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Abstract

The Arcachon Lagoon on the French Atlantic coast is a triangular shaped lagoon of 20 km on a side connected to the
ocean by a 3-km wide inlet between the mainland and an elongated sand spit. This tidal inlet exhibits a particularly active
morphology due to locally strong tidal currents and rough wave conditions. During the past 300 years, minimum and
maximum spatial extents of the Cap Ferret sand spit have varied by 8 km while one or two channels have alternately allowed
circulation between the lagoon and the ocean. These impressive morphological changes have never prevented regular
flushing of the lagoon, eventhough the spit came as close as 300 m from the coast during the 18th century. According to

w Ž . xBruun’s concept of tidal inlet stability Theory and Engineering 1978 , 510 pp. , the balance between longshore littoral
transport and the tidal prism ensures the perpetuity of the inlet.

Process modeling was believed to give better insight into the respective roles of tides and waves in driving the long-term
morphological changes of the inlet. A two-dimensional horizontal morphodynamic model was therefore developed,
combining modules for hydrodynamics, waves, sediment transport and bathymetry updates. The use of process models at a
scale of decades requires a schematization of the input conditions. We defined representative mean annual wave and tide
conditions with respect to sediment transport, i.e. conditions that induce the same annual transport as measured in the field.
Driven by these representative conditions, simulations run from the 1993 bathymetry show that the tide is responsible for the

Ž .opening of a new channel at the extremity of the sand spit where tidal currents are the strongest , while waves induce a
littoral transport responsible for the longshore drift of sand bodies across the inlet. One particular simulation consisted in
running the model from a hypothetical initial topography where the channels are filled with sand and the entire inlet is set to

Ž .a constant depth 3 m . The results show the reproduction of a channel and bar system comparable to historical observations,
which supports the idea that the lagoon is unlikely to be disconnected from the ocean, provided tide and wave conditions
remain fairly constant in the following decades. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coastal morphodynamic processes around tidal
Žinlets in mixed-energy environments macrotidal en-

.vironment of high wave energy, Hayes, 1980 are
particularly complex. Severe tide and wave condi-
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tions produce significant bathymetric changes at time
scales varying from hours to decades or centuries.
Empirical and conceptual models have increased un-
derstanding of the overall mechanisms driving the

Žbehavior of these inlets O’Brien, 1931, 1969;
Keulegan, 1951; Bruun, 1978; de Vriend et al.,

.1993a,b; van Dongeren and de Vriend, 1994 and in
Žparticular their inherent instability Bruun and Ger-

ritsen, 1960; Escoffier, 1977; Bruun, 1978; Fitzger-
ald, 1988; Gerritsen, 1990; Gao and Collins, 1994;

.Goodwin, 1996 . However, they fail to explain some
large-scale morphological changes or cyclic features,
and cannot investigate the respective roles of tides
and waves in reshaping an inlet.

The rapid evolution of the Arcachon tidal inlet in
recent centuries and its quasi-closure in 1826 have
instigated several descriptive and conceptual studies
in the last 25 years. During the past 300 years,
minimum and maximum extents of the sand spit
separating the Arcachon lagoon from the ocean have
resulted in variations of 8 km, while one or two
channels have alternately allowed circulation through
the inlet. Similar lagoons were once connected to the
ocean further south along the coast. The closure of
these lagoons raises the possibility of a similar clo-
sure of the Arcachon lagoon. Empirical methods
developed to assess the stability of such inlets com-
pare the value of the mean annual littoral transport
Ž .representative of the wave action to the tidal prism

Ž .of a mean spring tide Bruun, 1978 . According to
such relationships, the Arcachon inlet was shown to

Ž .be stable Cayocca, 1996 . This stability concept
does not imply that the inlet morphology is static,
but ensures its perpetuity through continuous flush-
ing enabled by the tidal currents. While this ap-
proach provides interesting information regarding the
overall behavior of the inlet, it does not allow a
proper understanding of the mixed processes that
drive the detailed evolution and the possible closure
of the lagoon.

In the absence of a continuous set of data span-
Žning several years or decades the typical time-scale
.of larger morphological changes , developing a pro-

cess-based morphodynamic model is an interesting
attempt to understand the physical processes around
the inlet. Morphodynamic models have experienced
increasing popularity with the development of more
powerful computers. Eventhough some attempts have

recently been made to develop quasi- and fully
Žthree-dimensional models Watanabe et al., 1986;

Briand and Kamphuis, 1993a,b; Ranasinghe et al.,
.1999 , more attention has been devoted to two-di-

Žmensional horizontal models Coeffe and Pechon,´ ´
1982; Watanabe, 1982; de Vriend, 1987a,b; Ander-
sen et al., 1991; Roelvink and van Banning, 1994;
Chesher, 1995; Ribberink et al., 1995; Wang, 1991;

.Wang et al., 1995; Nicholson et al., 1997 . Depth
averaged schemes cannot account for undertow, wave
asymmetry or curvature-induced secondary flows;
their application is therefore restricted to areas where

Žthese processes can be disregarded unless they can
.be modeled separately through a quasi-3D approach ,

or where longshore processes are dominant over
cross-shore processes. Since morphological evolu-
tions in the Arcachon tidal inlet are thought to

Ždepend mostly on the longshore littoral drift Michel
.and Howa, 1997, 2000 , the choice of a 2DH model

seems appropriate.
Some restrictions regarding the application of pro-

cess-based models to long-term simulations need to
be pointed out. Tidal parameters can be rigorously
predicted, but the stochastic nature of storm occur-
rences makes wave-related parameters available only
in statistical terms. Furthermore, the accurate model-
ing of wave propagation over a complex bathymetry
remains a challenge, and the most advanced simula-
tions still require extremely long computation times.
These constraints define two possible approaches
regarding the long-term morphodynamic modeling of
a tidal inlet: a first approach consists of simulating
separate events, i.e. representing the morphological
changes induced by a series of typical storms alter-
nating with calm periods. In order to be meaningful,
such a model would have to be fully three-dimen-
sional to correctly represent the action of waves on
the sandbars. As far as we know, such simulations at
the scale of an inlet and for the duration of a storm
have not yet been carried out. A second approach
consists in considering long-term evolutions by
means of a process model run on time-averaged
conditions, which is the method applied in this study.

A two-dimensional horizontal model was devel-
oped for this purpose, including a 2DH hydrody-
namic module, as well as modules computing wave
parameters, sediment transport and bathymetry up-
dates. Sensitivity analyses were carried out to deter-
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mine which tide and wave conditions were suitable
for long-term simulations, as well as to optimize the
required number of bathymetry updates and full hy-
drodynamic computations.

2. The Arcachon tidal inlet: geographical setting
and morphological behavior

Unlike the rugged coasts of Brittany or the At-
lantic coast of Spain, the French coast south of
Bordeaux exhibits 250 km of straight sandy beaches,
exposed to the rough climatic conditions of the Bay
of Biscay. Several lagoons once interrupted this oth-
erwise uniform coastline, of which the Arcachon
lagoon is the only one still connected to the ocean
through a morphologically active tidal inlet. The
surface of the lagoon at high tide reaches 160 km2

for a spring tide while at low tide, only the main
channels remain passable, representing 40 km2. The
lagoon is separated from the ocean by an 18-km long
sand spit, 1–5 km wide, made of aeolian dunes

Ž .topping coarser marine sand Fig. 1 .
The inlet morphology can be separated into two

Ž .major units: 1 the outer inlet, south of Cap Ferret
Ž .extremity of the sand spit , including a large ebb
delta, made of major sand bars such as the Arguin
and Toulinguet Banks through which the littoral drift
bypasses the inlet; one or two alternately migrating

Ž .channels are cut into the delta; 2 the inner inlet
primarily consists of a small flood delta and a single
channel following the east bank of the sand spit.

