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Abstract
Tidal sand dune dynamics is observed for two tidal cycles in the Arcachon tidal inlet, southwest France. An array of instruments
is deployed to measure bathymetric and current variations along dune profiles. Based on the measurements, dune crest horizontal
and vertical displacements are quantified and show important dynamics in phase with tidal currents. We observed superimposed
ripples on the dune stoss side and front, migrating and changing polarity as tidal currents reverse. A 2DRANS numerical model is
used to simulate the morphodynamic evolution of a flat non-cohesive sand bed submitted to a tidal current. Themodel reproduces
the bed evolution until a field of sand bedforms is obtained that are comparable with observed superimposed ripples in terms of
geometrical dimensions and dynamics. The model is then applied to simulate the dynamics of a field of large sand dunes of
similar size as the dunes observed in situ. In both cases, simulation results compare well with measurements qualitatively and
quantitatively. This research allows for a better understanding of tidal sand dune and superimposed ripple morphodynamics and
opens new perspectives for the use of numerical models to predict their evolution.
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1 Introduction

Sand dunes are ubiquitous in natural subaqueous environ-
ments (Best 2005) and are commonly observed in coastal
areas (Langhorne 1982; Ernstsen et al. 2006; Li et al. 2014).
Sand dunes may pose a significant risk in coastal

environments for many domains such as the offshore industry
(Whitehouse et al. 2000; Morelissen et al. 2003), navigation
(Knappen and Hulscher 2002; Vantorre et al. 2013), or marine
renewable energies (Barrie et al. 2005; Todd et al. 2014;
Barrie and Conway 2014). Sand dunes in coastal areas present
a high degree of heterogeneity, which is due to the spatiotem-
poral variability of forcing conditions, the type and quantity of
sediment, and a history of evolution (Rubin and McCulloch
1980; Belderson et al. 1982; Li et al. 2014).

Observations show that in areas where dunes are pres-
ent, currents are moderate enough to allow sediment depo-
sition and high enough to allow bedform generation.
Adimensional shear velocities generally remain under a
threshold of u*=u*c≈ 3–4 (Barnard et al. 2006; Li et al.

2014), with u∗ the shear velocity and u*c the critical shear
velocity for sediment motion. If this threshold is exceeded,
fine-to-medium sands are dispersed and dunes cannot de-
velop (Doré 2015). The spatial distribution of tidal current
intensity and direction and the type of sediment substrate
determine the shape and the number of dunes (Belderson
et al. 1982; Todd 2005). Dreano et al. (2010) showed for
various experiments the role of the quantity of sediment
and of the current intensity in controlling dune shapes,
obtaining realistic bedforms when compared to bedforms
in natural environments. Dune geometrical dimensions are
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linked to the water depth, D (Charru 2013). Within tidal
channels of depths of the order of tens of meters, dune
wavelengths and heights are of the order of tens of meters
and a few meters, respectively (Thauront 1995; Ernstsen
et al. 2006). Dune size varies with sediment roughness and
quantity and spatiotemporal variations of hydrodynamic
forcing conditions, leading to local variations of one up
to two orders of magnitude (Li et al. 2014). At the scale
of a tidal cycle, the dune profile will adapt to quick varia-
tions of the current intensity and the water depth, between
two slack tides. In tidal environments, at depths around
15 m, some authors measured horizontal dune crest dis-
placements up to 3 m and vertical displacement of a few
tens of centimeters (Langhorne 1982; Ernstsen et al. 2006).
Observations showed that dune front slopes of ebb-
oriented dunes are steeper during ebb tides, with values
up to 15°–20°, and that a recirculation cell can develop
intermittently downstream of crests (Kostaschuk and Best
2005; Ernstsen et al. 2006; Lefebvre et al. 2013).
Superimposed ripples are migrating on dune profiles, with
varying orientation and migration rates (Knaapen et al.
2002; Ernstsen et al. 2006; Barnard et al. 2012).

