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This study investigates the annual and inter-annual longshore transport at a high-energy dissipative

beach (St. Trojan, SW Oléron Island, France), over the period 1997–2006. This study is divided in two

parts: (1) a short-term study, based on field measurements carried out during, low, moderate and high-

energy swell conditions, and permitting to calibrate a wave propagation model and both empirical

longshore sediment transport formulas and a hydro-sedimentary numerical model; and (2) a long-term

study, combining global optimization methods using WAVEWATCH III (WW3) model outputs and wave

numerical modelling to define the nearshore wave climate and then to compute the annual and inter-

annual longshore transport. A good agreement between the different methods was obtained and values

for the annual longshore transport ranged from about 50,000720,000 m3/yr to 140,000730,000 m3/yr.

The net annual longshore transport displayed an inter-annual variability, whereas values were always

3–10 times less than those proposed in previous studies. Such differences point out the necessity of

calibrating empirical transport formulas and computing accurately the nearshore wave climate. The

relatively low values for the net annual longshore transport were explained by a weak contribution of

the most energetic swells, which systematically approach the shore with a frontal obliquity and also

generate episodes of reverse transport. The methodology itself was also discussed, pointing out the

limitations of this study but also the advantages of using WW3 data and simplified wave climates.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Wave-dominated beaches are some of the most dynamic
features around the world coastlines. Improvement in field
measurement techniques together with multidisciplinary ap-
proaches (naturalist, physical and numerical) have led to a strong
improvement of the knowledge of these environments for the last
decade. Wave-dominated beaches display a great variability in
their morphology, attributed by Masselink and Short (1993) to the
combination of the wave energy (wave height and period), the
sediment grain size and the tidal range. Amongst the different
classes of beaches defined by Masselink and Short (1993), many
studies have been conducted on low tide terrace beaches (Ciavola
et al., 1997; Ferreira et al., 2000; Balouin et al., 2005), on
macrotidal ridge and runnel beaches (Levoy et al., 1998; Masselink
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and Anthony, 2001) and low tide bar/rip beaches (Masselink and
Hegge, 1995; Pedreros et al., 1996; Castelle et al., 2006a). On the
contrary, the literature concerning the dynamic of non-barred
dissipative beaches is relatively poor and is only restricted to
some quantitative studies (Wright et al., 1979; Russel, 1993).

Amongst the different processes that govern the dynamics of
wave-dominated beaches, longshore transport is one of the most
important and interests not only the scientific community, but
also coastal managers and engineers (White, 1998). Various
methods have been used in order to estimate the longshore
transport and can be classified in two main categories: field
measurement methods and physical/numerical/empirical
methods. Field measurement methods include sediment traps
(Schoonees and Theron, 1993), radioactive tracers (Inman and
Chamberlain, 1959; Long and Drapeau, 1985; Pruszak and Zeidler,
1994), fluorescent tracers (Ingle, 1966; Kraus et al., 1982; Ciavola
et al., 1997; Levoy et al., 1998; Ferreira et al., 2000; Vila-Concejo
et al., 2004; Balouin et al., 2005; Tonk and Masselink, 2005),
optics (Dowing et al., 1981) and acoustics (Osborne and Vincent,
1996). Longshore transport empirical formulas were developed in
the 1980’s and namely include the CERC (1984), the Bailard (1984)
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and the Kamphuis (1991) formulas. Empirical formulas remain an
interesting tool for estimating longshore transport, as attested
their use in recent studies (Abadie et al., 2006; Balouin et al.,
2005; Park and Wells, 2005; Tonk and Masselink, 2005) or the
recent development of the new Kaczmarek et al.’s (2005) formula.
Nevertheless, White (1998) pointed out that such formulas often
result in error larger than the predicted transport rate while
numerical models non-calibrated with field data provide results
which can differ by orders of magnitude with measurements. In
addition, the gap between the longshore transport at the
hydrodynamic event time scale (i.e., one swell event) and the
annual longshore transport rate implies a good knowledge of the
annual nearshore wave climate and is often difficult to fill in.
These weaknesses are particularly problematic for high-energy
environments, since accurate field data are lacking for those
environments, namely for annual transport rates larger than
200,000 m3 and wave heights greater than 1.8 m (Schoonees and
Theron, 1993; Taborda et al., 1994). Consequently, some of the
values to be found in the literature for the annual longshore
transport might comport some weaknesses such as: (1) a non-
calibration of transport formulas; (2) an inaccurate determination
of wave angle at breaking; and (3) a simplified annual nearshore
wave climate. In the perspective of a better understanding of
wave-dominated coastal systems, these weaknesses need to be
addressed and some of the values for annual longshore transport
should be revisited using modern tools, such as accurate wave
records, sediment transport data and numerical models.

It is the purpose of this study to present a complete
methodology which aims at estimating the annual longshore
transport at a high-energy dissipative beach. The first part of this
study presents short-term measurements of waves, wave-induced
currents and sand transport deduced from tracers for three
different hydrodynamic settings. These data are used to calibrate
a wave propagation model, a hydro-sedimentary model and
empirical formulas. The correlation between measured and
predicted sand transport is discussed at the end of this first
section. The second part of this study presents the method used to
compute the annual and inter-annual longshore transports.
WAVEWATCH III (WW3) model outputs and global optimization
techniques are used to define a simplified offshore wave climate
and the nearshore wave climate is obtained from the wave
propagation model. Annual and inter-annual longshore transports
are obtained using the hydro-sedimentary model and empirical
formulas, calibrated from the short-term study and forced by the
nearshore wave climate. A discussion about the computed annual
longshore transport is finally provided.
2. The study area

2.1. Geomorphology

The study area is located in the middle part of the Atlantic
coast of France. The continental shelf extends 120 km offshore and
displays a very low gradient (1–2/1000). The study area is located
within the middle of the 8 km-long beach that develops in the
southwestern part of Oléron Island (Fig. 1). This part of the Island
is made of unconsolidated sediments and corresponds to a large
sandy spit where aeolian dunes are well developed. This beach is
mainly made of fine and well-sorted sands (D50 ¼ 0.18–0.22 mm),
which together with the energetic wave climate implies high
values for the surf scale parameter O. According to the classifica-
tion proposed by Masselink and Short (1993), these high values
for O suggest this beach is more likely to develop a non-barred
dissipative morphology. This theoretically predicted morphology
is coherent with field observations and with the results of the
bathymetric survey carried out in April 2005, which showed
(Fig. 1): (1) the absence of large subtidal bedforms; (2) the
absence of large intertidal bedforms; and (3) an overall lightly
concave and low gradient beach profile, with a relatively constant
gradient within the intertidal zone (tanb ¼ 0.015). Still in
agreement with Masselink and Short’s (1993) classification, small
amplitude intertidal bar/rip structures appear only after several
weeks of fair weather conditions, like during the summer months.

