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Abstract 

Understanding the response of the intertidal dunes to the varying hydrodynamic conditions in 

mixed wave-tide environments is of high complexity. Field measurement is one of the most 

useful approaches to investigate the dune dynamics at different time (semi-diurnal and lunar 

cycles) and spatial (dunes and associated superimposed bedforms) scales. High-resolution 

laser scanner data for five successive surveys over a full neap-spring cycle (27 January – 9 

February 2014), together with hydrodynamic measurements, have been explored to 

investigate the morphodynamics of dunes, their superimposed bedforms and their migration in 

a mixed wave-tide environment (case of the Baie de Somme, Eastern of the English Channel), 

by the use of a stochastic-physical coupling approach. The dunes are ~ 12 m wavelength, 0.4 

height and oriented orthogonally to the shoreline with angles varying between - 45° and + 45° 

corresponding to clockwise and counter-clockwise changes, respectively.  

A stochastic approach, based on spectral analysis, exhibits a series of morphological defects 

modulating the dune changes following several scale ranges in response to various energy 

conditions. Such defects can be classified into four categories: (1) limited structures of ~ 1.6 

m wavelengths locally developed along the dune during flood drainage; (2) small-scale 

superimposed bedforms of ~ 3.2 m wavelengths built-up across the dunes after high 

hydrodynamics and proliferated when the energy deceases; (3) large-scale superimposed 

bedforms of ~ 6.4 m resulting from the morphological growth of the smaller bedforms; (4) 

crestline sinuosity with ~ 25 m wavelength and induced by changes in the orientation of the 

dunes when they are exposed to high tide-wave activity.  The evolving dune defects over the 

neap-spring cycle is strongly related to the physical mechanisms of sediment transport 

supplying the migrating dunes and favourable for their self-organization. 
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The physical study of the migrating dunes with the wave-tide driven sediment transport 

highlights that the long-dune migration components are significantly important during high-

energy episodes with a mean explained variance of 65% of the total migration while they 

decrease to 32% for moderate wave-tide conditions. Good matches of the cross- and long-

migration components with the along-shore and the cross-shore sediment transport quantities 

are recorded with R
2
 coefficients higher than 70%. These coefficients increase for the 

offshore dunes where their morphological response to the time-averaged sediment transport is 

faster while onshore dunes respond at slower timescales resulting in lower R
2 

coefficients. 

Keywords: stochastic-physical coupling approach, dune morphodynamics, morphological 

defects, superimposed bedforms, crestline sinuosity, dune migration, wave-tide driven 

sediment transport. 

1. Introduction 

The exposure of the coastal zones to flooding hazards is generally influenced by a series of 

physical factors including the changes in the wave energy conditions, the tidal currents and 

the morphology of the coastal environments including man-made structures, as well as the 

sea-level rise impact (e.g. Priest and Allan, 2004). Accurate investigation on the multiscale 

natural responses of the coastal sedimentary structures to the hydrodynamic forces and the 

potential impacts of the human-induced climate change is strongly required to improve our 

knowledge of coastal risks. A deep understanding of the morphology evolution and migration 

of bedforms at small scales is crucial to forecast larger coastal responses (e.g. Boyd et al., 

1992; Komar et al., 1999; Stockdon et al, 2006).  

Coastal bedforms are considered as one of the most influential nearshore features. Their 

evolution depends on the combining effects of tides, winds, waves, and their associated 

currents, which are responsible for some dramatic changes in the coastal morphology. Dunes 
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are common patterns appearing ubiquitously in natural aeolian (e.g. Charru et al., 2013), 

fluvial (e.g. Parsons et al., 2005) and submarine environments (e.g. Zhou et al., 2020) and 

changing under oscillatory flows at multiple spatial and temporal scales. In marine 

environments, subaqueous dunes occur in both subtidal (e.g. Ferret et al., 2010; Van 

Landeghem et al., 2012) and intertidal (e.g. Masselink et al., 2009) environments. They are 

formed and controlled by coastal sediment dynamics and interactively influence it as well in 

environments where the key role of the tidal forcing is dominant with the additional effects of 

waves. 

Considerable efforts have been invested by the use of different approaches to improve the 

understanding of the physical processes responsible for the morphological changes of 

subaqueous dunes at various scales of time and space. Numerous researchers have used 

experimental tests in laboratory flumes with unidirectional, steady and uniform currents (e.g. 