The tidal range varies between 0.80 m for neap
tides and 4.60 m for spring tides, while winter
storms on the Bay of Biscay induce a severe wave
regime all along the Aquitaine coast. According to

Ž .the classification of Hayes 1980 , these features
make Arcachon inlet a mixed energy tide-dominated
inlet. The tidal prism for a mean spring tide was
computed to be 347 Mm3 in 1993 for a minimal
cross-section of the inlet of 16 800 m2.

While classical stability analyses lead to the clas-
Žsification of the Arcachon inlet as stable Cayocca,

.1996 , its historical evolution exhibits cyclic trends
Žtypical of an ‘inherently unstable behavior’ van de

.Kreeke, 1996 . The morphological evolutions of the
Cap Ferret sand spit were reconstituted from 1768

Ž .data Gassiat, 1989 . They exhibit two major phases

Žof accretion 5 km from 1768 to 1826, including a
progression speed of 185 mryear for 20 years, and

. Ž1894–1973 , separated by a phase of retrogression 2
.km . The position of the sand spit extremity was

found to be related to the number and position of the
inlet channels. Starting from a configuration with a

Žsingle channel following the coast called south
. Žchannel, e.g. 1965, Fig. 2 , a second channel called

.north channel opens up near the extremity of the
Ž .sand spit 1826, 1905, 1987 . This process parallels a

retreat of the sand spit. Both channels progressively
drift south and the north channel eventually merges

Ž .with the south channel 1854, 1965 . The resulting
channel continues its drift southward while coming
closer to the coast, eventually reaching La Salie
Ž .1923, 1990 . The sand spit is stable or progrades
during this phase. The north channel then opens up
again. This behavior has been shown using bathy-

Žmetric charts from 1826 until the present Gassiat,
.1989 . Two cycles of approximately 80 years were

identified. The amplitude and velocity of Cap Ferret
morphological changes have significantly decreased
in the past 25 years. However, the current evolution
Ži.e. deepening of the north channel, which is now

.used for navigation and erosion of the sand spit
confirms the cyclic behavior of the inlet.

3. Model outline and sub-model descriptions

Morphological evolutions are driven by nested
processes that constantly interact: fluid flow, sedi-
ment transport and bathymetry are closely inter-de-
pendent. Yet the evolution of the flow variables, and
that of the seabed elevation occur at different time

Ž .scales Hauguel, 1978 . This allows the decoupling
of the hydrodynamic and bathymetric evolutions.
Morphodynamic models thus do not need to solve
coupled equations describing the simultaneous evolu-
tion of these linked parameters: the bed level is
assumed to remain constant during the hydrody-
namic computation while the flow and sediment
transport are considered invariant during the

Ž .bathymetry update Wang et al., 1995 . However,
since waves and tidal currents are simultaneously
taken into account, some nesting is required in order
to represent the refraction of the waves by the tidal
current and to compute the wave-induced current.
This coupling will be described in Section 5.
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Ž . Ž .Fig. 1. a Location of the study area. b 1993 bathymetric chart of the inlet.

Long-term computations cannot take into account
the most refined representation of all physical pro-
cesses and input conditions. Each module, as well as
the resulting nested model, are run under certain

Žapproximations regarding processes which will be
.described for each individual module and input

Ž .parameterization described in Section 4 . Several
techniques were also investigated in order to run the
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Ž .Fig. 2. Morphological evolution of the channels since 1905 from Gassiat, 1989 . The black areas represent water depths greater than 5 m.

model for longer periods of time without updating
the bathymetry after each sedimentological time step

Žor each tide which would be extremely time con-
.suming , and by avoiding a complete hydrodynamic

Žcomputation after each bathymetric adjustment Sec-
.tion 4 .

The morphological model consists of:

v a wave module computing wave parameters for
current and bottom shear stress calculations,

v a 2DH current module driven by tides and waves,
v a sediment transport module computing sedi-

ment fluxes,
v a bed-level module that updates the bathymetry

in time,

described hereafter.

3.1. WaÕe module

The influence of waves is dominant along the
Atlantic coast where it induces a net longshore lit-

3 Žtoral transport of 600 000 m Bellessort and Migniot,
.1987 . This transport is responsible for the constant

southward drift of sand bodies across the inlet
Ž .Michel et al., 1995 . Waves also play a determining
role during storms by reshaping the sandbars of the
ebb delta. We used the wave refraction model

Ž .HISWA Holthuijsen et al., 1989 to compute wave
propagation across the domain. The model considers
a steady state situation that requires the time of
propagation of the waves through the domain to be
short compared to the variation of other parameters
Ž .water level, currents, bathymetry . For the wave
conditions used hereafter, the propagation time from
the west side to the east side of the inlet is 15 min,

which is short enough for the remaining parameters
to be considered constant.

Diffraction is not taken into account by the model.
Wave heights behind the sandbars are thus expected
to be under-estimated. However, one of the main
features characterizing wave propagation in the inlet
is refraction by the currents which can increase the

Ž .wave height by 50% Bondzie and Panchang, 1993 .
Tidal currents are therefore taken into account in the

Ž .wave computation see Section 5 . However, the
two-dimensional structure of the model does not
allow for the accurate representation of cross-shore
morphological evolutions. Thus, the model will
mainly represent morphological changes related to
the longshore littoral transport.

Ž .Longuet-Higgins and Stewart 1964 showed that
the driving forces of wave-induced current result
from gradients in the wave-induced momentum flux.
They derived an expression for the so-called radia-
tion stress tensor as a function of the wave energy,
the wavelength, the direction of propagation and the
water depth. In the case of a shallow water approxi-
mation, the contribution of the waves to the
Navier–Stokes equations integrated over depth re-

Ž .duces to the driving stresses F and F Eq. 2 andx y

to a modified bottom stress.

3.2. Current module

Currents are computed with a two-dimensional
Žhorizontal hydrodynamic model Salomon and Bre-

.ton, 1993 based on the shallow water equations:

Ez E hU E hVŽ . Ž .
q q s0

Et Ex E y
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EU EU EU Ez 1 Epatm
qU qV y fVsyg y

Et Ex E y Ex r Ex

t F E2U E2Ub x x
yg q qn q2 2ž /rh h Ex E y

EV EV EV Ez 1 Epatm
qU qV q fUsyg y

Et Ex E y E y r E y

t F E2V E2Vb y y
yg q qn q 1Ž .2 2ž /rh h Ex E y

where

1 ES ESx x x y
F sy qx ž /r Ex E y

1 ES ESx y y y
F sy q 2Ž .y ž /r Ex E y

are the radiation stresses representing the contribu-
tion of waves.

The current velocities are vertically averaged,
hence density currents and curvature-induced sec-
ondary flows are not taken into account. For sedi-
ment transport applications, the vertical velocity pro-
file is assumed to be logarithmic in the direction of
the flow. The computational grid is rectangular, with
square meshes of 250=250 m. It includes the whole

Ž 2 .lagoon 160 km , and extends westward about 10
km offshore, 22 km north and 13 km south of the
Cap Ferret. Boundary conditions are provided by a
succession of two-dimensional models of decreasing
sizes; the largest one covers the north Atlantic as far

X Ž .as 1857 west offshore Spain , and includes the
northern Spanish coast as well as the southern En-
glish coast along the English Channel. It is driven by
the semi-diurnal tide M2. Water levels predicted by
this model reproduce the measurements with an ac-

Ž .curacy of 1 cm Lazure and Salomon, 1991 .