2.2. Hydrodynamics

The tide affecting the study area is semi-diurnal and ranges
from less than 2 m during neap to more than 5 m during spring
tides (macrotidal). Associated tidal currents are strong within the
tidal inlet located to the south (42 m/s; Bertin et al., 2004, 2005)
but very weak at the studied beach and non-significant in compa-
rison with wave-induced currents. Maximum tidal current velo-
cities at the studied beach were simulated with a depth-averaged
flow model (Bertin et al., 2005) and never exceed 0.05 m/s
up to 500 m of the shoreline within a spring/neap tidal cycle.
Such velocities are unable to put sand into motion within the
studied beach, thus tidal action is restricted to water level
variation.

Long-term wave data available for the study area are non-
continuous and non-directional. Consequently, wave data con-
sidered in this study were obtained from the National Centers for
Environmental Prediction (NCEP) online archives (http://polar.n-
cep.noaa.gov/waves). The data used in this study corresponds to a
simulation point (461N, 2.51W) of the WW3 numerical model
(Tolman et al., 2002; Tolman, 2002), located 90 km to the WNW of
the studied beach (Fig. 1), and available every 3 h since 1997. A
good correlation between measurements and the predictions of
this model was already demonstrated in the Bay of Biscay (Butel
et al., 2002; Abadie et al., 2005, 2006). A statistical analysis of the
WW3 data between 1997 and 2005 provides a general description
of the offshore wave climate (Fig. 2):
(1)
 Waves amplitude 1 moHso2 m are predominant and repre-
sent more than 60% of the annual wave climate while waves
with Hs45 m represent about 3%.
(2)
 Peak wave period 8 soTpo12 s are predominant and repre-
sent close to 60% of the annual wave climate while waves with
Tp415 s occur about 2% of the time.
(3)
 Wave direction is predominantly W to NW, which represents
close to 60% of the wave climate (Fig. 2) while the largest
swells have systematically a W direction (265–2751N).
The predominant WNW wave direction results in a dominant
southerly littoral drift at the study area. Using empirical formulas,
Baxères (1978) and Bellessort and Migniot (1987) have proposed
the net littoral drift to be in the order of 500,000 m3/yr. It is one of
the purposes of this paper to re-examine this value.
3. Method

In order to address the complex question of the annual
longshore transport estimation at this dissipative beach, a
combination of different methods was used in this study. Field
experiments, including bathymetric surveys, fluorescent tracers
and hydrodynamic measurements, were conducted to estimate
longshore transport for three distinct hydrodynamic settings
representative of the annual wave climate and to calibrate a wave
propagation model and a hydro-sedimentary model. A global
optimization method was then applied to offshore WW3 outputs

http://polar.ncep.noaa.gov/waves
http://polar.ncep.noaa.gov/waves
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Fig. 1. General location of the study area, bathymetric interval is 10 m and WW3 simulation point where the annual wave data were extracted. Detailed bathymetric map of the studied beach, surveyed in April 2005, and

showing its dissipative morphology. For both maps, Lambert II coordinates are in metres.
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Fig. 2. Offshore directional repartition of significant wave height and peak wave period, showing a clear dominance of W to NW swells.
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and combined with regional wave modelling, to define simplified
annual and inter-annual nearshore wave climates. Finally, em-
pirical transport formulas were forced both by this simplified
nearshore wave climate and by the time series of wave
parameters, in order to compute the annual longshore transport.
For computational reasons, the hydro-sedimentary model was
forced only by the simplified nearshore wave climate.

3.1. Bathymetric data

The beach morphology was surveyed by using a combination
of a hydrographic survey at high tide and overlapping a
topographic survey at low tide, the latter also being used to check
the reliability of the bathymetric measurements. The St. Trojan
beach was surveyed on 4 April 2005 using a Septentrios Polar X2
Real Time Kinematic GPS, the mobile antenna of which was
mounted on a bicycle. The accuracy of this GPS is about 1 cm in
the horizontal and 2 cm in the vertical direction. The shoreface of
the beach was surveyed on 1 April 2005 at high tide by the local
hydrographic office (Direction Départementale de l’Equipement
17). The original position data, acquired in WGS 84 format, were
converted into Lambert II planar and metric coordinates, this
being the working coordinate system used throughout the study.

3.2. Fluorescent tracer

Five hundred kilograms of natural sand were collected within
the middle of the intertidal area at St. Trojan beach. This sand was
cleaned with fresh water, dried in the open air and tagged using
an orange paint at a ratio of 5 kg paint per 100 kg sand. The tagged
sand was dried in the open air and sieved using a 1-mm mesh to
remove aggregates; the grain-size distribution of the tracer was
controlled and was found to be very close to natural sand. Before
injection on the beach, the tracer was washed with a detergent
solution in order to eliminate surface tension and to avoid
associated grain-floating problems.

Following the recommendations of White (1998), preliminary
investigations were conducted on the beach in order to determine
the sand mixing depth Z0 for different wave height conditions and
are detailed in Bertin et al. (2008). The values ranged from 1.5 to
5 cm depending on wave height, accordingly to the relation
proposed by Ferreira et al. (2000). The depth of the traps
where the tracers were injected was adjusted according to the
Z0-values, together with the swell forecast before each experi-
ment. Constancy of Z0 within the beach during each experience
was checked by analysing core samples collected within the
middle of each sampling profile. Considering such low values for
the sand mixing depth, a simple ‘‘one layer’’ model was chosen to
interpret the tracer experiments, according to Kraus (1985) ‘‘river
of sand’’ model. It means that the sand was assumed to move as a
uniform layer of thickness Z0 at the velocity Uc (Ucx, Ucy). The
transport velocity Uc (Ucx, Ucy) is defined as the movement of
tracer cloud centroı̈d C (Xc, Yc) between two successive low tides,
divided by the time of submersion ti, according to the spatial
integration method of White and Inman (1989):

Ucx ¼
Xc � X0

ti
, (1)

Ucy ¼
Yc � Y0

ti
. (2)

The tracer cloud centroid in the two dimensions X and Y and is
given by

Xc ¼

Pk¼n
k¼1CkxkPk¼n

k¼1Ck

, (3)

Yc ¼

Pk¼n
k¼1CkykPk¼n

k¼1Ck

, (4)

where Ck is the tracer concentration at the position k.
Finally, the sediment transport flux Qc is given by

~Q c ¼ ð1� nÞZ0
~Uc, (5)

where n is the sediment porosity, estimated to 0.39 at the
laboratory.

The percentage of remaining sand tracer after each experiment
Rm, also called percentage of recovery (Ciavola et al., 1997; White,
1998; Balouin et al., 2005), was computed according to

Rm ¼
100Md

Mt �Mr
, (6)
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where Mt is the mass of tracer injected (kg), Mr is the mass of
tracer (kg) remaining at the injection point below Z0 and Md is the
mass of tracer (kg) detected within the sampled area.

