0.18 12.25

Outer trough Inner trough

Situations met

classified

according to the

decreasing agitation

of the environment

First

harmonic

SED

(m2 Hz�1)

Infragravity

(peaks) SED

Total

infragravity

SED

First

harmonic

SED/infra-

gravity SED

Tr (s) Er

rate

Hs

(m)

T (s) First

harmonic

SED

(m2 Hz�1)

Infra

(peak)

SED

Total

infra-

gravity

SED

First

harmonic

SED/infra-

gravity SED

Tr (s) Er

rate

Storm 3.6 1.9 7.9 7.8 9.31 0.047 1.1 11.25 1.8 1.2 7.4 20 9.45 0.059

10.7 0.6 3.5 2.9 7.23 0.034 0.9 7.39 1.2 0.18 1.9 7.9 7.23 0.114

3.9 0.3 3 3.1 7.82 0.040 0.8 7.94 0.9 0.2 1.9 9.2 7.94 0.122

5.1 0.5 4 3.8 7.77 0.069 0.8 8.30 0.9 0.4 3 14.6 8.18 0.055

Storm waning 1.20 0.041 0.38 3.85 10.19 0.069 0.45 10.19 0.29 0.055 0.549 8.72 9.56 0.055

11.319 0.2 1.95 2.48 8.30 0.032 0.89 8.43 1.25 0.35 2.73 11 8.30 0.060

Fair- weather 0.12 0.025 0.18 19.68 12.27 0.29 0.209 12.25 0.21 0.05 0.3 26.41 12 0.460
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1st, four storms occurred on November 6th, Novem-

ber 12th, November 23rd and November 30th as

indicated by the large significant heights of the

wave recorded (Fig. 4e). On the lower-shoreface, the

first three storms had similar significant heights (2.7

to 3 m); the fourth storm had smaller wave height (2

m). In the outer trough, the significant heights were

similar (around 1.8 m) for all storms after a first

breaking on the outer bar. In the inner trough, land-

ward of a second breaking over the inner bar crest,

wave heights were very similar, between 0.7 and 1 m.

Peak periods recorded for these storms (Fig. 4d) were

between 10 s for the first and 7.7 s for the second

(Table 1). Wave directions (Fig. 4c) were shore nor-

mal (150–1608N) and winds were blowing from SE

with peaks of 8 m s�1 (Fig. 4a–b). On November 17th

high wind velocities were from 3058 direction. These
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Fig. 5. Sea-surface elevation spectra for each storm peak. (1) 6 November
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density, see Table 1 for spectral energy density values (m2 Hz�1).
strong offshore winds did not create any wave on the

coast.

In the following part, we describe successively

storm, storm waning and fair-weather conditions.

4.2. Storm conditions

Fig. 5 represents the cross-shore spectral density

evolution for each of the four storm peaks (Fig. 4 and

Table 1) from the lower-shoreface towards the outer

and inner trough.

The first two storms were the most energetic with

wave height at 3.1 and 2.7 m and spectral energy

density of 21 and 21.7 m2 Hz�1 for the first harmo-

nic on the lower-shoreface. The third and fourth

storms presented moderate conditions (respectively

7.4 and 7.3 m2 Hz�1 for the first harmonic). Land-
(1)

(2)

(3)

(4)

y (Hz)

0.15 0.250.2

0.15 0.250.2

0.15 0.250.2

0.15 0.250.2

; (2) 12 November; (3) 23 November; (4) 30 November. The lower

gh in long dash. Data are here expressed in a dimensional spectral
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ward of the outer bar after breaking, the first harmo-

nic energy was found relatively reduced for each

storm (denoted Tn) (T1=3.6, T2=10.7, T3=3.9 and

T4=5.1 m2 Hz�1 ). In the inner trough, the spectral

energy density for the first harmonic was similar in

the inner trough around 1 m2 Hz�1 (T1=1.8, T2=1.2,

T3=0.9 and T4=0.9 m2 Hz�1).