Observations of bedform development under various flow
conditions showthat an initially flatbedevolves throughdifferent
phases: an incipient bedform phase, a growing bedform phase,
and a stabilizing phase leading to a fully developed dune field
(Baas1994,1999;Perilloet al. 2014).Thepresenceofdune fields
onthebottomleadstoanincreaseof theflowresistance(Engelund
1966; Fredsøe and Deigaard 1992). Understanding dune evolu-
tion is therefore an important issue to accurately predict the flow
circulation, sediment fluxes, and the bathymetric variations. The
morphodynamic evolution of subaqueous sand dunes has been
extensively studied during controlled experiments (Coleman and
Melville1996;Langlois andValance2007;Fourrière et al., 2010)
or in numerical modeling studies mostly for steady current con-
ditions (Niemann et al. 2011; Nabi et al. 2013; Doré et al. 2016).
Doré et al. (2016), using a 2D RANS model, reproduced the
different phases of evolution of an erodible sand bed until a dune
field in equilibriumwith the flowwas obtained.

Sand dunes in tidal environments present a higher degree
of complexity than those in flume experiments, which is due
to the spatiotemporal variability of forcing conditions, the type
and quantity of sediment, and a history of evolution (Rubin
and McCulloch 1980; Belderson et al. 1982; Best 2005; Li
et al. 2014). To date, no numerical model exists that can sim-
ulate tidal sand dune evolution.

In the next section, we present measurement results carried
out in the southern pass of the Arcachon inlet and analyze
sand dune and superimposed ripple dynamics for two tidal
cycles. Then, in Section 3, we introduce a 2D RANS numer-
ical model that is used to simulate sand ripple and dune
morphodynamics submitted to tidal current conditions for
several tides.

2 Observation of short-term tidal dune
dynamics

2.1 Study area

The Arcachon lagoon is situated on the southwest coast of
France and communicates with the Atlantic Ocean through a
tidal inlet of an average width of 3 km (Fig. 1). The tidal range
varies from 0.8 to 4.6 m for neap and spring tides, respective-
ly. The mouth of the lagoon has a complex and active mor-
phology, with a vast ensemble of sand banks, fed by an im-
portant southward littoral drift and shaped by highly energetic
waves from the northwest with an annual significative height
of Hs = 1.36 m and average peak period of Tp = 6.5 s (Butel
et al. 2002). The tidal inlet is composed of a northern and a
southern channel, with maximum depth averaged current ve-
locities up to 2 and 1.4 m s−1, respectively (Pedreros et al.
2008). The study area is located in the southern pass, between
a sand bank (Arguin sand bank) and the southern shore of the
inlet. Thauront (1995) conducted lateral sonar measurements
and observed sand dunes on the bottom of both channels. The
area is rich in non-cohesive sediment, with strong tidal cur-
rents, and is sheltered from the waves, insuring mostly unidi-
rectional tidal forcing conditions. The bottom of the southern
pass was also well preserved from human intervention (Doré
2015). The width of the southern pass near the study area
varies between 750 and 850 m.

2.2 Material and methods

Seven measurement campaigns were carried out in the inlet of
the Arcachon lagoon between April 2013 and June 2014 to
study tidal dune dynamics. We used a bi-frequency Odom
Echotrack echosounder from Teledyne Marine linked to a
Leica GS 15 GPS to measure the water depth along bathym-
etry transects in the study area at different dates. The vertical
resolution of the measure is 0.1% of the water depth, accord-
ing to the constructor, leading to a centimetric precision of
measures in the southern pass of the Arcachon inlet. A pre-
selected dune profile was measured during two tides of differ-
ent intensities, for the mean tide of September 14, 2013, and
the spring tide of June 13, 2014, to evaluate dune and
superimposed ripple short-term dynamics. Current velocities
along the dune profile were measured with a ship mounted
ADCP RDI Rio Grande. An ultrasound altimeter ALTUS
from NKE was deployed on the dune profile to detect the
migration of superimposed bedforms. We placed a tripod
structure mounted with an ADCP Workhorse Sentinel of RD
Instruments and an ADVof VECTOR-NORTEK, close to the
dune crest, to measure boundary layer currents for a full
spring-neap tidal cycle, with a vertical resolution along the
water column of 0.5 m. The full experimental design is shown
in Fig. 2.
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2.3 Bathymetry

The bathymetry was first measured over a large area during
three preliminary campaigns, between April 22, 2013, and
July 08, 2013. The interpolated data showed a field of large
bedforms with crests spaced by several tens of meters and

covering the sandy bottom. Bedforms in the southern pass
have asymmetrical profiles oriented towards the southwest,
in the ebb flow direction. Crest heights of a couple of meters
gradually decrease from the middle of the channel towards the
edges, where the positions of the crests are also more advanced
and more spaced. A Fourier spectral analysis of the bottom