Bennett and Best, 1995; Best and Kostaschuk, 2002; McLean et al., 1994; Vah et al., 2020) to 

develop empirical relationships between dunes and their controlling environmental variables.  

Furthermore, various studies have investigated the dune dynamics either: (1) for determining 

the transport regimes and the depth-scaling rules (e.g. Cheng et al., 2004; Villard and Church, 

2005; Bartholdy et al., 2005; 2008), or (2) for exploring the relationship between the field 

dune migration rates and the empirical/numerical bedload transport rates (e.g. Hoekstra et al., 

2004; Kostaschuk et al., 2004; Masselink et al., 2009; Williams et al., 2006; Vah et al., 2020).  

Because of the difficulties for determining the net sediment transport in coastal environments, 

few studies have been conducted using field sedimentary measurements over an extended 

period of time (e.g., Gonzalez and Eberli, 1997; Whitmeyer and FitzGerald, 2008) to gain 

insight into the net sediment transport patterns and the associated morphological 

developments.  
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The morphological evolution of dunes is mainly controlled by changes in the hydrodynamic 

energy conditions (e.g. Wilbers, 2004; Wilbers and ten Brinke, 2003). Indeed, the 

morphological tracking of dunes as a response to climate-driven forces (such as wave, wind, 

and tides) has been carried out by several works using field observations (e.g.  Masselink et 

al., 2009), laboratory experiments (e.g. Venditti et al., 2005; Fernandez et al., 2006) and 

numerical modelling (e.g. Pattanapol et al., 2008; 2011; Wakes et al., 2010). 

Small-scale superimposed bedforms are frequently observed over dunes (e.g. Galeazzi et al., 

2018). Their morphodynamics is studied by Venditti et al. (2005) and Fernandez et al. (2006) 

using data drawn by laboratory experiments. Venditti et al. (2005) have shown that the height 

of the sand sheets superimposed over the dunes is 0.1 times the height of the dunes 

themselves while the superimposed bedforms migrate 8 to 10 times faster than the dunes with 

nearly constant lengths under similar flow conditions inducing the migration of the larger 

dunes.  

Considerable efforts have been invested in understanding the physical processes leading to the 

growth of the morphological patterns and predicting their characteristics (e.g. Huntley et al., 

2008; Williams et al., 2005). As reported in these works, the response of seabed 

characteristics to hydrodynamic-driven forces is strongly influenced by the presence of some 

morphological irregularities, which can be described by the term ‗defect‘.  The pioneering 

work of Huntley et al. (2008) highlighted the key role that the dynamics of these defects play 

in the development of the morphological bedforms as a response to changes in energy 

activity.  

Complex-system approaches have been applied to different geomorphological environments 

and have proven to be helpful for investigating the morphological changes at several time-

scales and identifying the relation between the large- and the small-scale dynamics of 

morphological patterns (e.g., Werner and Kocurek, 1997; Werner, 1999). For example, 
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Werner and Kocurek (1997) works showed the physical control exerted by the morphological 

large-scale pattern dynamics (e.g. change in relief and migration of patterns) on the 

morphological small-scale dynamics (e.g. sea bed roughness, and small defects). 

Then, alternative approaches were developed from the studies of the nonlinear systems, 

including deterministic chaos, self-organization, and emergent phenomena (e.g. Falques et al., 

2000; Asthon et al., 2001; Murray and Thieller., 2004). Murray et al. (2014) studied the 

stochastic behavior of the autogenic changes in a morphological system‘s configuration. They 

demonstrated that these changes could be highly pronounced, leaving complex signatures 

behind, and could be mistaken with other changes occurring within the system (e.g. changes 

in forcing, boundary conditions and threshold-like responses to gradual changes). 

However, investigations focusing on the spatial and temporal process-response relationships 

of a dune field with the hydrodynamics, including the morphological changes of the migrating 

dunes and their superimposed bedforms, are limited. Overall, the evolution of the intertidal 

dune fields in coastal areas over neap-spring cycles and under fluctuating wave-tide driven 

forces remains underexplored (e.g. Hoekstra et al., 2004). 