3.3. Bottom friction

Under the action of tides only, the bottom friction
is expressed by means of a Strickler coefficient k :r

2 2'U U qV
t sr gb x 2 1r3k hr

2 2'V U qV
t sr g 3Ž .b y 2 1r3k hr

The non-linear enhancement of the bottom fric-
tion under the combined action of waves and current
is represented by the model proposed by Soulsby et

Ž .al. 1993 . The authors define the mean velocity uc

of the flow resulting from the superposition of the
tidal current and the waves; u is the amplitude ofb

the orbital velocity of this flow. t represents thec

shear stress associated with the velocity u if itc

resulted from tidal current only and is expressed as a
Ž .function of the drag coefficient C Eq. 4 ; t repre-d b

sents the shear stress associated with the velocity ub

disregarding the presence of tidal current and is
expressed as a function of the wave friction factor fw
Ž .Eq. 5 :

20.4
2t srC u with C s 4Ž .c D c D ž /ln hrz y1Ž .0

y0 .521 a02t s r f u with f s1.39 5Ž .w w b w ž /2 z0

The mean bottom friction t resulting from them

superposition of waves and currents, is directed
against the direction of the mean current u :c

™uc
™

t sytm m ™Iu Ic

and is expressed by means of non-dimensional pa-
rameters x and y:

t tc m
xs , ys 6Ž .

t qt t qtc w c w

related by the following expression

qpysx 1qbx 1yx 7Ž . Ž .

where

< < Jbs b qb cosfŽ .1 2

fwJ< <q b qb cosf logŽ .3 4 10 ž /CD
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Table 1
Ž .Coefficient b, p and q as defined by Huynh-Thanh and Temperville 1991

b1 b2 b3 b4 p1 p2 p3 p4 q1 q2 q3 q4 J

0.27 0.51 y0.10 y0.24 y0.75 0.13 0.12 0.02 0.89 0.40 0.50 y0.28 2.7

Žwhere p and q follow similar relationships Table
.1 .

3.4. Sediment transport module

While sediment transport formulae including both
bed- and suspended loads are commonly applied to
morphological studies which consider the action of

Ž .currents alone de Vriend, 1994; Wang et al., 1995 ,
the superposition of waves and currents makes the
use of such formulae integrated over the wave pe-

Žriod, a fairly crude approximation Zyserman et al.,
.1991 . However, the complete computation of sus-

pended sediment profiles considering instantaneous
values of wave and current parameters is far too
costly to be applied to morphodynamic modeling.
The principal processes to be represented by long-
term models must therefore be identified in order to
determine which case-dependant approximations can
be made. Solutions described in the literature mainly
include the use of two-dimensional horizontal flow
models coupled with a local sediment transport for-

Žmula Watanabe, 1982; Ohnaka and Watanabe, 1990;
.Steijn and Hartsuiker, 1992 , or a quasi-3D ap-

proach. The suspended transport is then computed
assuming a logarithmic velocity profile and a con-
centration profile derived from the balance between

Žturbulent mixing and gravity Kamphuis, 1992;
Briand and Kamphuis, 1993a,b; Wang, 1992; Wang

.et al., 1995 . We considered the local formula of
Ž .Bijker 1971 which computes separately the bed-load

and the suspended load contributions.
The most frequent sediment grain size within the

inlet corresponds to a medium beach sand. The
model also covers the lagoon itself, where much
finer sediments predominate. The morphological
changes predicted by the model in the lagoon will
therefore be inaccurate; in particular they are ex-
pected to be underestimated around the tidal flats.
However, morphological changes inside the lagoon
were shown to be quite minor compared to the

evolution of the inlet itself: the comparison between
bathymetric charts from 1865 and modern bathymet-
ric data showed a simplification of the channel net-
work inside the lagoon, with deepening of the main

Žchannels and accretion of the tidal flats L’Yavanc,
.1995 . The tidal prism decreased slightly in the same

Ž .time span 5% . These lagoon evolutions have not
significantly affected the tidal current in the inlet
itself. The inner lagoon morphology is therefore
considered to be stable, and we will only use a single

Ž .fraction of sand 350 mm .
The use of Bijker’s formula results from the

assumption that the suspended sediment load is a
function of local conditions and is not connected to
any upstream physical input. The computed potential
transport is representative of the actual transport if a
state of equilibrium with the flow conditions is
reached. The fairly coarse fraction of sand consid-
ered here usually permits this approximation
Ž .Nicholson et al., 1997 . However, the real sedimen-
tological composition of the channels includes sand
from 270 to 500 mm in diameter, as well as gravel

Ž .and pebbles in certain areas Bouchet, 1974 . Out-
cropping layers of iron cemented sand stone were

Ževen observed in parts of the channels Thauront,
.personal communication . The transport module will

therefore overestimate the transport over a hard bot-
tom or in areas covered with coarse sediments; it
will also underestimate the transport of finer sedi-
ments, which is the common drawback of single
grain size approximations. On the other hand, areas
covered with gravel and pebbles correspond to areas
flushed with the strongest currents, which explains
why no fine sediments are found there. The strong
currents will also give rise to the highest values of
potential transport in areas where no more observed
erosion takes place. To avoid artificial erosion in
these areas of the model, they are represented by a
non-erodible bed under a certain depth given by the

Žinitial bathymetry where the hard bottom outcrops
.in the field . The sediment load is computed across
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Fig. 3. The dots represent hard bottom where only deposition or
Žerosion above the initial bathymetry is possible area covered with

.pebbles or bedrock .

the whole domain and the deposition and subsequent
erosion of sand originating from neighboring cells
remain possible above the level of the non-erodible

Ž .layer Fig. 3 .
The hydrodynamic time step D t is 92 s in orderh

to insure numerical stability. The sediment transport
does not need to be computed as often. After a
sensitivity analysis was carried out, the sedimento-
logical time step D t was increased to 552 s, i.e. thes

sediment load is computed every six hydrodynamic
time steps:

™Q iD t s6q uŽ . ž /s Ž6Ž iy1.q1.D th

where Q is the sediment load over one sedimento-
logical time step, and q is the sediment load com-
puted over one hydrodynamic time step. The sedi-
ment fluxes integrated over one tide provide the net
tidal sediment transport:

81

Q s Q iD tŽ .Ýtide s
is1

3.5. Bathymetry update module

This module solves the equation for the conserva-
tion of sand:

Eh Eq Eqx y
1yp y y s0 8Ž . Ž .

Et Ex E y

Ž .where q ,q is the sediment flux directed parallelx y

to the velocity, i.e.

u Õ
q s q , q s q 9Ž .x yu utot tot

with

2 2 2'u s u qÕ and qsq u ,h m rsŽ . Ž .tot tot

The system of equations to be solved when cou-
pling the hydrodynamic, sediment transport and

Žbathymetry update models is inherently unstable de
.Vriend, 1987a,b ; short-wave perturbations of the

bed may therefore grow exponentially. This cannot
be avoided by improving the numerical treatment of
the equation since the instability arises from the
differential equations themselves and not from their
numerical implementation. This highly non-linear
system may furthermore lead to unrealistic equilib-
rium profiles if slope effects — which occur in
nature and tend to smooth the bathymetry — are not

Žtaken into account in the model de Vriend et al.,
. Ž .1993a,b . Damgaard et al. 1995 describe several

modes of slope related transport, among which
downslope gravitational transport is the most com-

Žmonly used in morphodynamic models Watanabe et
al., 1986; Maruyama and Takagi, 1988; de Vriend et

. Ž .al., 1993a,b . Following Hamm et al. 1994 , we
compared several methods to experimental results
Ž .Fredsoe, 1978 showing the evolution of the banks
in a linear channel with an initially trapezoidal
cross-section. After inspection, the transport was
modified according to