Fig. 1 Location of the study area in southwest France (red square)
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revealed two main peaks of energy around λ = 70 m and λ =
105 m, λ being the wavelength in the middle and in the edges
of the channel, respectively. Considering a mean water depth

of D ¼ 13 m, these wavelengths correspond to the values of

the adimensional depth kD around unity, k being the wave
number, which is the signature of a dune mode (Fourrière
et al. 2010). The lower and more spaced dune crests in the
channel edges are characteristic of a milieu that is poorer in
sediment (Dreano et al. 2010; Li et al. 2014). Lateral sonar
measurements by Thauront (1995) showed the presence of
coarser sediments on each side of the channel. The bathymetry
was measured again on September 13, 2013, in a smaller area
to select a dune profile and study its dynamics (Fig. 3).

2.4 Results

The dune profile was observed for a tide of moderate tidal
range (mean tide) on September 24, 2013 (Fig. 4), and for a
spring tide on June 13, 2014 (Fig. 5). ADCP measurements

above the crest show that horizontal current velocities lie in
the interval 0.8 m s−1 <U0 < 1.3 m s−1, with U0 the horizontal
current velocities, for neap and spring tides, respectively.
Currents are oriented in the direction of the channel axis, with
main directions θ = 35° and θ = 215° during ebb and flood
tides, respectively. Currents are oriented towards the flow
55% of the time, although currents of higher intensities occur
during ebb tides, explaining that dunes have ebb-oriented
crests. Values of Froude numbers above the crest are small,

with Fr≈0:1, leading to weak deformations of the free surface
(Fredsøe 1982). Measurements along the dune profile with the
embarked ADCP showed that horizontal velocities increase
along the dune profile from 0.5–1 m s−1 to 1–1.5 m s−1, in
the vicinity of the trough and the crest, respectively.

Measurements carried out during the mean tide of
September 24 covered the second half of the ebb tide (3 h
before low tide) and 1.5 h after the beginning of the flow.
Figure 4 shows the position of the crest, C, and of a
superimposed ripple, R, located close to the trough. R is clear-
ly changing polarity between the ebb and the flow phases. The
weak migration rate of R could not be assessed. The dune
profile keeps an asymmetry in the direction of the ebb tide,
even during the flood tide. The dune front has a gentle slope of
around 5°, which is weakly varying during the tidal cycle. The
profile is bended on the stoss side, mostly during the flow,
between x = 70 m and x = 80 m, x being the abscissa perpen-
dicular to the dune front. This Bcat-back^-shaped dune profile
has already been described by Langhorne (1982) but is not
well understood. The profile slope in the vicinity of the crest
on the dune stoss side is higher than 15° during the flow,
which is above the threshold value for the existence of a flow
recirculation cell (Paarlberg et al. 2009). Such a recirculation

Fig. 2 Sketch of the experimental design with instruments deployed
during measurement campaigns

Fig. 3 Bathymetry measured on September 13, 2013. The ADCP position is showed on the selected dune profile
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cell possibly enhances locally the steepening of the profile on
the stoss side. During the period of measurement, the dune
crest is moving in the direction of the inlet axis with an aver-
age velocity of 0.5 m h−1 during ebb tide and 0.4 m h−1 during
flood tide, leading to horizontal displacements of Δx = −
1.55 m andΔx = 0.6 m during ebb and flood tides, respective-
ly. Assuming that the mean crest migration rate during the first
2.5 h (1.5 h) and the last 3 h (5 h) of the ebb (flood) tide is
constant leads to an accumulated horizontal displacement of
Δx = 2.9 m (Δx = 2.6 m) during ebb (flood) tide. Δx is most

likely slightly underestimated for the flow tide. Integrating the
mean migration rate over the full duration of the ebb and flood
tides gives a mean amplitude of the crest horizontal displace-
ment of the order of |Δx|~2.8 m during the tidal cycle.