In the low frequency domain, cross-shore variations

were more complex. The peak of spectral energy

density for the secondary harmonic during the first

storm was 1.1 m2 Hz�1 (Table 1). The subsequent

storms had weaker peaks (T2=0.3, T3=0.2 and

T4=0.3 m
2 Hz�1). This is also shown when examining

the integral of the infragravity domain instead of the

peak (T1=9.6, T2=2.7, T3=1.6 and T4=1.9m
2Hz�1 ).

The infragravity energy has the same order of magni-

tude along the cross-shore section (i.e., 0.3 m2 Hz�1 in

the lower-shoreface and 0.18 m2 Hz�1 in the inner

trough during the second storm) whereas the first har-

monic decreases. However, the highest infragravity

energy during the last 3 storms was encountered in

the outer trough and then decreased shoreward (i.e.,

during the second storm 0.3 m2 Hz�1 in the lower-

shoreface, 0.6 m2 Hz�1 in the outer trough and 0.18 m2

Hz�1 in the inner trough). For the first storm, infra-
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Fig. 6. Observed sea-surface elevation spectral energy density for the third
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gravity spectral energy density decreased gradually

from the lower-shoreface to the shore. The ratio of

the infragravity to gravity wave spectral energy density

was calculated (Table 1). This ratio was 1.1% to 3% on

the lower shoreface, higher in the outer trough (2.9% to

7.8%) and increased to a maximum in the inner trough

(7.9% to 20%). This shoreward increase seems to

increase by a factor of 2.6 between each compartment.

This suggests that energy is being transferred from the

first harmonic to the subharmonics or that infragravity

energy is dissipating less rapidly than higher frequency

components.

Fig. 6 displays the cross-shore evolution of the sea-

surface elevation energy density spectra computed

during the third storm at the landward and seaward

stations of the sensors line. Energy loss due to wave

breaking over the inner bar is well observed, spectral

energy density of the first harmonic diminishing bru-

tally (Fig. 6). The location of wave breaking tends to

be focused on the seaward slope of the inner bar. As

for the S4 analysis, during agitated events we

observed an increase of the amount of infragravity

wave energy shoreward compared to the amount of

gravity wave energy. Even if this tendency is not

clearly visible in Fig. 6, it can be easily followed
y (Hz)
0.15 0.250.2

storm (23 November) at the sensor line. Dotted line represents the
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using a dimensional spectrum (Fig. 7). Fig. 7 illus-

trates a dimensional spectrum evolution for the 5

sensors over the inner bar. The part of the infragravity

energy increases onshore, showing non-linear interac-

tions on the sensors and energy redistributed in the

frequency band.

The reflected energy during storm conditions was

very weak, respectively 2.5–2.8% on the lower-shore-

face, 3.4–6.9% in the outer trough to 5.5–12.2% in the

inner trough (Table 1).

4.3. Storm waning condition

At the end of the first storm (situation 1 on Table 1,

Fig. 8-1), the significant wave height was 0.5 m on the

lower-shoreface (Fig. 4e). The spectral energy of the

first harmonic (0.10 Hz) during this waning condition

was 10 to 20 times weaker (0.8 m2 Hz�1) than for

storm conditions (i.e., 21 m2 Hz�1 for storm 1).

Several main harmonics were observed on the

lower-shoreface and the outer trough (0.133 and
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Fig. 7. Adimensional spectral energy density for storm case (the third storm

sensor and (5) is the inner sensor (Fig. 1).
0.10 Hz). No wave height transformation was

observed in the outer trough (Table 1), as no breaking

occurred over the outer bar. However, a strong

decrease in the spectral energy of the first harmonics

was observed in the inner trough (0.29 m2 Hz�1)

indicating wave breaking on the inner bar (Table 1).

The spectral energy density of the infragravity peak

was weak (0.028 to 0.05 m2 Hz�1 ) and increased

slightly shoreward. The ratio of infragravity to gravity

wave spectral energy density was also observed to

increase from the lower shoreface (2.6%) toward the

coast (3.8% in the outer trough and 8.7% in the inner

trough). The frequency range of the second harmonic

peak (0.03 Hz) corresponds to the difference in fre-

quency between the two principal free peaks on the

lower shoreface.