This work focuses on the dynamics (i.e. morphological changes and migration) of an intertidal 

dune field in relation with the hydrodynamic interactions of wave-tide driven forces in a 

coastal-estuarine environment by the use of a stochastic-physical coupling approach. Here, we 

gain insight into a series of subaqueous dune surveys, located along the intertidal area of the 

Baie de Somme (NW France, English Channel), to investigate the multiscale variability of the 

dunes, their morphological defects and their migration in response to wave-tide conditions 

during a full neap-spring tidal cycle.  

 

2. Methodological Approach 

2.1 Dune fields in the Baie de Somme  
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The Baie de Somme is an  hypertidal bay of the eastern English Channel (NW France) (Fig. 

1). As documented by Michel et al. (2017), the intertidal sandy area of the bay of 42.5 km
2
 is 

covered by more than 4 000 hydraulic dunes with different sizes. The mean height, 

wavelength and sinuosity of the dunes are 0.375 m (s.d. 0.25), 17.7 m (s.d. 9.9) and 0.958 

(s.d. 0.08).  

The bay is classified as a mixed wave-tide dominated estuary (Michel et al., 2017). It is fed by 

two rivers with small mean flow rates of around 1.5 m
3
/s for the Maye river and 32 m

3
/s for 

the Somme river. This latter is channeled and equipped with locks (Bellesort and Migniot, 

1987; Loquet et al., 2000), which explain the bay does not function as an estuary anymore.  

The study area is characterized by semi-diurnal tides ranging between 8.5 m and up to 10.5 m 

at mean spring conditions and during exceptional spring tides, respectively. The bay is 

exposed to swell waves coming from West for 75% of the time with the mean significant 

offshore wave height and period of around 2 m and 7 s, respectively (Bellesort and Migniot, 

1986). When offshore waves enter the bay, some 6 km west of the study area in the vicinity of 

the lowest astronomical tides, they are damped when passing over the sedimentary bulge of 

the ebb delta and then progress on the dissipative sandy foreshore (Fig. 1).   

The present study focuses on an intertidal dune field (50°13.178‘N, 1°33.569‘E), sloped with 

3 % and located some hundreds of meters off the coastline, oriented WSW-NE (Fig. 1). The 

dunes correspond to medium to large dunes with a mean height and wavelength of 0.371 m 

(s.d. 0.07) and 12.71 m (s.d. 2.46), composed of fine to medium sand with a D50 of 0,220 mm. 
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The characteristics of dunes in this area are similar to those observed in the whole bay (e.g. 

dune height and length, sediment grain size) and can hence be considered as representative of 

the dunes observed in the whole bay. The mean sinuosity is between 0.07 and 2.46.   

 

Fig.1 Distribution of intertidal dunes (blue lines) in the Baie de Somme (NW France) and location of 

the study area (black rectangle). Topography was obtained from aerial LIDAR (aircraft) data 

collected on 1
st
 April 2013. White areas correspond to the main underwater tidal channels which are 

not covered with laser topographic data. 

2.2. Topographic measurements 

Five topographic surveys (from    to    ) were carried out during a full neap-spring tidal cycle 

of 24 tidal cycles (from    to     ) over the winter period of January-February 2014. They 

were carried out approximately every 3 days from 27
th

 January 2014 to 09
th

 February 2014 

(Michel, 2016), after tides T2, T6, T13, T19, and T24. The topographic measurements were 

conducted within an area of 2500 m
2
 using a terrestrial laser scanner (TLS; Leica Scan Station 

C10, © Leica Geosystems) with an accuracy comprised between 2 and 3 cm and an horizontal 

resolution varying between several millimeters to some centimeters depending on the survey. 

Digital Elevation Models (DEMs) were produced with a 10-cm horizontal resolution (Fig.2a). 

Topographic information in each cell corresponds to the mean topographic value calculated 

from the TLS measurements, given in the IGN69 French altitude referencing system. In order 

to quantify the morphological changes, dune tracking was conducted on four lines (A, B, C 

and D) on a series of six medium to large dunes (DF1 to DF6) (Fig. 2a). The lines are 

orthogonal to the full dunes (parallel to the shoreline position) and 20 m spaced.  This allows 

the identification of 24 dune sections in the field for each survey (D1 to D24; Fig. 2a). The 
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dunes are North-South elongated, almost orthogonal to the shoreline. The mean orientation of 

dunes and their crestlines are also identified. 