The red dotted line in Fig. 4 shows the time when the
suspended sediment transport, qs, has become negligible,
around 1:45 pm, due to reduced mean tidal current velocities,
U0 < 0.7 m s−1. After that time, the crest stabilizes and starts
moving backwards until low tide, around 3 pm. The crest is
also moving in the vertical plane (not shown), with

Fig. 5 a Dune profile evolution during the spring tide on June 13, 2014.
BC^ stands for the crest and BR1^ to BR4^ for the superimposed ripples.
The color palette from blue to red describe transects at different times of
the tidal phase, from the oldest to the newest. The dotted line represents

the dune profile for the mean tide on September 24, 2013. b Relative
horizontal displacement of dune and ripple crests. Blue: C; black, –: R1;
o-: R2; x-: R3; Ḡ-: R4

Fig. 4 a Dune profile evolution during the mean tide of September 24,
2013. BC^ stands for the crest and BR^ for a superimposed ripple in the
bottom part of the dune profile. The color palette from blue to red

describes transects at different times of the tidal phase, from the oldest
to the newest. b Relative horizontal displacement of the dune crest. The
red dotted line corresponds to the date when qs becomes negligible
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displacements of Δz = − 10 cm before 1:45 pm, and then in-
creases of Δz = 10 cm after that time. This means that the
displacement of the crest, between 1:45 pm and 3 pm, in the
opposite direction of the ebb flow, is probably due to the
adaptation of the dune profile to milder sediment fluxes con-
ditions, in absence of suspended sediment fluxes that usually
flatten the dune profile shape. After 3 pm, the flow is inverting
and the crest is slowly moving in the direction of the flow.

Measurements during the spring tide of June 13, 2014, started
at 7:30, 1.5 h after high tide. Figure 5 shows the position of the
crest,C, and of four superimposed ripples,R1 toR4.R1 toR3 are
located on the dune stoss side, whether R4 is located on the dune
front slope. The dune crest is moving horizontally over a distance
of Δx = − 2.44 m, at an average rate of 0.65 m h−1. Assuming
that the mean migration rate during the measurement period is
equal to the mean migration rate for the full ebb tide, leads to a
total crest displacement of Δx = − 3.8 m. In the meantime, the
vertical position of the dune crest is decreasing byΔz= − 0.3 m
(not shown here), due to high suspended sediment fluxes, a con-
sequence of relatively high current velocities, withU0 > 0.7m s−1

until 11:20. The dune profile for mean tide conditions is repre-
sented on top of the profile for the spring tide in Fig. 5. During
the spring tide, the dune profile asymmetry is strongly marked in
the direction of the ebb flow, whether during the mean tide, the
profile is less asymmetric. The larger magnitude of the sediment
transport in suspension during the spring tide flattens the dune
profile. The dune front slope is in the range 12°–15° at the be-
ginning and at the end of the ebb tide, and peaks aroundmid-ebb
tide with values up to 20°. The steep dune front together with the
acceleration of the flow above the dune crest potentially enhances
the presence of a recirculation cell.

Superimposed ripples have wavelengths between ~ 5 and ~
15m and heights between 0.15 and 0.6m, R1 being the smallest
andR3being the largest.R1 toR3 aremigrating in thedirectionof
the crest, with migration rates between 0.3 and 0.5 m h−1,

respectively, closer to the trough (R1) and higher on the dune
profile (R3). Vertical ripple crest displacements lie between 1
and 5 cm, compared to ripple heights in the range 10–30 cm. R4
ismigrating in theopposite directionof the ebbcurrent until 9:30,
then is changingpolarity andstartmigrating in thedirectionof the
ebb current (Fig. 5). This is the signature of a flow recirculation
cell in the lee of the dune front, which was also confirmed by
ADCPmeasurements over the dune front slope around mid-ebb
tide.Ripple heights are varying betweenmeasurementswith am-
plitudes up toΔz = 4, 9, and 15 cm forR1 toR3, respectively. As
the tide is changing direction around 11:30, ripples are changing
polarity and start moving in the direction of the flow (Fig. 5).

Superimposed ripples were observed in the vicinity of the
dune crest with the ALTUS during the June 2014 campaign.
The ALTUS was able to detect the migration of ripple crests
under the sensor during several tidal cycles, leading to values
of ripple migration rates in the range 0.3 to 0.6 m h−1, in line
with values retrieved from measurements carried out with the
echosounder.