At the end of the third storm (situation 2: Table 1

and Fig. 8-2), significant wave height was 1.65 m

(Fig. 4e). No breaking and no cross-shore attenuation

were observed over the outer bar. A strong decrease in

the spectral energy density of the first harmonic from
cy (Hz)
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the outer trough (11.3 m2 Hz�1 with Hs at 1.54 m) to

the inner trough (1.25 m2 Hz�1 with Hs at 0.89 m)

suggests wave breaking on the inner bar. The ratio of

infragravity to gravity wave spectral energy density
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Fig. 9. Observed sea-surface spectral energy density for fair-weather case f

sensor and plain line represents the inner sensor.
was 2.1% on the lower shoreface and increased shore-

ward with 2.5% in the outer trough and 11% in the

inner trough. Two principal harmonics were observed

on the lower-shoreface spectra (0.12 and 0.15 Hz).
0.15 0.250.2
cy (Hz)

or the sensors line over the inner bar. Dotted line represents the outer
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The infragravity peak generated by difference-fre-

quency generation of two principal free peaks was

found at 0.03 Hz.

As for the storm conditions, the reflected energy

remained very weak, i.e., about 2.8–2.9% on the

lower-shoreface for both situations, 3.2% to 6.9% in

the outer trough and 5.5% to 6.0% in the inner trough

(Table 1).

4.4. Fair-weather condition

Fair-weather conditions (Table 1 and Fig. 8-3)

were characterized by small non-breaking, long period

wave (Hs=0.2 m T=12 s) (Fig. 4e); the infragravity

energy was weak but the ratio of infragravity to

gravity wave spectral energy density increased toward

a maximum on the shore (18.9% on the lower-shore-

face, 19.7% in the outer trough and 26.4% in the inner

trough). This is manifested by a widening of the main
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Fig. 10. Sea-surface elevation spectrum (m2 Hz�1) in the inner trough (1)

(plain line) and reflected (dotted line) waves in fair-weather condition.
peak (0.084 Hz) over the outer bar (without breaking).

The main harmonic, which developed into two peaks

(0.081 and 0.096 Hz) in the outer trough, was related

to the peak of the infragravity at 0.013 Hz (difference-

frequency generation) and to the two subharmonic

peaks at 0.039 and 0.05 Hz. This suggests that there

was a transfer of energy between the first harmonic

and its subharmonics through triad interactions.

The effect of the shoaling on the spectral energy on

the inner bar was well observed on the sensor line data

presented in Fig. 9. The incident wave propagates

towards the beach and its amplitude increases, while

energy redistribution is observed.

The reflected energy is quite significant (about

30%), and does not vary significantly from the outer

trough to offshore (Table 1 and Fig. 10). Since it is

slightly higher in the inner trough (about 45%), we

can conclude that reflection is due to the beachface

rather than to the bars.
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0.15 0.2 0.25

0.15 0.2 0.25
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5. Discussion

The results showed that the passage of a wave train

from offshore to shallow water involves significant

modifications to the energy spectrum. The wave

energy was relatively broad but appeared to be cen-

tered on first harmonic frequency (Elgar et al., 1997;

Norheim et al., 1997). Non-linear triad interactions

were strong which lead to significant energy transfer,

in particular towards the subharmonics by difference-

frequency generation between the free harmonics.

Masselink (1998) observed decomposition of incident

swell into high frequency waves across a one barred-

profile with the main implication of wave period

decrease. In our study the harmonic transfer occurred

mainly into low frequencies (infragravity field), and

no period modification was apparent.

The ratio of infragravity to gravity wave spectral

energy density increased shoreward. The maximum of

induced infragravity energy occurred at the shore, in

accordance with theory and previous observations

(Guza and Thornton, 1982; Aagard and Greenwood,

1995; Masselink and Hegge, 1995). Furthermore, the

maximum of infragravity energy was not observed

during the storm maximum but later, when the sig-

nificant height decreased.