Over the dunes, a complex topographic pattern is observed showing a series of irregularities, 

mainly parallel to x-axis, with different ranges of scales, smaller than the mean dune 

wavelength (~ 12 m), as illustrated in Fig. 2b, 2c and 2d. The smallest bedforms (ripples), 

with wavelengths of some tens of centimetres, visible on the field photography (Fig. 2d), can 

not be detected from the topographic data, given the DEM resolution (10 cm). 

As illustrated in Fig.3a, the number of dunes in the field is conserved between the different 

surveys (6 full dunes and 24 dune sections). In the present work, we consider each dune 

section (D) as individual, independent from the neighbor sections, although belonging to the 

same full dune (DF). Then, the morphological changes of D (a part of DF) are also considered 

independent. Changes in the bed elevations of the dune field have been calculated between 

two successive TLS; they are presented in Fig3b as a digital elevation models of difference 

(DoDs) for the different time intervals (I1 to I4). The DoDs have been used in the present work 

for tracking the morphological changes of dunes and quantifying the different categories of 

defects according to their length of scales.  

We designate the wavelength and the angle of dunes by, respectively,    and 𝜸b with respect 

to the y-axis (orthogonal to the shoreline, North oriented). Both characteristics have been 

measured from the DEM associated to the different surveys (   to    ) for all dune sections 

(from D1 to D24).  

Fig. 2. Topography of the dune field offshore Le Hourdel (Baie de Somme). See location on Fig. 1. (a) 

Digital Elevation Model (DEM) of the intertidal dune field provided by a terrestrial laser scanner 

(survey S1; 28
th
 January 2014); z-axis is the bed level with respect to the IGN69 French referencing 

system; x- and y- axes are parallel and perpendicular to the shoreline orientation respectively. 

Dashed lines underline the orientation of the dune portions D1 to D24 and surveyed along the 
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different lines A, B, C, and D. The white and the grey circles represent the position of the ADCP 

instruments North « Up » and South « Down » respectively. (b) Zoom on the topography of dunes DF3 

to DF5 (survey S1; 28th January 2014) illustrating the complex topographic pattern including defects 

(bedforms, sinuosity). Examples of morphological defects, with different wavelengths and orientations, 

are presented by red arrows. (c) Topographic section along the profile B extracted from the DEM, 

measured on 28th January 2014, orthogonally to dunes. Examples of morphological defects are 

presented by red arrows. (d ) Photography of dunes DF2, DF3 and DF4 the 28th Jan 2014.  

 

Fig.3  (a) Topography of the dune field for the different surveys and changes in the time intervals. a) 

Digital elevation models (DEMs); b) Digital elevation models of difference (DoDs). Surveys are 

named S1 (28th January 2014), S2 (30th January 2014), S3 (3th February 2014), S4 (6th February 

2014), and S5 (9thFebruary 2014). (b) Topographical changes in the study dune field during the 

period on 27th January 2014 to 09th February 2014, for the I1 (between S2 and S1), I2 (between S3 

and S2), I3 (between S4 and S3) and I4 (between S5 and S4) time intervals. The color scale represents 

the bed level variation   .  

 

2.3 Hydrodynamic observations and estimation of sediment transport  

The driving forces of the nearshore hydrodynamic conditions were determined from various 

observations during a neap-spring cycle of 24 tides from 27
th

 January 2014 to 9
th

 February 

2014. Hydrodynamic measurements were carried out by the means of two ADCP profilers 

(1228 kHz, Sentinel, ©Teledyne RDI), located within the study area (50° 13.178‘N, 1° 33. 

569‘E; Fig. 2), spaced 40 m and both positioned in a dune trough at the beginning of the 

survey: the first ADCP is located in the North of the dune field (grey circle in Fig.2.a) and 

was faced up to record data above the altitude of  2.4 m IGN69 (from 0.7 m above the seabed, 

at the beginning of the survey, up to the sea surface) ; the second one, located in the southern 
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part (white circle in Fig.2.a), was faced down to record data from the seabed up to 0.5 to 1.2 

m, depending on dune crest and trough positions varying in response to dune migration during 

the whole neap-spring tidal cycle. Cell sizes are 0.1 and 0.2 m respectively for the South 

(down-looking) and North (up-looking) ADCPs. ADCP measurements have been merged to 

provide information on the whole water column, from the northern ADCP for the upper part 

(above the altitude 2.4m IGN69) and from the southern one for the lower part (beneath the 

altitude 2.4m IGN69). ADCPs provide data on: (i) magnitude and direction of currents which 

correspond to the mean values obtained every 1 minute from 2 Hz measurements (burst 

mode), and (ii) wave direction and wave significant height, extracted from ADCP data using 

WavesMon software (©Teledyne RDI), corresponding to the mean values at the scale of the 

burst (every one minute).  ADCP data have been further used to calculate waves and currents 

at the sea surface and 1 m above the seabed ( i.e. several tens of centimeters above the dunes 

of around 0.3 m height)  (Fig.4).  