3.3. Hydrodynamic forcing measurements

3.3.1. Instrument deployment

Instead of programming fieldwork for a fixed date, optimal
swell and tide conditions have been waited for between April
2005 and March 2006. These conditions include: (1) swell
displaying characteristics representative of the local wave climate
conditions (Section 2.2 and Fig. 2); (2) swell displaying narrow
frequency and directional spectrums, in order to measure and to
accurately compute the parameters (Hs, Tp and Dirp) to be intro-
duced into the transport formulas; (3) light winds (o5 m/s), to be
sure that sand transport is induced by swells only; and (4) a tidal
range 43 m, enabling the currentmeter to be deployed at low tide
and a transect of wave parameters and related-current to be
obtained at mid and high tide (during the tracer immersion).

A currentmeter S4-ADW (Interoceans) was deployed in the
lower part of the intertidal zone in order to record wave
characteristics. Data were acquired at a 2 Hz sample rate
throughout the tracer experiments. A 2D-ACM Doppler current-
meter was deployed close to the tracer injection points, in order to
record wave currents at 0.4 m from the bottom. Current velocities
and directions were sampled at 2 Hz and averaged on 30 s to
record steady currents only.

In addition, S4-ADW data acquired to the north of Oléron
Island in November 2002 (water depth of 23 m; Idier et al., 2006)
constituted the only open-ocean, accurate and directional wave
data available in this area. These data were used to validate the
SWAN and WW3 models (Section 3.3.2).

3.3.2. Data processing

Specific Matlabs programs were developed to process the
hydrodynamic data acquired during tracer experiments. The 2D-
ACM currentmeter data processing only consisted in correcting
the tilt effect, which attained 151 by the end of the first
experiment.

Considering the S4-ADW data acquired within the surfzone,
sea surface elevations were estimated assuming that the pressure
field was hydrostatic, as demonstrated by Lin and Liu (1998). A
first low-frequency cutoff of F1 ¼ 0.04 Hz was applied to the raw
signal S0, in order to remove tidal variations and infragravity
constituents. Data processing was then performed by splitting the
entire record into consecutive windowed ensembles of 600 s each.
Power spectral estimates S(f) were computed by Fourier trans-
forming overlapping (75%), Hanning windowed. The significant
wave height Hs (m) was defined as four times the square root of
the 0th moment m0 of the power wave spectrum S(f) obtained by
the integration of the energy spectra over the frequency band
F1–F2, where F2 is a high-frequency cutoff of 0.3 Hz. The peak wave
period was computed as the frequency at which the maximum
spectral energy density was to be found within the band F1–F2.
The peak wave direction Dirp (1) was computed from the free
surface elevation (x) and the horizontal velocity components (uc

and vc) using cross-spectrums Cxy(f) according to relation (7):

Dirp ¼ arctan
a

b

� �
, (7)

where a ¼max[Cxuc(f)] and b ¼max[Cxvc(f)].
Two-dimensional directional spectra were plotted using the

DIWASP Matlabs package of Johnson (2002). Wave-induced
currents were computed by applying low-frequency cutoffs of
F1 ¼ 0.04 Hz and F3 ¼ 0.0011 Hz to the longshore (vc) and the
cross-shore (uc) velocity components. Hereafter, these low-pass-
filtered wave-induced currents are referred to as steady wave-
induced currents. Since S4-ADW is an electromagnetic current-
meter, the steady wave-induced currents described in this study
are local ones, at the depth of the sensor (0.4 m above sea bottom).

3.4. Determination of the nearshore wave climate

3.4.1. Statistical definition of offshore wave conditions

It has already been shown that clustering can be performed by
global optimization techniques (Butel et al., 2002; Bagirov et al.,
2002). The first step of the classification method is then to define
the function to be minimised. The function, called total(P), is
defined here as

totalðPÞ ¼
X
C2P

X
x2C

distðx;CgÞ, (8)

where P is any given partition of the dataset, C any class in this
partition, Cg the approximated centre of gravity of class C and x

any point of this class. The distance between two sea states is here
defined as

dist

Hs1

Tp1

Dp1

��������

��������
;

Hs2

Tp2

Dp2

��������

��������

0
BB@

1
CCA

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðH2

s2 � H2
s1Þ

2

s2
H2

s

þ
ðTp2 � Tp1Þ

2

s2
Tp

þ
ðDp2 � Dp1Þ

2

s2
Dp

vuut , (9)

where sH2
s
, sTp and sDp are the significant square wave height, peak

period and peak direction variances, respectively. In this study,
offshore swells expected to generate a negligible or a zero
longshore transport at the studied beach (i.e., swells of Hso0.5 m
or swells having a eastward component) were removed. The
original formulation of Butel et al. (2002) for the distance between
two sea states was modified in this study by replacing Hs by H2

s , in
order to improve the representation of high-energy/short-dura-
tion swell events and to avoid their smoothing. Actually, because
transport formulas are strongly non-linear, these high-energy
events are expected to induce strong sediment transports. The
computation of the approximated gravity centres of the classes
was then performed by minimisation of the ‘total’ function. This
minimisation was performed using the simulated annealing
method of Kirkpatrick et al. (1983).

3.5. Wave propagation model

SWAN is a spectral wave model based on the wave action
density balance equation (Booij et al., 1999). The version 40.41
was used in stationary mode to simulate wave propagation and
deformation from deepwater up to the shallower shorelines of
Oléron Island. This model was set to take into account the bottom
friction (Madsen et al., 1988), wave breaking (Battjes and Janssen,
1978) and triad wave–wave interaction. Because of the relatively
reduced dimensions of the modelled domain and the very low
gradient of the bottom, other source terms such as quadruplet
wave–wave interaction and reflection were switched off, respec-
tively. Because of the stochastic wind characteristics (magnitude,
direction) together with the long-term aspect of this study,
whitecapping and wind contributions were also switched off.

The main modelled domain extends from Oléron Island to the
WW3 simulation point in the E/W direction and from the Gironde
Estuary to the North of Ré Island (Fig. 1) in the N/S direction. The
spatial discretisation follows a regular and rectangular grid, with a
mesh size of about 250 m. A local and more refined grid (mesh
size of 10 m) was nested within the coarse grid, to simulate wave
propagation from water depth of about 20 m up to the shoreline
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and to compute wave parameters at breaking to be introduced
into the transport formulas. The numerical bathymetry for this
latter grid was obtained by interpolating bathymetric data
described in Section 3.1 on a regular grid with 20 m spacing.
The spectral discretisation was done according to 15 frequencies
ranging between 0.5 and 0.02 Hz. A constant spectrum was used
along the offshore boundary of the coarse grid. A Gaussian-shaped
frequency spectrum was used and a directional spreading of 251
was chosen. Simulations were run using the wave classes detailed
in 3.3.1 as offshore forcing (108 runs). In order to check the
validity of the simplified wave climate and to study the wave
climate seasonal variability, the WW3 original time serie (3-h
interval) was also used as offshore forcing over the period
1997–2006 (26,300 runs).