™
™ ™ ™qsq q´ Iq I=h 10Ž .0 s 0

where q is the transport computed on a flat bed and0

´ is an empirical factor weighting the influence ofs
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Ž .slope effects. Following Struiksma et al. 1985 , we
used ´ s4. The continuity equation thus becomess

Eh E Eh
0 0< <1yp y q q´ qŽ . x sž /Et Ex Ex

E Eh
0 0< <y q q´ q s0 11Ž .y sž /E y E y

Ž .de Vriend 1987a,b used the characteristics anal-
ysis to investigate the interaction of currents and
bottom evolution, for models consisting of a 2DH
hydrodynamic model and a sediment model based on
a local formula. The mathematical formulation of the
system shows that the bottom evolution gives rise to
a two-dimensional behavior of the bottom distur-
bances: a point disturbance will propagate in a trian-

Žgular star-shaped pattern just like a surface wave
.propagates in circles , while the convection part of

the solution transports the disturbance in the flow
direction. Several numerical schemes were used to
account for the complex behavior of the system, use
being made of a forward-time, central-space scheme

Žwith added numerical viscosity Wang, 1991; Roel-
.vink, in Nicholson et al., 1997 , or of a Lax–

ŽWendroff scheme Andersen et al., 1991; Chesher et
.al., 1993; Tanguy et al., 1993 . We tested two nu-
Ž .merical schemes to solve Eq. 11 , namely the Lax–

Wendroff scheme as described by Chesher et al.
Ž .1993 and a forward-time, upwind scheme:

nq1 n q n yq nh yh x , iqk , j x , i , ji , j i , j 11yp ykŽ . 1
D t D x

q n yq n
y , i , j y , i , jqk 2yk s0 12Ž .2

D y

k s y1 sgn uŽ . Ž .1

k s y1 sgn ÕŽ . Ž .2

Ž .where n represents the time step and i, j the space
Ž .coordinates; q and q are given by Eqs. 9 andx y

Ž .10 . Both numerical schemes were applied to two
simple cases: the one-dimensional propagation of a
sinusoidal hump and the two-dimensional propaga-
tion of an initially sinusoidal dune in a rectangular
channel subject to a steady current induced by a

Ž .slope in the water surface elevation Cayocca, 1996 .
The first test shows that gravitational slope transport
was necessary to avoid a non-realistic steepening of

Ž .the lee-side of the dune. For the second test Fig. 4 ,
both schemes show the progression of the dune in
the direction of the flow, while the depth contours
exhibit a triangular star shape expanding in all direc-

Ž .tions as shown by de Vriend 1987a,b . The height
of the dune decreases with time, which is partly due
to numerical diffusion, but also results from the
nonlinear interactions between the current and bot-

Ž .tom changes de Vriend, 1987a,b . Both schemes
provide similar results, although the forward-time
upwind scheme is more diffusive and therefore gives
rise to a smoother bathymetry. However, the mor-
phodynamic model exhibited some instability when
waves were added to the coupling of the hydrody-
namic, sediment transport and bathymetry update
sub-models, in which case the added diffusivity re-
duced these instabilities. While the Lax–Wendroff
scheme is more accurate and did not generate insta-
bilities under tidal forcing alone, we applied the
forward-time upwind scheme to all simulations for
consistency.

4. Long-term computation methods

Long-term morphological evolutions result from
the succession of repetitive events such as tides and
waves, with characteristic time scales varying from a
few seconds to a few hours. Computations at the
scale of several years or decades cannot take into
account the real alternation of fortnightly tidal cy-

Žcles. The ‘input filtering’ technique as opposed to
.‘process filtering’, de Vriend et al., 1993a,b thus

Ž .consists in defining representative tide or wave
conditions with regard to sediment transport. In other
words, the representative tide should induce the same
sediment transport when repeated over a year as the
real succession of spring and neap tides over the
whole domain of interest. A unique representative
tide does not necessarily exist; if not, it is usually

Žpossible to combine two ‘representative’ tides Lat-
.teux, 1995 . The influence of waves is more difficult

to represent since their occurrence is not predictable,
and their role on transport can only be assessed in
terms of statistics. However, the yearly littoral trans-
port may be taken as a reference; the representative
wave conditions should therefore induce the same
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Fig. 4. Morphological evolution of a hump in a channel.

sediment transport over 1 year as do alternating fair
and rough weather conditions.

4.1. RepresentatiÕe tide

A rigorous simulation of the sediment transport
over several tides would require the complete com-
putation of hydrodynamic conditions for each fort-

Žnightly cycle this would actually be as rigorous as a

.sediment transport formula can be . Tides on the
French Atlantic coast are dominated by the M2
component, and their amplitude is well represented
by ‘tidal coefficients’ proportional to the semi-diur-

Ž .nal tidal range in Brest Latteux, 1987 . The 18.6-year
periodicity of M2 tidal ranges may be used to com-
pute a percentage of occurrence p of each tide Ti i

Ždepending on its coefficient i or tidal range,
.Gougenheim, 1953 . The average transport field
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w over one tide therefore reads for every gridmean
Ž .point x, y

w x , y s p w x , y 13Ž . Ž . Ž .Ýmean i Ti
iscoeff

where f represents the transport field issued fromTi

the tide T . Both the direction and magnitude of thei

net transport over one tide vary depending on the
tidal range. The representative tide T , if it exists, isrep

therefore defined as the tide that would result in a
transport field uniformly proportional to the average
transport, such as

w x , y saw x , y 14Ž . Ž . Ž .mean Trep

Ž .for every x, y , where a is constant across the
whole domain. The average transport could therefore
easily be deduced from the computation of this
representative tide. Two methods proposed by Steijn
Ž . Ž .1992 and Latteux 1995 were investigated
Ž .Cayocca, 1996 . Latteux’s method allowed the defi-

Žnition of a single representative tide mean spring
.tide , with as0.625, i.e. it induces a transport

which is 1.6 times as high as the mean annual
transport everywhere, and in the same direction. The
integrated sediment transport over a number n of
tides will therefore be computed by running the

Ž .model over 0.625=n representative tides. In-
versely, for the morphodynamic model, the morpho-
logical changes found after running the model over n
representative tides will correspond to the changes

Ž .resulting from 1.6=n ‘real’ tides. This will have
to be taken into account when running the model
under combined tide and wave actions.

4.2. RepresentatiÕe waÕe conditions

The stochastic occurrence of storms or calm peri-
ods makes the representation of ‘average’ wave con-
ditions extremely complex. Furthermore, the rela-
tionship between wave conditions and sediment
transport is highly non-linear and depends on which
physical processes are to be considered: while long-
shore sediment transport is proportional to H 5r2

Ž .where H is the wave amplitude , the cross-shore
transport is usually computed as a function of H 6

Ž .Steijn, 1989 . Depending on the type of transport to
be modeled, the ‘representative’ wave conditions in
regard to the transport will therefore be different.

Extreme storms may have drastic consequences
on the beach morphology as well as on the configu-
ration of the sandbars. Subsequent calm periods usu-
ally allow for replenishment of these areas, but some
events may have irreversible consequences. How-

Žever, long-term evolution of the tidal inlet at the
.scale of decades or centuries is strongly dependent

on the global sediment input from longshore littoral
transport. For instance, tidal inlet stability is shown
to only depend on the littoral transport and on the

Žtidal prism which drives the tidal currents flushing
.the inlet, Bruun, 1986 . Extreme events which shape

the detailed layout of the inlet should therefore be
Žmodeled separately from the long-term trend de

.Vriend et al., 1993a,b . They will actually require a
much more accurate description of the physics in-
volved. For long-term modeling purposes, we will
therefore consider the longshore transport as the
main process to be represented. This simplification is
required in order to disregard complex interactions
between various wave conditions superimposed on
different tide conditions.