Fig. 4.Hydrodynamic measurements in the dune field of the Baie de Somme during the 24 tides from 

27
th
 January and 8

th
 February 2014: (a) water depth; 1 m above the bottom (red) and the sea-surface 

(blue) current velocities (b) and directions (c); (d) wave height; (e) wave direction.  The averaged 

directions (currents, waves) during each tidal cycle is also represented (arrows). 

Sediment transport quantities were empirically computed for each dune section (from D1 to 

D24) between two successive surveys (time intervals I1, I2, I3 and I4 respectively between 

surveys S1 to S5). The time-averaged transport rate of the bedload and the suspended sediment 

transport     ⃗⃗ ⃗⃗   was calculated based on Bailard (1981) energy equation: 

〈  ⃗⃗  ⃗〉    ⃗⃗⃗⃗    ⃗⃗  ⃗     
  

    
*〈|  |

   〉  
    

    
〈|  |

 〉   +      
  

  
*〈|  |

   〉  
  

  
    〈|  |

 〉   +     

(1) 
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the subscripts ‗b‘ and ‗s‘ indicate, respectively, the bedload and suspended sediments;     is 

the friction coefficient;     is the sediment fall velocity;           are the bedload and 

suspension efficiency factor;   is the internal angle of friction;       is the bed slope of the 

dune field;    is the unit vector in the down-slope direction;     and     are the velocities 

resulting from the currents and waves at 1 m above the bottom and the sea surface. 

Here, the dispersion equation (Eq.2) has been used to determine the velocity   considering 

the wave-current interaction described by the angle of waves travelling in the presence of 

currents   . 

                                 (2) 

where   is the wave radian frequency, k is the wavenumber, and   is the water depth. We 

have         when currents travel in the same direction as waves, and         for 

currents in the opposite direction to that of waves. 

    and     have been calculated by the use of    ( angle between waves and currents 1 m 

above the bedload) and    (angle between the waves and sea surface currents), respectively.  

The total transport    is decomposed into both longshore and cross-shore directions since the 

velocity norm   can be defined as √     ; for simplifications,    is zero under the 

assumption of non-significant cross-shore and longshore bed gradients; We call Ub  (  ) and 

Vb (  ) are the components in X and Y directions respectively at 1 m above the bottom (at sea 

surface).  

The two time-averaged cross-shore (with csh subscript) and longshore (with lsh subscript) 

components of sediment transport rates are expressed as the following: 
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〈    〉     
  

    
[ √  

    
 

 

  ]     
  

  
[√  

    
 

 

  ]         (3) 

〈    〉     
  

    
[ √  

    
 

 

  ]     
  

  
[√  

    
 

 

  ]         (4) 

By assuming the bed gradient to zero in the study area (bed slope is of 3%), the gravitational 

transport terms are dropped from Eq.3 and Eq.4. 

 With the aim of calculating the sediment transport components with respect to the dune 

orientation, we consider an angle 𝜸b between the dune crestline and the normal to the 

shoreline (Fig.5.a): 𝜸b takes a value of zero for dunes fully orthogonal to the shoreline. 𝜸b was 

determined for each dune section and was used to calculate the cross-dune (   ) and the long-

dune (   ) direction transport : 

                                (5) 

                                   (6) 

The components     and     were empirically computed with the same time resolution of the 

measured data (i.e. 1-minute measurements) and then integrated into the space (along the 

dune section) and the time (over the time elapsed between two successive surveys) domains to 

define finally the two transport components, i.e.     and    , for each dune section and each 

morphological survey. 