Breaking on the shoreface was predominated by

wave plunging on the outer bar with a second break-

point located on the inner bar. When wave breaking

occurred (waning storm —situations 1 and 2— and

storm), the modification of wave spectrum shape was

most marked. Even for slight breaking (situations 1 and

2), transfer towards the subharmonics was visible. The

energy of the infragravity oscillations is closely related

to the energy of the incident waves in the surf zone. The

breaking wave transferred additional energy to the

infragravity band. These results are consistent with

those obtained by Russell (1993) and Masselink and

Hegge (1995). Ruessink (1998) also showed that wave

breaking is associated with a rapid increase in the

contribution of free infragravity energy to the total

infragravity field. The sensor line data for the inner

bar shows that the position of wave breaking tends to be

focused on the seaward slope bar for a significant wave

height to depth ratio c =0.4. These results are similar to

those of Kroon (1994) and Sénéchal et al. (2002)

(c=0.4). In both cases, the authors revealed the pre-

sence of a large amount of infragravity wave energy.
Considering the significant heights or the spectral

energy density, we noticed that they were of about the

same order of magnitude for each storm in the outer and

inner troughs. Wave heights or wave energy on the

lower-shoreface were not determinative of the wave

characteristics in the outer trough. They were always of

the same height and the first harmonic had about the

same level of energy after breaking on the outer bar.

The bars act like regulators or transformers of energy.

In the case of the first storm, the energy was three times

stronger than the fourth storm on the lower-shoreface.

However, the height or spectral energy density values

of both cases were identical in the outer trough. During

the first storm the energy was transformed and a strong

attenuation was measured between the lower-shoreface

and the outer trough. In the other case, the spectral

energy density remained quite the same after the bar

over-stepping. The same scheme is reproducible on the

inner bar. Bars regulate the incoming energy arriving at

the beach. This filtering effect was also described by

Guza and Thornton (1982).

Wave reflection was calculated by use of coin-

cident pressure and velocity measurements of the S4

instruments, as done by Walton (1992). The series of

pressure sensors may also give the reflected wave by

use of the classical least square method developed by

Goda for three synchronous wave gauges for labora-

tory experiments (see, e.g., Rey et al., 2005). It is not

presented here since shoaling between the sensors

may be taken into account, as proposed by Chang

and Hsu (2003) for reflection measurement over

sloping beach. Yu and Mei (2000) showed that

artificial longshore bars in front of a beach can

provide protection from incident waves, but in cer-

tain situations may worsen erosion. They state that

the mechanism is essentially a bar-mediated transfer

of energy between incident and reflected wave. It

was reasonable to expect significant reflection due to

the presence of bars. However our results showed

that the bars did not affect this process and no

reflection due to the bars was observed. Significant

reflection was only observed for fair-weather condi-

tions and we found that it was produced by the

beachfront and not by the bars. This weak reflection

for significant incident wave energy (storm and

storm waning conditions) confirms and validates

our methodology on progressive waves and more-

over on amplitude calculation.
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To study the hydrodynamic forcing is interesting

for coastal geomorphology. Results about the role of

the bars in energy transformation and the part of the

reflection bring information on the processes

involved. The field study of the wave–wave non-

linear interactions is the first step to validate further

numerical models that could be finally used to study

the organic mater dispersion or phytoplankton move-

ment in the nearshore zone.
6. Conclusion

An instrumented field study of the cross-shore

evolution of incident waves was conducted on the

shoreface of a gentle sloping microtidal barred-beach

(Sète, France). Spectral analyses were used to cha-

racterize dissipation, reflection, redistribution and

energy transfers from gravity to infragravity field.

The role of bars is important in the spectral redistribu-

tion of the wave energy at the approach to the coast.

When waves cross the bars, non-linear energy trans-

fers occur between the gravity and infragravity

domains, whether breaking occurs or not. In the dis-

sipation of energy, the bars act like regulators to

energy arriving at the shore. Whatever storm magni-

tude on the lower-shoreface, the wave height or wave

energy in the outer trough or in the inner trough is the

same after breaking on the outer bar or the inner bar.

Infragravity energy during storms increases from the

lower-shoreface to the outer trough and then decreases

towards the coast. For weaker agitations, infragravity

energy increases towards the coast. In all cases, the

ratio of infragravity to gravity wave spectral energy

density increases shoreward as significant wave height

decreases. Significant reflection is observed on the

beachface for calm conditions, however we could

expect the bars to play a much more significant role

in shore protection through wave energy reflection by

topographical changes. This was not however

observed during the storms and the shoreface keeps

a dissipative comportment.
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