An average annual wave climate offshore of the
Arcachon inlet was derived from three sets of data

Ž .spanning 20 years Table 2 . Several formulae have
been proposed in the literature to compute an esti-
mate of the annual longshore sediment transport
along a straight beach as a function of sediment
related parameters, the beach slope and the wave

Žconditions height, period, angle of incidence; LCHF,
.1973; Deigaard et al., 1986a,b; Kamphuis, 1991 .

When applied to the Arcachon schematic wave cli-
mate, they provide a value of 600 000 m3 of net
southward transport; this agrees with former esti-

Ž .mates assessed from measurements Orgeron, 1974 .
The schematic wave climate will therefore be used to
determine a set of representative conditions.

Table 2
Simplified annual wave climate at Arcachon

Ž . Ž . Ž .H m T s p %s

Type 1 -0.5 6 20
Type 2 1 8 50
Type 3 2 11 20
Type 4 3 13 8
Type 5 5 17 2
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Two methods of wave schematization proposed
Ž . Ž .by Steijn 1992 and Chesher and Miles 1992 were
Ž .compared Cayocca, 1996 . They consist in selecting

a few schematization points in shallow water areas
Žwhere wave parameters height, period and angle of

.incidence are computed with a one-dimensional
wave model for each condition of the wave climate.
A set of transport related parameters and associated
weighting factors is computed at each point and is
used to determine one or several representative wave
conditions depending on how widely the angles of
incidence are spread. The interaction between waves
and tidal currents or variations of the water level
during one tide are not taken into account. The
schematization points were thus chosen where tidal
currents can be disregarded, i.e. outside the inlet.
This strategy is consistent with the idea of finding
wave conditions representative of the longshore lit-
toral transport. Since the wave climate in Arcachon
is strongly dominated by waves coming from the
north-northwest, it was possible to find a unique set
of representative conditions.

The longshore littoral transport computed with
both sets of representative conditions was compared
to the measured value of 600 000 m3. Chesher and
Miles’ method leads to a slightly underestimated
result compared to Steijn’s method. The latter al-
lowed us to determine a unique set of representative
conditions: significant wave height H s1.80 m,s

wave period Ts9 s, angle of incidence asy22.58

Ž .i.e. NNW , percentage of contribution ps75%
Ži.e. frequency of occurrence of the representative

.waves .

4.3. Stretching of the morphological time step

Several time scales characterize the morphologi-
cal model:

v The hydrodynamic time step D t is the timeh

step of the current model. It was set to 92 s to
insure stability. Each tide therefore requires 486
hydrodynamic computations.

v The sedimentological time step D t is the times

step between sediment transport computations
Ž .for initial transport calculations . Here D t ss

6D t , i.e. each tide requires 81 sediment trans-h

port computations.
v Ž .The tidal period T 44 712 sf12 h 25 mn .

v The morphological time step DT represents them

time required for the bottom change to be signif-
icant enough to justify an update of the
bathymetry. It is related to the morphological
tide, which represents a number N of real tides.
Complete hydrodynamic computations may or
may not be carried out at each increment of
DT : if the evolution of the bathymetry is smallm

enough, the flow parameters may be adjusted by
continuity without making the complete hydro-
dynamic calculation. In that case, a full hydro-

Ždynamic computation is carried out every Mq
.Ž .1 DT where M is the number of adjustmentsm

by continuity. This adjustment rests on the hy-
pothesis that the flow pattern and local dis-
charge magnitude remain unchanged through

Žthe bathymetry update Hauguel, 1978; Wang,
.1991; Latteux, 1995; Ribberink et al. 1995 . For

two-dimensional flows, this approximation is
only valid for small variations of the seafloor,
after which an entire hydrodynamic computation
has to be carried out. We will investigate the
validity of this approach next.

v The wave computation time step DT representsw

the number NH of morphological tides after
which complete wave and hydrodynamic com-

Žputations have to be carried out DT sNH=Nw
.=T .

Bathymetric evolutions resulting from one tide are
negligible. One solution to avoid updating the
bathymetry after each tide is to stretch out the mor-
phological time step. Two methods proposed by

Ž .Latteux 1987, 1995 were investigated along with
an adjustment of the flow parameters by continuity
in order to similarly reduce the number of hydrody-
namic computations. ‘Centered extrapolation’ is a
trial and error method. It considers that the flow is
not affected by the bottom evolution under a certain
threshold ´ of the relative bottom change Dhrh.
The bottom change over the first tide, Dh , is com-1

puted over the entire domain and is then extrapolated
over N tides, N being the largest integer satisfying

NDh1
max F´ 15Ž .ž /hdomain

The bathymetry is then updated according to the
Ž .first tide bottom change h becomes hqNDh , and1

the bottom change over the tide Nq1 is computed
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Fig. 5. Principle of the centered extrapolation method.

Ž .Dh . The bottom change to be applied over the N2
Ž . Ž .first tides becomes N Dh qDh r2 Fig. 5 . The1 2

currents and water elevations are then updated either
by continuity alone or by running the hydrodynamic
model with the new bathymetry.

The ‘tide stretching’ method consists in represent-
ing N successive tides by a single tide, which is

equivalent to juxtaposing identical phases of succes-
Ž .sive tides Fig. 6 . The morphological time step

therefore equals N times the sedimentological time
step. The bathymetry is updated after each morpho-
logical time step. This method does not allow adjust-
ment of the flow properties by continuity, since the
tide conditions change from one morphological time
step to the next. Fig. 7 shows the time stepping
procedure for both methods.

Sensitivity analyses were carried out for both
methods to determine the maximum values of N and
M by comparing the results to a reference simulation
which updates the bathymetry after each sedimento-

Ž .logical time step during 10 tides Cayocca, 1996 .
For the centered extrapolation method, it was shown
that N cannot exceed 20 without inducing noticeable
discrepancies. The number of continuity adjustments
tends to cancel out these discrepancies; however, for
large values of M the approximation of the conser-
vation of fluxes is no longer valid. After the third

Ž .continuity adjustment for M)3 , the current modi-
fications are underestimated, as is the morphological
evolution. The optimum values of the driving param-
eters for the centered extrapolation method were
therefore set to Ns20 and Ms3. For the tide

Fig. 6. Principle of the lengthened tide method.
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Ž . Ž .Fig. 7. Time stepping procedure for: a the extrapolation method and b the lengthened tide method.

stretching method, the bottom changes are well rep-
resented for values as high as Ns30, after which
some discrepancies are observed.

In order to determine which method induces the
least amount of errors, we compared the results of
both methods for Ns10 to the reference simulation
Ž .Fig. 8a . The centered extrapolation method creates
a morphological evolution that diverges from the

Žreference simulation creation of a ‘fork’ in the
newly opened channel, which does not appear in the

.reference simulation . Increasing values of M smooth
the morphological changes but do not eliminate this
fork, which does not appear when the lengthened
tide is used. This is probably due to the fact that the
continuity adjustment allows the propagation of the
bed-forms without taking into account the processes
responsible for their growth. The stretched tide
method was therefore chosen with Ns30, which
does not induce significant discrepancies compared

Ž .to Ns10 Fig. 8b .
The rate of bathymetric changes does not justify

the complete computation of wave parameters after
each update of the bathymetry. We investigated the
optimum value of the number of morphological tides
NH after which the wave model had to be run again.