Fig. 5  Parametrization of dune migration process. (a) Determination of the dune angle γ between its 

crestline and the orthogonal to the shoreline. Approximation approach to calculate: (b) the local 

gradient of dune variation between two positions Xn-1 and Xn-+1; (c) the dune movement  ⃗⃗ , between ti 

and ti+1, which is decomposed in the directions X and Y.  ⃗⃗  is the mean between Dn-1 to Dn+1 and is 

described as the components Mx (orthogonal to the dune crest) and My (parallel to the dune crest). 
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The constant values used in this simulation are:        ;        , and           for the 

longshore transport;       , and          for the cross-shore transport (Bailard, 1981; 

Bailard and Inman, 1981);    values, calculated from the granulometric data from the dune 

field seabed, are 2.8 10
-3

      and 1.35 10
-3

      for the bedload and the suspended 

sediment transport respectively (Soulsby, 1997);          ;        ;     

          ;             ;           ; and        

In order to investigate the effects of waves on the dune changes, the components of cross- and 

long-dune energy have been quantified. Similar to      and     ,      and       are 

expressed as: 

                                   (7) 

                                      (8) 

Where        and        represent the cross-shore and the long-shore components of the 

energy flux EF respectively. They are expressed as      =EF.      and       = EF.     . 

  is the wave angle with respect to the shoreline position;          ;     is the group 

celerity, and   is the total wave energy based on the significant wave height ( = 
 

 
 .ρ.g.  

 ). 

The energy flux components, i.e.      and     , have been calculated for each tide (T1 to T25) 

by integrating the 1-minute measurements during a full tidal cycle. 

2.4 Spectral analysis for morphological decomposition at different spatial 

scales using continuous wavelet transform 

Dunes present a complex morphological pattern, induced by the presence of defects 

(superimposed bedforms, dune sinuosity). As well, changes in dune morphology are very 
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complex (Fig. 3). This evolving variability is considered as non-linear, in response to the 

hydrodynamic conditions and the resulting dune and defects migration, and results from a 

combination of several morphological modulations at various ranges of scale. Decomposing 

this variability into different frequencies is required to identify the sedimentary structures of 

migrating dunes and improve our understanding of their organization under fluctuating 

conditions of energy and sediment transport. 

The Continuous Wavelet Transform (CWT) has been largely used in meteorological 

applications to investigate the time frequency evolution of the climate patterns (e.g., Turki et 

al., 2015; Massei et al., 2017). Such analyses are widely documented in the literature (e.g. 

Labat, 2005). The technique of wavelet consists of decomposing a variability signal into 

scaled and translated versions (i.e. daughter wavelets) of a reference wave function (i.e. 

mother wavelet). The correlation between the undecomposed signal and the larger daughter 

wavelets allows the identification of different scales of the variability.  For example, the 

existence of a correlation between the undecomposed signal and the smaller wavelets 

emphasizes the presence of the smaller (shorter wavelengths) variations in the undecomposed 

signal. Scanning the undecomposed signal with the set of daughter wavelets (i.e. convolving 

the signal with the wavelets) produces a diagram of space (X direction) versus space 

frequency of the variability. 

In the present study, the stochastic approach of CWT has been applied to changes in bed 

elevation (DoDs, Fig. 3b) to inspect the possible rhythmic patterns in sediment reorganization 

(erosion/deposition) induced by sediment transport and dune migration in response to the 

hydrodynamics. On a mobile seabed covered with various scales of defects (Fig. 2b to 2d), the 

rhythmicity of erosion and deposition zones indirectly matches the wavelengths of the various 

morphological defects that are generally grafted to dunes, independently from bedform 

migration rates (explanations illustrated in Fig.6). 
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The CWT has been carried out for the different time intervals (from I1 to I4) in two directions: 

(1) across the dune sections (alongshore), on the profiles A, B, C and D; and (2) along the 

dune sections (cross-shore) and parallel to the full dunes (DF1 to DF6).  

The diagrams of CWT contain: (1) the contour diagram with space on the x-axis; (2) the 

frequency (spatial scale) or equivalent wavelength on the y-axis; and (3) the power or 

variance (which quantify the correlation between the signal and the wavelet basis) on the z-

axis.  

 

Fig. 6. A conceptual representation of migrating bedforms between two times, T1 and T2. a: 

simple case of a single bedform (BF) family. b: more complex case of a superimposed smaller 

bedform family (BF) over a dune family (DF) (x is one of the bedform in each family).  In both 

the simple (a) and the more complex (b) cases, the morphological rhythmicities induced by 

altering erosion and deposition zones matches the wavelengths of the various families of 

migrating bedforms, whereas they are different from the pattern induced by the migration of 

the bedforms. 