The model calibration was undertaken by adjusting an uniform
friction coefficient Kn until a good comparison was obtained
between modelled significant wave heights when forced by WW3
data at its boundaries and the field data available both at
St. Trojan beach (Fig. 4) and to the north of Oléron Island
(Fig. 3). Best agreements were obtained using Kn ¼ 0.065 m, which
is included in the range of values proposed by default in SWAN
(Kn ¼ 0.05 m) and obtained by Castelle et al. (2006a) (Kn ¼ 0.085
m) for southwestern France beaches. The second aspect of the
model calibration was performed within the surf zone by
adjusting the breaker parameter g in the bore-based model of
Battjes and Janssen (1978). Simulations showed that the default
value g ¼ 0.73 significantly overestimated the wave height in the
surf zone. The best agreement with measured significant wave
height was given by g ¼ 0.65, which is included within
the range of values found by Battjes and Stive (1985) between
0.6 and 0.83.

Wave simulations were run according to these settings and
results were output along a cross-shore profile crossing the S4
Fig. 3. Correlation between wave parameters (Hs, Tp and Dirp) measured in Novem
recorder. Using empirical transport formulas implies to define
rigorously the location of the breaking point. Smith et al. (2003)
proposed to define it as the location landward of which a fast rate
of wave height decay is observed. In this study, the breaking point
was defined as the point where the ratio Hs/depth reached 0.5,
which is less than the value of 0.6 proposed by Abadie et al.
(2006) for the steeper beaches of the southwestern France
coastline. This ratio Hs/depth ¼ 0.5 corresponds to a fraction of
wave energy lost by breaking larger than 4–5%. Such a criterion is
coherent with visual observations made during the field experi-
ments, and also corroborates the conclusions of Bonneton (2001),
which suggest weaker ratio Hs/depth for gently sloping beaches.

3.6. Sediment transport modelling

3.6.1. Empirical formulas

Several empirical transport formulas have been developed in
the 80’s and those used in this study are commonly used and
include the CERC (1984) formula and the Kamphuis (1991)
formula. Details about the use of these formulas can be easily
found in the litterature (see Balouin et al., 2005). More recently,
Kaczmarek et al. (2005) developed a new formula from radio-
isotopic measurements, which is of the form Qs ¼ f(H2V), where V

is the mean longshore current into the breaking zone:

Q s ¼ 0:023ðH2
bVÞ; if ðH2VÞo0:15, (10)

Q s ¼ 0:00225þ 0:008ðH2
bVÞ; if ðH2VÞ40:15, (11)

where Hs is the significant wave height (m); V is the mean
longshore current, computed by the same authors with the
relation:

V ¼ 0:25kv

ffiffiffiffiffiffiffiffiffiffiffi
ggHb

p
sin 2a, (12)
ber 2002 and results of the SWAN model, forced offshore by the WW3 model.
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where a is the wave angle at breaking, g is the constant breaker
parameter (0.78) and kv an empirical constant which according to
the authors could have a regional validity. The value for k has been
computed by combining the measured longshore current and
wave parameters during field experiments. Best agreements
between measured longshore current velocities and predicted
ones according to relation (12) were obtained for kv ¼ 2.9, which
is very close to the value proposed by Komar and Inman (1970) for
the eastern coast of the USA.

3.6.2. The hydro-sedimentary numerical model

3.6.2.1. Theoritical formulation. The flow module of MORPHODYN
is used herein and is detailed in Castelle et al. (2006a). It is based
on time average of the depth-integrated mass and momentum
conservation equations which are solved using an implicit method
to obtain quasi-steady mean water depth h and water volume
fluxes ~Q .

The SWAN wave driver set and described in Section 3.3.2 (Booij
et al., 1999) is used to solve the spectral action balance equation and
to provide wave forcing. The wave forcing is given by the radiation
stress tensor after Svendsen and Petrevru (1996) using the linear
wave theory. The roller contribution is not taken into account.

The closure problem of the flow module is solved with the
mixing term Tij, using the Einstein notation (i ¼ 1, 2; j ¼ 1, 2),
computed with the depth-averaged eddy viscosity approach:

Tij ¼ rKmh
qðQi=hÞ

qxj
þ
qðQj=hÞ

qxi

� �
, (13)

where r is the mass density of water and Km is given by Battjes
(1975):

Km ¼ Mh
D

r

� �1=3

þ v0, (14)

where D is the rate of energy loss due to wave breaking, M a
dimensionless coefficient and n0 an empirical eddy viscosity.

Bottom shear stress is parameterized as being proportional to
the mean flow through a bottom friction coefficient Cf and the
wave orbital velocity near the bottom Uw, following the weak flow
approximation of Liu and Dalrymple (1978):

tb
i ¼ rCf UwUci

, (15)

where the mean current velocities Uci
is given by the decomposi-

tion of Philipps (1977) to take into account the undertow
contribution:

Uci
¼

Qi � qi

h
, (16)

where qi is the mean volume flux associated with the wave
motion.

The Bailard model (Bailard, 1981) is used to compute the
sediment transport field Q

*

t due to mean currents. Q
*

t consists of
two components: the suspended and bedload transport by
relatively depth-uniform mean current (respectively, Q

*

b and
Q
*

s) given by Bailard (1981):

Q
*

t ¼ Q
*

bþ Q
*

s, (17)

with

Q
*

b ¼
�bCf

gðs� 1Þ tan F
U2

w
~Uc, (18)

Q
*

s ¼
�sCf

gðs� 1Þws
U3

w
~Uc, (19)

where eb and es are, respectively, the bedload and suspended load
efficiency factors, ws is the settling velocity, F is the sediment
friction angle and s is the sediment porosity.
3.6.2.2. Model settings. St. Trojan beach configuration was almost
alongshore-uniform during the tracer experiments 1– 3. Thus, it
was chosen to use the 1DH mode of the numerical model. Wave
outputs were extracted from the 10 m resolution grid on the cross-
shore profile crossing the S4 location, and extending from the
dune to approximately 20 m below the Lowest Astronomical Tide
(LAT).

This sediment transport formulation combined with the
depth- and time-averaged sediment mass conservation was
successfully used to simulate the formation and the evolution of
3D rhythmic bedform features in the surf zone (Castelle et al.,
2005, 2006b). However, the present sediment transport formula-
tion is not accurate enough to simulate the cross-shore sediment
transport and the resulting cross-shore movements of the
sandbars (Hoefel and Elgar, 2003). Thus, the sediment transport
formulation presented herein is used to estimate the longshore
sediment transport only.

3.6.2.3. Model calibration. The calibration of both the wave model
and the time- and depth-averaged flow model was undertaken
using the S4 measurements. Comparison with the tracer experi-
ment was used to calibrate the sediment transport module in the
longshore direction. Results obtained with the different calibrated
parameters are presented in Section 4. For the calibration of the
flow module, we assumed that the longshore current velocity
measured by the S4 (located about 0.4 m up to the bottom) was
representative of the depth-averaged velocity. Best agreements
were obtained with Cf ¼ 0.0048 in agreement with Castelle et al.
(2006a), M ¼ 1 and n0 ¼ 1.