The reference simulation ran wave computations ev-
ery five morphological tides. Morphological changes
after five morphological tides are moderate enough
to justify this approximation. Fig. 9 displays the
morphological evolutions for NHs20 as a function
of the evolutions for NHs5 after 30 and 75 mor-
phological time steps, respectively. Discrepancies in-
crease with time in both number and amplitude;
however, the errors induced for NHs20 do not
affect the general shape of the bars and channels
Žthey mostly occur at singular points, due to local

.irregularities of the wave module output , and were
considered acceptable. It should be mentioned that
the value of NH closely depends on the value of N:
for a shorter morphological time step, bottom evolu-
tions after each morphological tide would be smaller,
allowing for greater values of NH.

5. Model implementation

Fig. 7a shows the time-stepping procedure that
was applied for the simulations presented in this

Ž .paper with Ns30 and NHs20 . Modeling of the
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Ž . Ž .Fig. 8. a Amplitude of the morphological evolution in m over 10 representative tides vs. the amplitude of the evolutions over one tide.
Ž .Left: for the lengthened tide with Ns10; Right: for the centered extrapolated method with Ns10 and Ms0. b Amplitude of the

Ž .morphological evolutions in m over 30 representative tides vs. the amplitude of the evolutions over 10 tides for the lengthened tide.

interaction between waves and current remains to be
described: wave propagation is affected by both wa-

ter depth and refraction by the currents, while waves
induce a current themselves when reaching shallower

Ž . Ž .Fig. 9. Amplitude of the morphological evolutions in meters for NHs20 vs. the amplitude of the evolutions for NHs5 after 30 left and
Ž .75 right morphological time steps.
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water. When waves are introduced in the model for
the first time, these interactions have to be taken into
account by running alternately the current and wave
modules. The main outputs of the wave module used
for sediment transport computations are the orbital
velocities and the modification of the tidal current,
both of which depend on the phase of the tide. The
propagation time of the representative waves across
the tidal inlet is 15 min, which is therefore the
minimum amount of time between two consecutive
wave computations. Water elevation and intensity of
the tidal current exhibit a relative phase shift of pr2,
i.e. water levels vary the most at extrema of the
current velocity and the current gradient is at a
maximum for high and low tides. Since both current
and water level influence the propagation of the
waves, a sensitivity analysis was carried out to deter-
mine the most proper discretization in time: were the
wave driven currents best reproduced if the computa-
tions were spaced at regular intervals of the water
level or at regular intervals of the current velocity?
Ten computations per tide were carried out for each
discretization. Comparison with a reference computa-

Žtion running the wave model 27 times per tide i.e.
.every 27 min showed that computations at regular

Žwater level intervals gave the best results Cayocca,
.1996 .

The hydrodynamic parameters of the first tide are
stored for the 10 relevant time steps, and used as an
input for 10 wave computations. Resulting radiation

Žstresses and orbital velocities used for the bottom
.shear stress computation are in turn injected into the

hydrodynamic model where they are considered con-
stant during a time period centered on the time of

Ž .wave computation Fig. 10 . The currents resulting
from this first iteration can be stored for possible
further iterations. However, it was shown that a
second computation of the radiation stresses and
orbital velocities taking into account refraction by
the new currents does not significantly affect the
results of a third hydrodynamic run. Furthermore,
during a full run of the morphodynamic model, wave
computations carried out after a bathymetry update
will take into account former tide and wave induced
currents. The hydrodynamic module will therefore be
run twice at the first introduction of waves, and only
once after each new run of the wave model.

Representative tide and wave conditions were
separately defined with regard to sediment transport.
The interaction between tidal currents and waves is
non-linear; the linear superposition of these condi-
tions assessed independently might therefore seem
questionable. However, areas where waves or tidal
currents dominate are geographically disjointed. Most

Fig. 10. Coupling between tide and wave forcings for hydrodynamic and wave computations.
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waves break on the ebb delta sandbars, which re-
duces in a large extent wave action within the inlet:
the wave height inside the inlet reaches 0.6 m for

Ž .6-m waves offshore Gassiat, 1989 . Tidal currents
therefore strongly dominate longshore sediment
transport in the tidal inlet while their influence is
negligible along the coast north and south of the
inlet. The maximum tidal current velocity along the
coast reaches 0.15 mrs for a spring tide, while the
wave-induced longshore current reaches 0.80 mrs

Ž .for a 2 m wave height fair weather and 1.45 mrs
Ž .for 6 m wave heights LCHF, 1969 . The representa-

tive tide aims at reproducing the mean transport
within the inlet while the representative waves aim at
reproducing the mean littoral transport along the
coast and on the offshore side of the ebb delta.

The previously defined representative wave condi-
tions turned out to have very little effect on the
morphologic evolution of the inlet as compared to
the simulation with no waves, particularly with re-
gard to the southern drift of sandbars reported in the
literature. The following factors can explain this
result.

Ž .1 The representative tide induces a transport 1.6
times greater than the ‘actual’ tidal transport com-
puted over a year: this discrepancy could be reduced
by finding representative wave conditions inducing
1.6 times the observed longshore littoral transport.

Ž .2 We considered a uniform grain size across the
whole domain. Sand offshore the ebb delta happens

Ž .to be finer than in the channels Bouchet, 1974 , in
which case the same current would induce more
transport along the beaches of the sand spit than in
the inlet. Even if the magnitude of the littoral current
is well reproduced by the representative wave condi-
tions, the computed transport inside the inlet will be
underestimated because of the locally coarser grain
size.

Ž .3 The representative wave conditions were de-
signed to give a good estimate of the longshore drift
along the coast. These conditions are considered ‘fair
weather conditions’ in this area where waves less
than 1 m are exceptional. The 1.80-m representative
waves break on the beach along the straight coastline
and on the shoals of the outer ebb delta during the
ebb. They propagate beyond the sandbars of the
outer delta during the flood without exceeding 1.30
m in height. Storm waves induce a different pattern:

they break further offshore and must induce a strong
transport around the outer delta, both cross-shore and
longshore. Storms are therefore responsible for a

Ž .‘bulldozer effect’ de Vriend and Ribberink, 1993 ,
preventing the tidal delta from extending further

Žseawards an extension which is visible in the simu-
.lations without waves . Therefore, neglecting the

cross-shore transport in our computations turns out
to be an invalid approximation even for the study of
long-term trends. Subsequent computations were car-
ried out with more severe wave conditions allowing
a better representation of the storm-induced bathy-
metric changes.

There are no measurements of the cross-shore
transport in the area. Considering that the cross-shore

6 Ž .transport is proportional to H Steijn, 1992 and
results from the contributions of each category of
waves encountered throughout the year, we used

Ž .wave height statistics Orgeron, 1974 to compute a
new ‘representative’ height H according toCS

1r6
6H s p HÝCS i iž /

i

where p is the probability of occurrence of the wavei

height H . We found H s4 m, and used a corre-i CS
Žsponding period of 13 s which is the most frequent

.period measured for that wave height , and the same
direction of propagation as before, i.e. north–north-

Ž .west the dominating direction for storms . This new
definition of a wave regime to be applied to further
computations is a somewhat cruder approximation of
representative wave conditions than previously de-
scribed. However, since cross-shore transport gener-
ated by undertow is not properly taken into account
by the vertically averaged scheme, refinement in
describing representative wave conditions regarding
cross-shore transport seems unwarranted.

6. Results

6.1. Tidal forcing alone

Fig. 11 shows the instantaneous transport field at
the maximum intensity of flood and ebb for the
representative tide, as well as the residual tidal trans-
port. Most of the inlet is dominated by the ebb
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Ž . Ž .Fig. 11. Computed sediment transport field for a mean spring tide: maximum ebb transport left , maximum flood transport center and
Ž .residual tidal transport right . Current velocity reaches 2 mrs near the extremity of the sand spit while it is only 20 cmrs in the inner inlet,

which explains the large magnitude of the transport South of Cap Ferret.

transport, except in the northeast where the flood
dominance explains the development of the Bernet
Bank. The southern channel exhibits almost no net
transport and most morphological changes would be
expected for the sand spit extremity as well as for

Žthe northern channel as long as the bottom sediment
.allows for erosion .