 

2.5  2D dune migration 

Different methods for processing and evaluating the migration of dunes have been described 

in the literature as reviewed by Bartholomae et al. (2008). In the present research, a simple 

method to calculate the sand dune migration is implemented. This method aims to calculate 

the migration of dunes as a function of the local gradient of the bed elevation while the dune 

wavelength is maintained invariable in time.  

The mathematical approach computes the migration rate   
⃗⃗⃗⃗   in both dimensions X (parallel to 

the shoreline) and Y (orthogonal to the shoreline) for a given location           as the 

following: 
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where  ⃗⃗  is the movement vector;  
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In this study, the inverse of the local gradient  
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and Y as shown below:  
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Equation 10 was applied for each dune section           between two successive surveys, at 

times    and     , which is illustrated in Figs. 6b and 6c. Then, the local time gradient 
  

  
 was 

calculated as: 

   

  
 

           

       
               (11) 

The components of dune movement (Mx, My) have been calculated  in both directions X and 

Y and the migration (
 
 
→

   
), calculated (Vx, Vy), were investigated and correlated to the dune 

sediment transport (       ), derived from the local transport (       ) for the dune 

wavelength     . The investigation was conducted during the period elapsed between two 

successive surveys ∆t in both directions       as described in Equations 12 and 13. 

    ∬         
     

 
       (12)  

    ∬      
     

 
          (13) 

3 Results  
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3.1  Morphological variability of dunes 

The form of the full dunes is complex with a series of morphological defects inducing 

different patterns in the mobility of the dune sections along each DF (DF1-6). This observation 

justifies our methodological approach focusing on the dune sections (D1 to D24) distributed 

along the different dunes and along the profiles A, B, C, and D (Figs.2 and 3). 

Fig.7.a and Fig.7.b present the variation of the dune angle (   ), with respect to the y- axis, 

and the dune wavelength (    for the 24 dune sections. The orientation, displayed by    , 

underlines a non-homogenous distribution between dunes (from D1 to D24). For each dune 

section, the orientation changes significantly in time between the different surveys (from    to 

    ) as illustrated by the width of each boxplot (Fig.7a). Regarding   , changes have been 

observed with an increasing trend from D1 to D24. Such changes are trivial in time with an 

explained variance less than 10% for the different dune sections (width of each boxplot in 

Fig.7b). Hence, we can assume that their morphological changes do not affect their 

wavelength which is considered invariable for the different surveys (from    to     ). 

Therefore, the main morphological changes of dunes are limited to their orientation (Fig.7a) 

and their elevation (Fig.3b).   

The orientation of the dune sections is clockwise (negative values) and counter-clockwise 

(positive values) with respect to y-axis (Fig.2.a and Fig.6.a). The values of    ranges between - 

45° and + 45°. For the period of the current study, the mean values of    are between - 15° 

and + 15°. 

Fig. 7 Boxplots showing the changes in the morphological characteristics of the dune sections (from 

D1 to D24). Each boxplot represents the measurements collected during the different surveys (S1, S2, S3, 

S4, S5) for a given dune section: (a) the angle of the dune crestline with respect to y-axis γd (in this 

study, absolute values are considered), (b) the dune wavelength   . 
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Changes in the bed elevation, displayed by DoDs (Fig. 3b), show a series of positive and 

negative changes of the seabed elevation related to sediment accretion and erosion, 

respectively. In time intervals I1 and I2, the whole dune field is mostly in erosion and mostly 

in accretion, respectively. Furthermore, I3 and I4 show both patterns of erosion and accretion. 

The most important variations are observed in time interval I3 with changes between -0.4 and 

+0.4 m, alternating from one dune to the other. 

Overall, such changes exhibit a dune migration in the East-West direction (i.e. along the x-

axis) since the dune morphology is recognizable between the different intervals, in particular 

the displacement of dunes during time intervals I1 and I2, and the variation in their sinuosity 

(Fig.3b). 

The distribution of sediment patterns in I3 (and in a less extent in I4) highlights a minor pattern 

that reflects the migration of morphological defects oriented perpendicular to the main dunes, 

thereby reshaping the dunes and inducing a new organization of local sediment forms while 

maintaining the global forms of dunes. The sinuosity of dunes reveals low changes between I2 

and I3 and seems to maintain its presentation, acquired during I3, in I4. During this last 

interval, the evolving morphological defects are also displayed (Fig.3). 