The longshore sediment transport rate was computed for the
two first tracer experiments, using Cf ¼ 0.0048 which is located
within the range 0.0014oCfo0.0358 proposed by Bailard. Cali-
bration consisted of tuning the sediment transport efficiency
factors eb and es (Eqs. (18) and (19)) and best results were obtained
for eb ¼ 0.05 and es ¼ 0.01. The values obtained in this study are
weak in comparison with the confidence bound values
(0oebo0.44 and 0.016oebo0.031) of Bailard (1984).
4. The short-term studies

4.1. Hydrodynamic conditions during field experiments

According to the WW3 model, offshore swell conditions during
experiment 1 were characterised by a significant wave height of
Hs ¼ 1.60 m, a mean peak period of Tp ¼ 12 s and a peak direction
of Dirp ¼ 2851. At the breaking point, the measured wave
conditions were characterised by a significant wave height of
Hs ¼ 1.10 m, a peak period of Tp ¼ 12.5 s and a mean peak
direction of Dirp ¼ 2691, implying waves were breaking with
a mean angle of about a ¼ 51 with respect to the shore (Fig. 4,
Table 1). Wave conditions simulated using the SWAN model were
in good agreement with field measurements (Fig. 4), with a
correlation coefficient R2

¼ 95 for Hs and RMS differences at the
breaking point of 0.12 m for Hs, 0.5 s for Tp and 21 for a. Directional
wave spectrums show that energy was distributed over very
narrow directional and frequential bands. An important quantity
of energy was also found at a frequency of two times the peak
period, suggesting an important development of the first order
harmonic. The analysis of steady wave-induced currents (Fig. 5,
Table 1) shows the presence of southward longshore with a mean
maximum velocity of vc ¼ 0.35–0.45 m/s. The strongest longshore
currents were observed within a band extending from the
breaking zone up to water depth of about 0.5 m, and then they
decreased rapidly up to the shoreline. Longshore current velocity
also decreased rapidly after the breaking zone (seaward).
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Fig. 4. Wave parameters recorded during the three tracer experiments and superimposition with the swan model prediction for Hs (a), Tp (b) and Dirp (c). Tidal water level variations over the S4 sensor are represented in (d) and

directional wave spectra during each tracer experiment, showing a strong development of the first order harmonics, are represented in (e).
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Table 1
Mean wave and wave-induced current characteristics during the three tracer experiments

Date Hs (m) Tp (s) Dir (1) Longshore

velocity (m/s)

Undertow

velocity (m/s)

Offshore

(WW3)

Breaking

point

Offshore

(WW3)

Breaking

point

Offshore

(WW3)

Breaking

point

Experiment 1 4–5 April 2005 1.60 1.1 12 12.5 285 269 �0.35 to �0.45 �0.15

Experiment 2 6 April 2005 1.28 0.9 10.9 11 278 268 �0.2 to �0.35 �0.15 to �0.1

Experiment 3 28–29 March

2006

4.05 2.0 10.1 11.5 270 265 0.5 to �0.4 �0.5

Current velocities correspond to mean maximal velocities, which are generally found around the breaking point.
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Simulated longshore currents display a good agreement with field
data, both in terms of velocity and cross-shore distribution, with a
RMS of the difference of 0.09 m/s. Spectral analysis showed that
longshore currents were exclusively modulated by infragravity
frequencies (0.002–0.05 Hz), with main peaks at 0.02 and
0.036 Hz. Steady cross-shore current-directed offshore (under-
tows) were maximum around the breaking zone, where they
reached �0.25 m/s. Spectral analysis shows that undertows were
also modulated by infragravity frequencies (0.002–0.05 Hz), with
main peaks at 0.004 and 0.02 Hz.

Experiment 2 was characterised by offshore waves with
Hs ¼ 1.3 m, Tp ¼ 11 s, Dirp ¼ 2781 and at the breaking point
Hs ¼ 0.9 m, Tp ¼ 11 s and Dirp ¼ 265–2721 (mean ¼ 2681), signify-
ing the waves were breaking with a mean angle close to 3–41 with
respect to the shore (Fig. 4, Table 1). Nearshore simulated waves
display a good agreement with field data, with a correlation
coefficient R2

¼ 93 for Hs and RMS differences at the breaking
point of 0.05 m for Hs, 0.8 s for Tp and 1.51 for a. Directional wave
spectrums show that energy was distributed over narrow
directional and frequential bands, with as for experiment 1, an
important development of the first order swell harmonics.
Longshore wave-induced current ranged from vc ¼ �0.2 to
�0.35 m/s at the breaking point. Simulated longshore currents
display a good agreement with field data for the first-half of the
tidal cycle (RMS of the difference of 0.05 m/s), but not for the
second-half, where the short increase in longshore velocity was
not reproduced. Spectral analysis shows that longshore currents
were modulated by infragravity frequencies (main peaks at 0.02
and 0.034 Hz). Undertows were maximum around the breaking
point, where they reached uc ¼ 0.15–0.1 m/s. Spectral analysis
shows that undertows were also modulated by infragravity
frequencies with main peaks at 0.003 and 0.02 Hz.

Offshore wave conditions during experiment 3 were charac-
terised by a significant wave height of Hs ¼ 4 m, a mean peak
period of Tp ¼ 11 s and a peak direction of Dirp ¼ 2701 and at the
breaking point, waves Hs ¼ 2 m, a Tp ¼ 11 s and a peak direction
globally normal to the shore (Dirp ¼ 263–2721; Fig. 4, Table 1). As
for the two first experiments, wave conditions simulated using the
SWAN model were in very good agreement with field measure-
ments, with a correlation coefficient R2

¼ 97 for Hs and RMS
differences at the breaking point of 0.10 m for Hs, 1.5 s for Tp and
2.61 for a. Longshore wave-induced currents were alternatively
northward and southward-directed and mean maximum values
ranged from vc ¼ �0.50 to +0.4 m/s (Fig. 5). Unlike experiments 1
and 2, simulated longshore currents were of the right order of
magnitude but their successive inversions of direction during the
second-half of the tidal cycle were not reproduced by the model,
which resulted in a bad RMS of the difference (0.28 m/s). As for
experiences 1 and 2, longshore current velocities were strongly
modulated by infragravity frequencies, with a peak energy at
0.004 Hz. Undertows increased from the shoreline to the breaking
point where they established to uc ¼ 0.5 m/s with peak values
reaching almost 1 m/s. Undertows were thus often stronger than
longshore currents and were also modulated by infragravity
frequencies, with a main peak at 0.005 Hz.