Fig. 12 displays the result of the simulation of
150 morphological time steps, i.e. 4500 representa-
tive tides. Since most of the northern channel is
covered with pebbles, the most active area is located
at the extremity of the sand spit where the initial
embryonic channel is quickly deepened while levees
are built along both sides. The orientation of this
channel shifts from the west to the northwest, and
the southern sandbars of the inlet widen.

The Cap Ferret southern flank steepens, which
does not conform to observations reporting a severe
erosion of the spit which tends to recede. The maxi-
mum slope computed after this simulation does not
reach the value of the maximum slope measured on
the initial bathymetry; the use of a maximum slope
criterion thus would not allow the correct representa-
tion of the spit’s retreat. The fairly large size of the

Ž .grid cells 250 m induces an artificial smoothness in
the bathymetry, which explains why the introduction
of a transverse component of the transport to repre-
sent curvature effects does not improve the results.

Recalling that the residual transport induced by a
representative tide over 1 year is 1.6 times higher

than the mean annual transport, the 150 morphologi-
cal time steps span about 10 years. According to
historical records, the opening of a ‘functional’ chan-

Ž . Žnel i.e. deeper than 5 m takes 10–20 years 1896–
.1905, 1965–1987, see Fig. 2 . This simulation shows

the opening of a functional channel after 20 morpho-
logical time steps, i.e. 16 months. Several reasons
may explain this discrepancy.

In the absence of waves, no process prevents the
tidal ebb delta from extending seawards as it does
under tidal forcing alone. The main action of the
tidal currents is to flush the inlet through existing
channels. The simulation does not include any pro-
cess that might induce the breaching of existing
sandbars. Since ebb currents are stronger than flood
currents in most of the inlet, the model predicts the
transport of the sediments toward the ebb delta, as
long as there is available sediment.

The use of a uniform grain size in the model
probably leads to an overestimate of the transport
through the inlet: the presence of shell debris
Ž .Orgeron, 1974 and coarse sediments in certain
areas necessarily limits the actual transport. Further-
more, the degree of accuracy of sediment transport
formulae in the ocean has been proved to be fairly

Ž .low Soulsby, 1995 , and no transport measurements
have been carried out in the Arcachon inlet for
comparisons.

The longshore littoral transport induced by the
waves is disregarded. The continuous sediment input
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Ž .Fig. 12. Initial 1993 configuration and simulated morphological evolutions after 10, 50 and 150 morphological time steps tide only .
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Ž . Ž . Ž .Fig. 13. Top: tidal flood current left ; computed wave heights including refraction effects center ; flood current resulting from the superposition of tide and wave effects right .
Bottom: idem for ebb current.
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to the inlet being interrupted, the creation of smooth
deep channels is not surprising. Eventhough sedi-
ment issuing from longshore transport mostly by-

Ž .passes the inlet Michel and Howa, 1997 , it some-
how reshapes the inlet’s configuration.

These observations stress the difficulty of calibrat-
ing simulations in a complex situation where many
physical processes would have to be taken into ac-
count for sounder results. However, this first simula-
tion emphasizes the role of the tide in opening new
channels, while showing that wave forcing has to be
taken into account for more realistic simulations.

6.2. Tide and waÕe forcing

Fig. 13 shows the influence of waves on the tidal
currents for the flood and ebb. Waves do not affect
the currents inside the tidal inlet north of the Cap
Ferret. Their influence is particularly noticeable in
the outer inlet at low tide and high tide, when the
longshore littoral current is the most visible. The
wave contribution does not stand out as much when
superimposed on ebb or flood currents. However, it
increases the southern component of the current ve-
locities and strengthens the flood currents at the
extremity of the sand spit. The asymmetry between
flood and ebb currents is well reflected by the trans-

port since the ebb transport can be five times greater
Ž y4 y5than the flood transport magnitude of 10 –10

2 .m rs . The residual tidal transport is therefore
strongly dominated by the ebb, particularly within
the offshore extremities of the channels, while the
effects of the southern drift are seen across the whole

Ž .inlet Fig. 14 . The eastward component of the resid-
ual transport at the extremity of the sand spit is
increased, which should slow down the creation of a
northern channel as simulated in previous runs.

Fig. 15 displays the morphological evolution of
the 1993 bathymetry under combined tide and wave
actions. Numerical irregularities are responsible for a

Žnumber of non-significant features mainly due to
divergences of the wave module run over a rough

.bathymetry . Our goal here is therefore to concen-
trate on the most representative features resulting
from the introduction of waves: a channel is dug at
the extremity of the sand spit as was the case in the
previous simulation. The general deepening of all
channels is compensated by the nourishment of the
existing sandbars while small ‘islets’ separate and
drift south.

Since we attributed the irregularities of this simu-
lation to the complexity of the bathymetry, we ran
the model on a hypothetical configuration where the
inlet bottom is set to a uniform depth of 3 m. The

Ž . Ž . ŽFig. 14. Residual transport over the representative tide without left and with right waves logarithmic scale, the reference arrow
y4 2 .represents 10 m rs .
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Ž .Fig. 15. Initial 1993 configuration and simulated morphological evolutions after 20, 50 and 80 morphological time steps tide and waves .
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Ž .Fig. 16. Initial flat configuration and morphological evolutions after 50, 100 and 150 morphological time steps tide and waves .
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resulting bathymetry after 180 morphological time
steps exhibits several features which show a remark-
able resemblance to either present or past situations
Ž .Fig. 16 . The most striking one is the opening of a

Žmain channel along the southern coast a single
channel configuration was observed around 1900 and

.again around 1965 . The flood domination of the
residual transport east of Cap Ferret builds up a
sandbar comparable to the present Bernet Bank. The
main channel is limited to the west by a large

Žsandbar migrating to the south recalling the modern
.Arguin Bank , at the extremity of which smaller

units separate to meet with the coast at La Salie, in
Žaccordance with historical observations Michel et

.al., 1995 . The southern extremity of the sand spit is
Žblocked by little sandbars built up by the waves Fig.

.16 which prevents the opening of a northern chan-
nel as shown in the simulation without waves.

7. Discussion

The main purpose of this work was to investigate
the possibility of reproducing long-term trends in the
morphological evolution of a tidal inlet, using a 2DH
process model driven by a steady forcing. The com-
plex bathymetry of the lagoon and its interaction
with the inlet impose its entire inclusion in the
computational domain in order to insure a good
representation of the tidal currents in the inlet
Ž .Salomon, 1995, personal communication . The 2DH
hydrodynamic model was shown to provide accurate

Ž .flow velocities Salomon and Breton, 1993 . The
two-dimensional approach can be a severe restriction
when waves and currents interact, particularly around
tidal inlets, because of the interaction of the tidal

Žcurrent with other coastal currents van de Kreeke,
.1996; Ranasinghe et al., 1999 . However, we made

the assumption that long-term evolutions were mostly
Ždriven by longshore currents as opposed to cross-

.shore currents , in which case a three-dimensional
approach was not as essential. It is nonetheless an
approximation, which makes the extreme refinement
of other processes pointless.