Fig. 6 Time series of the mean
current velocity,U0, applied at the
western boundary of the domain

Table 1 Parameters used for the simulation of scenario R. ti, initial time;
Nx, number of grid points in the horizontal direction; L, domain length;
Hf, λf, mean ripple height and wavelength at the end of the simulation,
respectively.

Domain ti Nx L Hf λf

1 0 400 2.3 0.015 0.3

2 330 800 12 0.025 0.55

3 430 500 12 0.06 1.1

4 980 400 12 0.26 5.2

5 21,500 800 140 0.6 17
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3 Numerical modeling of tidal sand dune
dynamics

In this research, we use the model of Doré et al. (2016) with an
additional feature in order to take into account tidal forcing
conditions. A short description of the model is given in the
following.

3.1 Numerical model

Themodel solves the Reynolds Averaged Navier Stokes equa-
tions in the boundary layer, and the turbulence field is

calculated with a k-ω scheme (Andersen 1999). The sediment
transport module calculates the bedload flux using the formu-
lation of Meyer-Peter and Müller (1948), and the suspended
sediment concentration is calculated through an advection-
diffusion equation with the bottom concentration calculated
from the formulation of Engelund and Fredsøe (1976). The
morphological module was developed byMarieu et al. (2008)
and is particularly suited to handle flux discontinuities at the
crests. The hydrodynamic and morphological modules are
decoupled, considering that the adaptation time of the hydro-
dynamic is small compared to the bed evolution time. The
morphological module time step is adjusted during the
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Fig. 7 (a) Time evolution of the quasi-flat bed in the early stages for 0 s <
t < 50 s. Time series of the evolution of the height (b) and of the

wavelength (c) of the bed perturbations determined by autocorrelation
starting with an initially quasi-flat bed

Fig. 8 Time evolution of bed height for 0 s < t < 330 s, domain 1 (a) and 330 s < t < 21, 500 s, domain 2–4 (b)
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simulation to avoid the occurrence of numerical spuri-
ous oscillations. For a detailed description of the model,
see Doré et al. (2016).

3.2 Model parameters

To insure realistic simulations, forcing conditions are derived
from in situ ADCP and ADV measurements above the dune
profile. The free surface is represented by a rigid lid in themodel.
The discharge is adjusted to retrieve the bottom shear velocity,
u∗, assuming a logarithmic profile of the current velocity in the
boundary layer, and integrating over the depth. Figure 6 shows
time series of the mean current velocity applied in the model at
the western boundary. At the bottom boundary, the in situ sand
roughness, kn= 2 d50 = 7.75.10

−4 m is used, if not stated other-
wise. The simulation starts at mid-flood tide of the first spring
tide in the measurements. In the simulations, the flood (ebb) tide
is conventionally directed towards the positive (negative) abscis-
sa. The time step in the simulation isΔt = 300 s.

3.3 Modeled scenarios

Two modeling scenarios were carried out. In the first scenario,
R, the bed evolution is simulated starting with a slightly
perturbed, quasi-flat bed. The bed evolution encompasses

various orders of magnitudes of bedform wavelengths (〈λ〉
~0.08 m to 〈λ〉~17 m), and therefore five numerical models
with different domain resolutions are used1 to avoid prohibi-
tive calculation times (Table 1). The depth is also adjusted for
each domain to insure relatively high values of the
adimensional depth, kD, so that ripples are not influenced by
the free surface. In the second scenario, D, the bottom is cov-
ered with dunes of the same size as the dunes observed in situ
(〈λ〉~70 m and 〈H〉~2 m ). The calculation domain has the
same characteristics as domain 5 in Table 1. Ripple wave-
lengths and heights are retrieved using the autocorrelation of
the bed profile during the incipient ripple generation phase
and using a zero crossing approach at a later stage during the
non-linear bed development phase (Doré et al. 2016).