4.2. Tracer experiments

During experiment 1, the tracer experienced about 7 h of wave
action and spread over a cloud of 120 m longshore by 100 m cross-
shore (Fig. 6). The percentage of remaining fluorescent tracer Rm

was found to be in the order 82%, confirming validity of this
experiment (Table 2). The tracer cloud centroid moved 16 m cross-
shore and 29 m longshore (southward) and within a layer of
0.033 m. The corresponding computed longshore velocity was
Ucy ¼ �1.16�10�3 m/s. The cross-shore integration of this sand
movement results in a longshore transport of Qcy ¼ �5.9�
10�3 m3/s (506 m3/day).

During experiment 2, the tracer also experienced 7 h of wave
action but spread over a cloud of about 60 m longshore by 80 m
cross-shore (Fig. 6). Rm was 73%, confirming the validity of this
second experiment (Table 2). The tracer cloud centroid moved 5 m
cross-shore and 15 m longshore (southward) and the sand mixing
depth was about 0.025 m. The corresponding computed longshore
velocity was Ucy ¼ �0.6�10�3 m/s. The cross-shore integration of
this sand movement results in a longshore transport of
Qcy ¼ �2.5�10�3 m3/s (213 m3/day).

During experiment 3, the tracer experienced about 6.5 h of
wave action. A first qualitative investigation was carried out on
the beach with a portable UV lamp, aiming at determining the
cloud extension and dimensioning the sampling grid, and did not
allow for recovering tracer in significative quantities. This was
confirmed by the quantitative analysis of the samples, which
revealed that tracer concentrations were two orders of magnitude
less than during two first experiments, causing the recovery rate
to be in the order of 18%, that was insufficient to valid this
experiment (Fig. 6, Table 2). Consequently, no longshore transport
was computed from this third tracer experiment.

4.3. Comparison between tracer, model and empirical formula

results

The values for the wave parameters at breaking were
computed from the SWAN model (forced by WW3) during each
tracer experiment and were then introduced into the different
empirical formulas and the numerical model (Fig. 7). An error
margin was also taken into account for each parameter and was
arbitrary defined as the standard deviation between the wave
model results and wave measurements. This error margin was of
about 10% for Hs and 4% for Tp, which implies an excellent
correlation between wave model results and measurements for
these two parameters. The error margin for the wave angle at
breaking was of the order of 1.5–21, but mainly resulted from a
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Fig. 5. Permanent wave-induced currents at the S4-ADW sensor, recorded during the three tracer experiments a simulation by the numerical model, with: (a) longshore current velocity and (b) cross-shore current velocity.

Energy spectra for: (d) longshore velocity (m2/s2/Hs) and (e) cross-shore velocity (m2/s2/Hs), showing their strong modulation by infragravity frequencies.
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Fig. 6. Tracer dispersion and localisation map for the three tracer experiments (tracer concentration in kg of tracer/m2) with Lambert II coordinates in metres.

Table 2
Computation of the recovery rate and validation for each experiments

Date Mass of

tracer

injected (Mt)

Mass of tracer

remaining at the

release point (Mr)

Mass of tracer

detected outside the

release point (Md)

Mixing

depth (m)

Recovery rate (%) Validation of

experiment

Experiment 1 4–5 April 2005 170 89 66.5 0.035 82 Yes

Experiment 2 6 April 2005 100 29 51.6 0.025 73 Yes

Experiment 3 28–29 March 2006 138 kg 80 10.2 0.05 18 No
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Fig. 7. Comparison between longshore transport deduced from tracers and longshore transport predicted by the CERC (1984), the Kamphuis (1991) and the Kaczmarek et al.

(2005) empirical formulas and by the numerical model, for the two first tracer experiments.
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dispersion of wave angles around their mean value. Nevertheless,
when compared to the small wave angle at breaking (typically 51),
such an error rapidly becomes the main error source for
estimating longshore transport with empirical formulas.

The most difficult formula to be used is the CERC (1984)
formula, since the predicted transport rate strongly depends on
the value chosen for the K empirical coefficient, which ranges
from 0.21 to 0.98 according to the authors (Kraus et al., 1982;
Kamphuis, 1991; Michel, 1997; Ciavola et al., 1997; US Army Corps
of Engineers, 1998; Balouin et al., 2005). A value of 0.20 was
selected and results in good agreements with the transport rates
deduced from the tracer experiments.

Considering the transport rates deduced from tracer experi-
ments as the most reliable ones and given the large error margins,
the transport rates predicted by the Kaczmarek et al. (2005)
formula, the CERC (1984) formula, the Kamphuis (1991) formula
and the numerical model are in relatively good agreements for the
two experiments. In more details, the Kamphuis (1991) formula
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seems to sligthly underestimate the transport while the Kaczmar-
ek et al. (2005) formula seems to slightly overestimate it. For the
first experiment, values range from 0.004470.0014 m3/s to
0.007070.0020 m3/s and for the second experiment, values range
from 0.001670.0005 m3/s to 0.003070.0005 m3/s.
4.4. Correlation between hydrodynamics and sediment transport

Waves of moderate energy (Hs ¼ 1.10 m) breaking slightly
obliquely (51) during experiment 1 induced moderate longshore
currents, which could explain the large longshore extension of the
tracer cloud. According to the numerical model, longshore
transport consisted of a comparable part of bedload and
suspension transport. While bedload transport could be directly
related to the presence of moderate longshore transport, suspen-
sion transport could originate from the combination of wave
orbital motions and wave breaking putting sand into suspension
and longshore current advecting it. The moderate cross-shore
extension of the tracer cloud could be due to the combination of
wave skewness, wave breaking and undertows.

Lower energy waves (Hs ¼ 0.9 m) of experiment 2, breaking
more normally (3–41) induced weak longshore currents
(mean ¼ 0.2–0.35 m/s). These weak longshore currents could
explain why the tracer cloud displayed a weaker longshore
extension. According to the numerical model, suspended long-
shore transport was two times larger than bedload transport. This
relatively larger suspended transport could be explained by the
presence of moderate orbital motions putting sand in suspension,
while this sand could then be advected by longshore currents. The
larger cross-shore extension of the tracer cloud could be explained
by a dominance of cross-shore processes (wave breaking, wave
skewness and undertows).