The complex behavior of tidal inlets and the
interactions between several processes make the vali-
dation of morphodynamic models with data difficult.
Eventhough each sub-model may have been sepa-

rately tested, their combination forms a new system
Žwhich may not provide convincing results de Vriend

.et al., 1993a,b . Capacities and limitations of mor-
phodynamic models can be investigated on simple
theoretical cases where all parameters can be clearly

Ž .identified e.g. Nicholson et al., 1997 . Another op-
tion consists in applying these models to real cases
where abundant data is available, such as areas
where human interference has provided well docu-
mented forcing and monitoring. This was not the
case for the Arcachon inlet where the strength of
natural processes has heretofore hindered significant
human intervention. However, comparison with past
evolutions points out the limitations of the model,
which reflect the approximations that were made:

The two-dimensional scheme does not allow for
an accounting of the vertical profile of the velocities,
which can lead to spurious results when undertow,
wave asymmetry, bottom boundary drift or curva-
ture-induced secondary flows cannot be ignored.
Eventhough the magnitude of these processes might
be small, their final effect on the residual transport

Ž .can be significant Wang et al., 1991 . In the case of
the Arcachon inlet, secondary flows might be re-
sponsible for channel migration while wave-related
cross-shore transport has a dominant effect within
the surf zone of the outer delta. Although longshore
transport is thought to be dominant for the long-term
evolution of the inlet, cross-shore processes drive the
short-term morphological changes during storms. The
apparent cyclic nature of the configuration of chan-
nels is a long-term feature; however, it cannot be
reproduced without taking into account short-term

Ževents such as the opening of a breach during a
.storm .

Local sediment transport formulae provide a poor
approximation of true transport, particularly under
the influence of combined waves and currents and on

Žhighly uneven bottoms Komar, 1996; van de Kreeke,
.1996 . When integrated into a morphodynamic

model, this factor has dramatic consequences, since
different formulae may lead to very different patterns

Ž .of evolution in the long-term Cayocca, 1996 . If a
three-dimensional approach is chosen, vertical diffu-
sion and advection can be accounted for. However,
an accurate modeling of transport in the swash zone
will be extremely costly. The approximation of a
single fraction of sediments can also lead to under-or
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overestimates of the actual transport, which is the
case in the Arcachon inlet where shell debris and
sand stone layers have been reported.

The 250=250 m grid size affects the quality of
the results, particularly around the extremity of the
sand spit and in the inlet where the channel width
does not exceed 2–4 cells. This fairly coarse resolu-
tion also affects the representation of the waves,
especially in the surf zone: the littoral drift is known
to be limited to a 500-m wide littoral strip, which
corresponds to only two cells. Moreover, the actual
bathymetry of the inlet exhibits fairly steep slopes.
Since 1993, the sand spit has significantly retreated
while the northern channel has opened up. The most
spectacular retreats occur during storms. However,
another mechanism of this recession is lateral ero-
sion by the tidal current, extreme steepening of the
banks and their subsequent collapse. The grid size
smoothes the bathymetry in such a way that the
banks will never appear steep. The ‘oversteepening’
process cannot therefore be reproduced by the model.
As an example, the banks of the deepest channels in

Ž .the inlet 20 m will exhibit an apparent slope of 8%
Žvs. an actual slope of 15% Michel and Howa, 2000,

.personal communication .
The chosen strategy for input schematization is a

Ž .major approximation, for two main reasons. 1 The
use of average conditions throughout the year does
not account for irreversible changes that may occur
during storms, and that significantly affect the suc-

Ž .ceeding evolution of the inlet. 2 Representative
wave conditions that would provide correct estimates
of both longshore and cross-shore transports do not
exist: the relationship between wave height and sedi-
ment transport cannot be simultaneously verified for
both modes. We chose to account for longshore
processes only in order to assess to what extent
longshore sediment transport determines the long-
term evolution of the inlet. Cross-shore processes,
which play a determinant role in reshaping the outer
delta of the inlet, were thus disregarded.

Our results confirm that a steady forcing is un-
likely to reproduce the cyclic behavior of the inlet:
the random occurrence of extreme events certainly
drives ‘catastrophic’ morphological changes such as
the breaching or complete remolding of sandbars.
However, future applications of our model could
include a more complex combination of tide and

Žwave situations such as the synchronization of spring
tides with stormy weather, or the alternation of

.longer calm periods and extreme events . We think
the use of a non-stationary forcing in this type of
long-term morphological model would be worth in-
vestigating eventhough cross-shore processes might
also have to be taken into account in order for the
simulations to be more realistic.

Modeling the long-term morphological evolution
of tidal inlets has been primarily based on two

Ž .extreme strategies: 1 use of empirical relationships
Ž .based on observations and similarities; and 2 devel-

opment of process-oriented models, which consist in
integrating small scale physics over large time scales.
The cyclic behavior of the Arcachon tidal inlet places

Žit among inherently unstable inlets van de Kreeke,
.1996 , for which the use of empirical equilibrium

relationships is questionable. On the other hand,
physical models can only include some of the rele-

Ž .vant physical processes Capobianco et al., 1999 ,
with an accuracy which not only depends on the
limitation of computational capabilities, but also on
the fundamental knowledge: sediment transport for-
mulation, statistical nature of the input, importance

Žof the chronology of events etc. Southgate, 1995;
.van de Kreeke, 1996 . Alternative solutions are found

in the development of so-called behavior oriented
models which combine the understanding of the

Žbehavior of the morphological unit from observation
.or from simple process-oriented models and mathe-

Žmatical models that exhibit the same behavior van
Dongeren and de Vriend, 1994; Capobianco et al.,

.1999 . While these models may exhibit valuable
prediction capabilities, process-based models remain
a precious tool for a diagnostic approach, i.e. for a
better understanding of the processes driving mor-
phological evolution.

8. Conclusion

A 2DH morphodynamic process model has been
developed in view of carrying out long-term simula-
tions around a tidal inlet. The model reproduces
several characteristics of observed inlet behavior such
as the opening of a new channel and the drift of sand
bodies across the inlet. The results are particularly
promising when the model is run on an initially flat
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bathymetry since the combination of tidal currents
and littoral drift leads to a configuration of the inlet
similar to previously observed configurations. How-
ever, from a steady situation, such as the configura-
tion reached after running the model on a flat
bathymetry, the model cannot reproduce the opening
of a new channel since this phenomenon most likely
results from a breaching mechanism during extreme

Žconditions a storm during a spring tide, for instance
Ž ..Friedrichs et al., 1993 . The migration of existing
channels observed in the field might be due to
secondary flows that are not accounted for in the
model.

Long-term computations were achieved through a
schematization of wave and tide conditions. The
architecture of the Arcachon inlet is influenced by
storms to a large extent, and a more refined model-
ing of its behavior would require the consideration of
three-dimensional processes. Further validation of
the model against data or theoretical cases is needed
Žapplication of the model to tide-dominated environ-

.ments for instance . The use of several scenarios
superimposing various tide and wave conditions is
also worth investigating. The use of complex long-
term morphodynamic models as predictive tools is
not as yet performed; however, the integration of an
input schematization method into a morphodynamic
model as presented in this paper provides a comple-
mentary approach to developing behavior-oriented
models.

Notations
a0 amplitude of the orbital movement at the

bottom
f Coriolis parameter
fw wave friction factor
F , Fx y radiation stresses
g gravity
h water depth
H, Hs wave height
M number of velocity updates Aby continuityB
N number of tides per morphological time step
NH number of morphological tides between full

wave computations
p porosity
patm atmospheric pressure
Ž .q u ,htot sediment transport formulation

T tidal period

U,V components along x and y of the vertically
averaged velocity

utot current velocity
z0 roughness length
D th hydrodynamic time step
D ts sedimentological time step
DTm morphological time step
n cinematic viscosity
r water density
rs sediment density
t ,tb x b y bottom stress components along x and y
z water surface elevation
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