3.4 Results

3.4.1 Scenario R

Incipient ripples Figure 7a shows a focus on the time evolu-
tion of the bed height for the first 50 s of the simulation. The
model is able to reproduce the incipient ripple generation

1 A resolution of 30–40 grid points per wavelength is recommended (Doré
et al. 2016).

Fig. 9 Time evolution of the
mean current velocity (a) and of
the bed height (b) for t > 21,
500 s, domain 5
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phase, starting with a quasi-flat bed, in the first instants of the
simulation. Here, the initial bed is flat with randomly distrib-
uted small perturbations (H =O(d50)), which is below the
dimensions of the incipient ripples observed for similar grain
sizes (Coleman and Melville 1996; Raudkivi 1997; Fourrière
et al. 2010). Figure 7b, c shows the time evolution of the wave-
length, λ, and the height,H, of bedforms retrieved by computing
the autocorrelation of the bed profile. This method of analysis
enables the relative influence of bedforms of different magni-
tudes to be correctly evaluated without necessitating any prelim-
inary screening of small bedform data (Coleman and Melville
1994). The position of the secondary maximum of autocorrela-
tion gives the dominant wavelength on the domain, and its
amplitude gives the corresponding height. Results show the
emergence of ripples with a preferred wavelength, similar to
the incipient ripple generation under steady current conditions
(Doré et al. 2014; Doré et al. 2016). The evolution in the first
stages of the bed evolution is characterized by an exponential
growth of the mean geometrical characteristics (Fig. 7b).
Incipient ripples reach mean adimensionnal height and wave-
length in the interval 13 <H0/d50 < 14 and 200 < λ0/d50 < 260,
H0 and λ0 being the incipient ripples mean height and wave-
length, in line with previous numerical studies and observations
(Doré et al., 2016). Incipient ripple wavelengths depend on the

Reynolds particle number, Re* ¼ u*d
υ (Valance et Langlois

2005; Charru 2006) and therefore will vary depending on the
tidal phase when they are generated.

Non-linear bed development Figures 8a, b and 9 respectively
show the time evolution of the bed in intervals 0 s < t < 330 s,
330 s < t < 21, 500 s, and 13, 000 s < t < 21, 500 s. Figure 10
shows the time evolution of the bed slope for the interval 13,
000 s < t < 21, 500 s.

Results of the time evolution of the bed height show a rapid
evolution of the incipient ripples in the first stages (Fig. 8a).
Merging sequences between ripples quickly occur, like for ex-
ample in the interval 150 s < t < 250 s. Merging sequences
lead to an increase of both ripple heights and lengths, and ripple
number is accordingly decreasing in the domain as already
described for steady current conditions by Doré et al. (2016).
In the first 300 s, the mean statistical wavelength and height
reach a value of 0.3 m (4 λ0) and 0.015 m (4 H0), respectively.

Migration velocities decrease until t = 10, 000 s, due to
lower current intensities around high tide (Fig. 8b). Around
t = 13, 000 s, ripples lose their asymmetry and change polarity,
as currents reverse and increase in the direction of the flow
(Fig. 8b). Such sequences of inversion of ripples polarity oc-
cur at t = 36, 500 s, t = 58, 500 s, t = 80, 100 s, t = 103, 100 s,
and t = 125, 100 s, as shown in Fig. 9, approximately 1.5 h
after slack tides, when the mean current intensity exceeds

Fig. 10 Time evolution of the
mean current velocity (a) and of
the bed slope (b) for t > 21, 500 s,
domain 5
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U0 = 0.7 m s−1. Ripples are merging with one another around
mid-ebb tides and mid-flood tides, when mean current inten-
sity peaks, with values above U0 = 1 m s−1. Highest bed slope
values correspond to the location of ripple crests2 (Fig. 10).
Merging sequences between ripples can be observed each
time the number of red and blue lines diminishes in Fig. 10
at around t = 4, 000s, t = 6, 500 s, and t = 8, 500 s. The number
of ripples in the domain is 26, 19, 13, 8, and 8 respectively at
t = 3, 000 s, t = 5, 500 s, t = 7, 500 s, t = 9, 500 s, and t = 12,
000 s, decreasing at a slower pace as time goes by (Fig. 10). In
the meantime, the adimensional depth drops from kD = 15 to
kD = 4.5. As kD decreases, bedforms are increasingly influ-
enced by the presence of the free surface, which is slowing
down their growth (Charru 2013; Doré et al. 2016), and can be
considered as being dunes.3 Merging sequences become
scarcer, due to lower migration velocities of larger bedforms.

The time evolution of bedform statistical mean height, 〈H〉,
and wavelength, 〈λ〉, expressed in meters, is shown in Fig. 11.
The curve of bedform height evolution clearly shows an
alternance of phases of increase around mid-tides and phases of
relative stability around slack tides. Periods of increase in mean
bedform height correspond to cascading merging sequences that
are also clearly visible in Figs. 9 and 10. Wavelengths are also
increasing, but with a time lag compared to heights, as they
slowly adapt to the higher heights of the merged bedforms (40,
000 < t< 60, 000 s, Fig. 11), in line with Doré et al. (2016).