High-energy wave (Hs ¼ 2 m) of experiment 3, breaking quasi-
normally with respect to the shore induced steady offshore-
directed currents that were often exceeding longshore currents.
This hydrodynamic setting could be responsible for important
offshore-directed sand transport associated to a high diffusion of
the tracer, explaining why the tracer concentrations to be found
on the beach were very weak. The subsequent bad recovery rate of
this experiment has prevented from any transport computation
and this points out the challenge that represents the success of
tracer experiments during high-energy wave conditions.
Table 3
Example of wave classes computed from the WW3 data by means of the simulated an

Category Wave class

year 1999

Annual

percentage

Off-shore wave conditions (p

Hs (m) Tp (s)

(A) 1 23.56 1.10 8.8

2 18.37 1.47 11.4

3 13.95 2.10 10.5

4 8.699 2.68 12.4

5 8.047 1.88 6.2

(B) 6 7.068 3.12 8.9

7 5.074 3.82 11.6

8 2.247 4.58 11.9

9 1.268 5.52 13.1

10 0.833 6.71 13.2

11 0.289 7.61 12.1

12 0.072 9.48 12.5

(C) 10.5 o0.5 o5

The simulation of the propagation from the open sea up to the breaking point is show
5. The long-term study: annual and inter-annual variability of
longshore transport

5.1. The annual nearshore wave climate

Annual representative wave classes have been computed for
each year from 1997 to 2005 WW3 data, using the classification
method presented in Section 3.4.1. Table 3 gives an example of
how this method permits 1 year of wave data to be condensed
into only 12 representative swell classes. For each year, two main
swell categories can be distinguished within offshore wave
classes: (A) low to moderate WNW swell conditions, representing
58–69% of the annual wave climate and where Hs ¼ 0.8–2.5 m,
Tp ¼ 6–12 s and Dirp ¼ 274–2921N; (B) energetic W swell condi-
tions, representing 15–27% of the annual wave climate and where
Hs ¼ 2.5–9.4 m, Tp ¼ 11–15 s and Dirp ¼ 265–2801N. Looking to
the original WW3 time series, it can be seen that swells of
category (A) occur mostly during summer months (June to
September), while swells of category (B) occur mostly during
winter months (November–March) and spring and autumn are
characterised by a transition between these two wave regimes.

Swell deformations during their propagation from the outer
continental shelf to the study area was simulated for each wave
class using the SWAN model (Booij et al., 1999), tuned as
described in Section 3.3.2. Swell deformation combines refraction
to an attenuation of amplitude (example for year 1999 in Table 1).
Accordingly to the linear wave theory, the most energetic swells
(category B) experienced the strongest deformations, that include
an amplitude attenuation, which can exceeds 50% (Fig. 10, classes
8 and 10 and experiment 3 in the short-term study), and a strong
refraction that caused them to approach the shore quasi-normally
(�41 to 51 of incidence). On the contrary, less energetic swells of
category (A) are subjected to lower deformations, including a
weaker attenuation (10–20%) together with a smaller refraction,
which permit them to reach the coast with angle attaining up to
10–131 (Fig. 10, classes 2). The simulation of wave propagation for
the whole time series between 1997 and 2006 provides the
demonstration for the seasonal variability of the nearshore wave
climate (Fig. 8). A strong contrast can be observed between
summers characterised by low energy waves (Hs ¼ 0.5–1 m,
Tp ¼ 5–10 s) breaking more obliquely (5–101 of incidence) and
winters characterised by energetic waves (Hs ¼ 1.5–2 m,
Tp ¼ 10–15 s) breaking quasi-normally (�41 to 51 of incidence).
nealing method for the year 1999

oint WW3, 2.51W; 461N) Wave conditions at the breaking point

Dirp (1) Hs (m) Tp (s) Dirp (1)

288.9 0.77 8.8 269.9

282.9 0.99 11.6 265.7

283.8 1.26 10.5 267.8

279.3 1.06 12.5 266.6

282.7 1.06 5.2 270.8

278.8 1.89 8.9 268.2

277.3 2.10 11.7 265.9

276.0 2.36 12.1 265.1

273.7 2.70 13.4 263.4

270.0 3.1 13.5 261.4

267.7 3.2 12.4 260.7

267.5 3.4 12.8 259.7

East

component

n in the Fig. 10 for the classes 2, 8 and 10.
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5.2. Annual and inter-annual longshore transport

Wave parameters (Hs, Tp and Dirp) at the breaking point were
computed from the SWAN model (Booij et al., 1999) for each swell
class from 1997, as well as for the whole time-series from 1997 to
2005. These parameters were then used to force the selected
transport formulas. For computational reasons, the numerical
model was forced using wave classes only, by wave outputs
extracted along a cross-shore profile starting at 20 m below LAT, as
described in Section 3.6.2.2. In both cases, the instantaneous
longshore transport computed for each wave class was converted
into annual transport considering the annual occurrence of each
class. Considering model/data comparison at the breaking point
did not show any particular bias, it was assumed that errors for
the wave angle and the significant height at breaking were of
random type. Annual values for longshore transport were thus
computed taking into account an error margin on the wave angle,
randomly distributed within the range �21/+21 according to a
normal law, defined by a mean m ¼ 0 and a variance s2 arbitrarily
set to one. The error margin on the significant wave height at the
breaking point was estimated to be 9% over the different
experiments and was also included into the computation follow-
ing the same procedure as for the wave angle (with m ¼ 0 and
s2
¼ 5%).
The computation of longshore transport for the whole time-

serie provides the demonstration for the seasonal variability of
longshore transport (Fig. 8d). As for wave parameters (Section 5.1
and Fig. 8a–c), a contrasting situation can be evidenced between
summer characterised by weak but almost always southward-
directed transport and winter characterised by stronger but
alternatively southward and northward-directed longshore trans-
port. When computing the annual longhore transport for a given
year and considering the large associated error margins, an overall
reasonable agreement between each formula and each method
(representative classes or whole time series) can be observed,
permitting an inter-annual variability to be seen (Fig. 9). In more
details, the Kamphuis (1991) formula gives values significantly
weaker with respect to the values obtained from the CERC (1984)
formula, the Kaczmarek et al. (2005) formula and the numerical
model. Values range from about 50,000720,000 m3/yr to
140,000730,000 m3/yr, with a minimum in 2000–2001–2002,
located between two maximums in 1998–1999 and 2004–2005
(Fig. 9).
5.3. The causes for longshore transport ‘‘relatively’’ low values

The validation of empirical transport formulas from tracer
experiments and their forcing by a simplified nearshore wave
climate as well as by the whole time series of wave parameters
has enabled to compute values for the net annual longshore
transport ranging from 50,000720,000 m3/yr to 140,0007
30,000 m3/yr. An inter-annual variability in longshore transport
has been shown, with two peaks in 1998–1999 and 2004–2005
and a minimum in 2001. These values were bounded by large
errors, which mainly originated from the error margin on the
wave angle combined to the presence of low wave angles to the
shore at the breaking point.

However, whatever is the formula and the year considered,
these values are 3–10 times less than the previous estimations for
this beach (Baxères, 1978; Bellessort and Migniot, 1987). A simple
explanation could be to call into question the reliability of the
results presented in our study. It can firstly be argued that
conserving a constant bathymetry over all the period of this study
could be an error source, especially as this beach experienced
erosion. Repetitive beach profile measurements (not presented
here) were carried out every year since 1997 and show that the
main cross-shore variations concerned the beach upper part and
the dune, while the lower part of the beach profiles are well
superimposed. On a longshore point of view, dune erosion appears
well homogenous at the location of this study, causing the
shoreline orientation to be constant at the time-scale of this study.
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Fig. 9. Annual estimations and inter-annual variability of the longshore transport computed from the CERC (1984), the Kamphuis (1991) and the Kaczmarek et al. (2005)

empirical formulas and from the numerical model, using both a simplified wave climate (wave classes) and the original WW3 time series.

Table 4
Respective contributions of low-energy (category (A)) and high-energy (category (B)) swells in the southward, the northward and net annual longshore transport

Year Low-energy (A) High-energy (B) Total Total

Southward Northward Southward Northward Southward Northward Net

1997 50,630 �9952 30,785 �16,552 81,415 �26,503 54,912

1998 78,300 �8800 47,723 �14,055 126,020 �22,855 103,165

1999 85,842 �8133 49,323 �17,284 135,160 �25,418 109,742

2000 84,552 �10,822 52,473 �24,743 137,020 �35,565 101,455

2001 67,606 �11,088 25,296 �26,732 92,902 �37,820 55,082

2002 70,747 �8924 32,668 �42,340 103,410 �51,264 52,150

2003 61,739 �8819 32,180 �12,863 93,919 �21,682 72,237

2004 74,338 �11,637 42,877 �14,815 117,215 �26,452 90,763

2005 68,316 �10,533 23,592 �8797 91,909 �19,330 72,579

Results obtained with the CERC formula forced by time series of wave parameter at the breaking point.
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It can then be reproached the absence of sand transport data for
high-energy wave conditions. This problem corroborates the
observations of Schoonees and Theron (1993) and Taborda et al.
(1994), who pointed out the challenge that represent the
acquisition of field data during high-energy waves. Considering
these potential weaknesses, it can be assumed that the values for
the annual longshore transport presented in our study are not
perfect, but are of the right order of magnitude.

Differences between previous studies and the present one
could be rather attributed to some of the weaknesses of previous
studies regarding the nearshore wave climate. Previous studies
actually took into account average wave parameters while wave-
related transport is strongly non-linear. Another weakness in
these previous studies concerned the inaccurate determination of
wave angle at breaking, which was in the best case determined
using a ray model, but most often taken as the offshore wave
incidence. In this study, the wave angle at breaking has revealed to
be a key parameter that requires being determined very
accurately, since the low gradient of the beach and the shallow
shoreface cause the waves to break with angles less than 101 and
most of the time less than 51. The last important weakness
concerned the use of empirical formulas without any calibration
or comparison with field data. In the present study, except for the
Kamphuis (1991) formula, empirical parameters have to be
adjusted by comparison with field data, as the Kv coefficient for
longshore current velocity in the Kaczmarek et al.’s (2005)
formula, or the K coefficient in the CERC (1984) formula. This
study has also shown that the default values for these parameters,
often established from studies on more inclined and barred
beaches, were not adapted to the dissipative beach of this study.
Nevertheless, the values computed for the annual longshore
transport at St. Trojan beach could appear weak with respect to its
energetic wave setting and considering the 1931N shoreline
orientation while swells originate from W to NW. Several authors
have proposed the main part of the annual longshore transport
took place during high-energy events that only represent a few
percent of the annual wave climate (Abadie et al., 2006; Sylvester,
1984; Michel, 1997). On the contrary, this study suggests that for
St. Trojan beach, energetic swells represent 15–27% of the annual
wave climate (category B, Section 5.1) but are responsible for
about 40% (Table 4) of the gross annual longshore transport and
only 20% of the net annual longshore transport. The relatively
weak contribution of energetic swells in the gross annual
longshore transport could result firstly from the 30% to 60%
amplitude attenuation these swells experience when they
propagate over the extended continental shelf and the shallow
shoreface in front of Oléron Island (e.g., as during the third tracer
experiment; Section 4.1 and Table 1). The second explanation
could be related to the systematically close to W direction of these
energetic swells (Fig. 2), which cause them to approach the shore
with low angles (�41 to 51 of incidence). The even lower
contribution of energetic swells in the net annual longshore
transport can be related to the fact that swells having an offshore
direction of less than about 2751N approach the coast with a weak
southward component, which cause the littoral drift to be
oriented northward, as during the beginning of the third tracer
experiment (Section 4.1 and Fig. 5). Hence, these energetic swells
result in a comparable amount of northward and southward
transport, which strongly weakens their contribution to the net
annual transport (Fig. 10) (Table 4).
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Fig. 10. Swell deformation (refraction and attenuation) during their propagation on the Oléron Island shoreface up to the studied beach, showing that energetic swells are

subjected to the strongest deformations.

X. Bertin et al. / Continental Shelf Research 28 (2008) 1316–13321330
6. Conclusion

The first objective of this paper was to determine the annual
and inter-annual variability of the longshore transport. The first
part of the paper presented tracer experiments together with
simultaneous hydrodynamic measurements, carried out during
three different hydrodynamic settings offering a good representa-
tion of the annual wave climate. Hydrodynamic data were used to
calibrate numerical simulations of wave propagation, wave-
induced currents and sediment transport simulations. Due to
the lack of directional wave recorder offshore of the study area,
wave data originating from the WW3 model were considered in
this study to force a local wave propagation model. The good
correlation between the modelled wave parameters (Hs, Tp and
Dirp) obtained from this methodology and field measurements
point out the quality of the WW3 data as well as those of the
SWAN model. These modelled wave parameters were used to
force the hydro-sedimentary model and empirical formulas and
have permitted to obtain quite good correlations with measured
longshore currents and longshore transports. From these short-
term studies, it was assumed that model settings were suitable to
compute longshore transport at a larger time-scale.

The nearshore wave climate was then determined by simulat-
ing the propagation of offshore waves classes as well as the whole
WW3 time series up to the studied beach. A contrasting situation
was evidenced between winters characterised by energetic frontal
waves and summers characterised by less energetic but more
oblique waves. This nearshore wave climate was used to force
both the hydro-sedimentary model and empirical formulas and to
compute the annual and inter-annual longshore transports.
Results obtained from this methodology suggested values for the
annual longshore transport ranging from 50,000720,000 m3/yr to
140,000730,000 m3/yr, with a strong inter-annual variability.
These values were nevertheless 3–10 times less than those
proposed in previous studies, which was firstly attributed to the
presence of some weaknesses in these studies regarding the
forcing wave climate, the determination of the wave incidence
and the non-calibration of transport formulas. The relatively low
values presented in this study for the net annual longshore
transport were explained by a particularly weak contribution of
high-energy swells, related to their strong energy attenuation and
their quasi-frontal incidence, which results in a comparable
amount of transport southward and northward (Table 4).

Finally, the quite good agreement between the values obtained
from the different methods demonstrates the validity of the wave
climate classification method. Using this method offers the unique
advantage of computing longshore transport over large period of
time with reasonable CPU times, which is determinant when
using a hydro-sedimentary numerical model.

The overall methodology presented in this study for estimating
the annual longshore transport has permitted to obtain unpub-
lished results and should be tested in other places, namely to re-
examine some of the values that originate from studies that were
conducted with restricted numerical and experimental means.
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Collection de la Direction des Etudes et recherches d’électricité de France,
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