Beyond the brief incipient ripple generation phase, which is
characterized by an exponential growth (Doré et al. 2016),
both curves of 〈H〉 and 〈λ〉 show two distinct phases of evolu-
tion. During the first 5.5 h (t < 20, 000 s), the time evolution
of both statistical wave height and wavelength can be
approximated by the unified relation for bedform devel-
opment of Perillo et al. (2014), as follows4:

2 The bed slope at the crest corresponds to the angle of repose of the sediment.
3 In the following, the more generic term Bbedform^ is used, as bedforms can
be either ripples or dunes depending on the stage of evolution.

Fig. 11 Time series of the
statistical mean bedform
wavelength (a) and height (b) for
the full simulation. The red dotted
curves represent equation 1 (t <
20, 000 s) and equation 2 (t > 20,
000 s)

4 Trend lines are chosen in order to fit the values of mean wavelengths and
heights around mid-tide.
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λ;Hh i ¼ λt5:5;Ht5:5h i 1−e−Cλ;ht
� � ð1Þ

t being the time in seconds, 〈λt5.5,Ht5.5〉 being the
bedform statistical mean wavelength and height, in me-
ters, at t = 5.5 h (20, 000 s). Cλ and Ch are calibrating
coefficients for wavelength and height evolution, respec-
tively.5 For t > 20, 000 s, a relation similar to Eq. 1
would overestimate the bed evolution, which is better
approximated by the following logarithmic relation:

λ;Hh i ¼ λe;Heh i aln tð Þ−1ð Þ ð2Þ

<λe> and <He>being the statistical mean wavelength and
height at equilibrium, respectively, with <λe > = 70 m and
<He > = 2.2 m, in agreement with in situ values, and
a ¼ 2

lnTe
¼ 0:11, Te being the time to equilibrium, in seconds.

Equation 1 corresponds to a situation when frequent merging
sequences occur whether Eq. 2 accurately represents the bot-
tom evolution when merging sequences are more scarce and
bedform growth is mostly linked to sediment fluxes intensity.
Equation 2 gives an equilibrium time of Te = 2.5 years.5 Cλ = 0.0003 and Ch = 0.0001
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Fig. 12 (a) Time evolution of the
bed height. (b) Time series of the
meandune height (black) and of the
meantidalcurrentvelocity(blue)for
0 s < t < 190, 000 s
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Te is in good agreement with the time that would be needed
to generate a dune of volume Ve = λe.He/2 (〈λe,He〉 = 〈70, 2〉),
the tidal averaged net sediment fluxes measured at the dune
crest, q = 1.10−6m3 s−1.

Bedform mean statistical height and wavelength reach the
values of 〈H〉 = 0.6m (0.3 m) and 〈λ〉 = 17m (8 m) after a time
interval of 35 h (15 h). These values are close to wavelengths
and heights of superimposed ripples observed in situ on the
dune stoss side and in the dune trough (Fig. 5). Modeled
bedform heights show variations in amplitude up to Δz =
15 cm between mid-tides and slack-tides (Fig. 8), which are
of the same order of magnitude as variations measured in situ
(Section 2.4). In the simulation, bedforms are migrating in the
direction of the ebb flow, which is also the direction of the net
sediment transport measured in situ.

3.4.2 Scenario D

InscenarioD,weuse thenumericalmodel to simulate thedynam-
icsof largerdunesforcedbyatidalcurrent.Theforcingconditions

are the sameas in scenarioR.Aparametric study to test the effects
of the bed roughness on the flow and the induced bed evolution
was first carried out. The results show that for lower bed rough-
ness values in the range kn = 1 − 2.5 d50, dune crests have large
horizontal movements leading to changes of polarity of dune
profiles, which is not observed in situ. Modeled dune heights
are also increasing to much larger values than those in the obser-
vations. For kn > 20d50, themodeleddune field is quickly eroded
and modeled dune heights are much lower than observed dune
heights. A bed roughness of kn = 10 d50 was finally used in the
simulation to model the drag effects due to roughness elements
that are present on the dune profile. Sediment fluxes aremodeled
by taking into account the sand surface roughness. Sediment
fluxes are calibrated by comparing with sediment fluxes mea-
sured at the dune crest in situ.

Figure 12a shows the time evolution of the dune field over
several tidal cycles, and Fig. 12b shows the time evolution of
dune statistical mean height together with the mean tidal cur-
rent velocity. Figure 13 shows the time evolution of the bed
slope. Ebb (flow) currents are directed to the left (right).

Fig. 13 Time evolution of the of
the bed slope for 0 s < t < 190,
000 s
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Dune netmigration rates have values of a few centimeters per
day.Eventhoughresultsseemtoshowthat thedunefield isslowly
migrating in the direction of the ebb flow, this should still be
confirmed through longer simulation times. Dune crests are os-
cillating according to ebb and flood tides but keep their asymme-
try in thedirectionof theebb flow.Cresthorizontaldisplacements
of a few meters are of the same order of magnitude as in the
observations (Section 2.4). During the first hours of flow phases,
the dune profile is bended on the stoss side (around x = 100 m,
Figs. 12a and 13), reproducing the Bcat back^ dune profile shape
in agreement with observations (Section 2.4). Dune heights are
generally larger during flood tides (Fig. 12b). During ebb tides,
lower water depths and higher bottom shear stresses enhance
suspended sediment transport which flattens dune profiles
(Tjerry and Fredsøe 2005). The modeled vertical displacements
of dune crests of a few tens of centimeters during a tidal cycle
(Fig. 12b) are of the same order of magnitude as the ones mea-
sured in situ (Section 2.4). Variation of dune lee angles, on dune
fronts, varies from α ≈ 15° at mid-tides down to α ≈ 5° at slack
tides,withα the dune lee angle, in good agreementwith observa-
tions (Section 2.4).

4 Conclusions

Tidal dune dynamics was observed through a series of mea-
surements in the inlet of Arcachon, southwest France.
Observations showed that the inlet bottom is covered by a
field of tidal sand dunes with an average wavelength of five
to eight times the mean water depth. Superimposed ripples are
observed on the dune stoss and lee sides and have wave-
lengths of an order of magnitude smaller than dunes.
Measurements of bathymetry transects along the dune profile
for two tidal cycles showed that dune crests are oscillating
horizontally with an amplitude of a few meters, and are mov-
ing vertically with an amplitude of a few tens of centimeters.
Dune profile asymmetry is more pronounced during spring
tides, and crest displacements are larger than those for average
tides. Superimposed ripples are migrating on the dune profile
with velocities of a few tens of centimeters per hour and
change polarity between ebb tide and flood tide.

A 2D RANSmodel was used to simulate the evolution of an
erodible non-cohesive sand bed forced by tidal currents. The
initial phase of incipient ripples generation was successfully
reproduced, and results are in line with both analytical models
and experimentations. We showed that small perturbations are
exponentially growing in height; then, after a rapid period of
tens of seconds, the initial ripple field has emerged. Beyond the
initial linear phase, the simulation of the non-linear bed evolu-
tion compared well with observations in situ. The results
showed that the bed growth is insured by cascading bedform
merging sequences occurring mainly at mid-tides, when tidal
currents have the highest values. Simulated bedform

wavelengths and heights are of the same order of magnitude
as for superimposed ripples observed in situ. Two evolution
equations of the bed were derived corresponding respectively
to a situation when bed growth is insured by frequent merging
sequences and when bed growth is mostly linked to sediment
fluxes intensity. The time to equilibrium for larger dunes was
estimated, based on an equation of the bed evolution that was
derived. In the simulation, bedforms migrated in the direction of
the net sediment transport, which was also observed in situ.

The model was used to simulate a field of large dunes, with
similar geometrical characteristics as dunes found in situ, un-
der tidal forcing conditions. Dunes kept their asymmetry dur-
ing the simulation, crests were moving back and forth depend-
ing on the tidal phase, and dunes seemed to slowly migrate in
the direction of the ebb tide. In the simulation, ebb-oriented
dune profiles exhibited a Bcat back shape^ during flood tide,
which was also observed in situ. These results show the ability
of the model to reproduce tidal sand dune dynamics and open
promising perspectives in terms of numerical modeling of
tidal sand dune morphodynamic evolution.
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