 

3.2 Dune dynamics in a wave-tide dominated environment 

During the study neap-spring cycle of 24 tides, the hydrodynamic conditions are controlled by 

the effects of waves and tides (Fig.4). The maximum wave height in the area under study 

reaches values higher than 2 m. The wave angle, calculated between the shoreline orientation 

(SW-NE) and the wave direction, varies mainly between 0° (for waves coming from WSW) 

and + 45° (for waves coming from WNW). The tidal flows are directed towards the East, 

strengthening the currents induced by waves in the E-NE direction. This interaction is mainly 

manifested during the flood stages. The sea bed tidal currents reach 0.65 m/s in T13 (spring 
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tides) and 0.08 m/s in T3 (neap tides) with a NW-NE direction, while the sea- surface tidal 

currents, oriented NW-N, vary between 0.15 m/s and 1.2 m/s at neap and spring tides, 

respectively. The mean direction, averaged during each tidal cycle, switches from NNW at 

spring tides to WNW at neap tides (Fig. 4). 

The nearshore measurements of waves and currents highlight four energy episodes (E1, E2, E3 and 

E4; Fig. 4): E1 is the episode between  T1  (27 Jan) and T6 (30 Jan) showing neap tides and  

moderate waves with an average height lower than 1 m and coming from W; E2 is the episode 

between T7  (30 Jan) and T13 (3 Fev) with spring tides and W-SW waves of 1.5-2 m height; E3 is 

the episode between  T14  (3 Fev) and T19 (5 Fev) with spring tides and  high to moderate waves of 

SW direction and 1.5 m height; E4 is the episode between  T20  (5 Fev) and T24 (7 Fev) with neap 

tides and low wave energy, coming from SW and lower than 1 m of height.  

The energy episodes E1, E2, E3 and E4 are related respectively to the morphology of dunes during 

the intervals I1 (between S2 and S1), I2 (between S3 and S2), I3 (between S4 and S5) and I4 (between 

S6 and S5). 

During the first episode E1, the current velocities are limited to 0.5 m/s and 1 m/s at 1 m above the 

sea-bed and the sea-surface, respectively. The wave-tide angles    and    are of 45° and 60°, 

respectively. Clockwise and counter-clockwise wave angles are observed with a mean | |  

around 65° or 10° (values seem to be not around 45°). The dune angles take relatively small 

values and seem to be close to zero when they are orthogonal to the shoreline (|  | less than 

20°).  This hydrodynamic scenario of low incidence and small waves generate moderate 

components of longshore (orthogonal to dunes) and cross-shore (parallel to dunes) transport 

responsible for a limited mobility of sediments. The morphological gradient remains 

approximately zero with gradual changes in bed elevations induced by the current velocities (Fig. 

3.b). 
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During the second energy episode E2, the current velocities increase to reach a maximum of 1 m/s 

and 1.8 m/s respectively at 1 m above the sea-bed and the sea-surface while the wave-tide angles ( 

   and   ) don‘t exceed 45°. Waves with increasing height and significant obliquity (| | 

around 45°) enhance the induced currents responsible for the longshore transport. The cross-shore 

component is also important in this episode since the wave height reaches its maximum of 2 m. 

Such conditions (strong tidal currents and wave activity) are responsible for a significant transport 

of sediment across the dune sections and some changes in their orientation (as illustrated in 

Fig.3.b) with an angle    between 35° and 45° leading to a high sinuosity. 

This large sediment supply is clearly observed for the interval I2 (Fig.3b), with a positive bed 

elevation (maximum values reaching 0.4 m height) along the whole dune field showing different 

patterns of sediment accretion.  

The tidal currents maintain their velocities, observed in E2, at the beginning of E3 (during T14 and 

T17) and decrease significantly at the end of the episode (<1.5 m/s and 0.5 m/s for  sea-surface  

and 1 m above sea-bed  currents, respectively). Regarding the wave activity, it decreases slightly 

(compared to E2) with smaller heights (H < 1.8 m) and low obliquity (i.e. waves coming from SW 

with | | around 55°) generating a moderate longshore (cross-dune) transport. Such energy 

conditions allow the sediment gained during the previous episode to be redistributed within the 

dune field; they are responsible for a new organization of dunes and evolving morphological 

defects.   

During the last energy episode E4, the velocity of tidal currents decreases significantly with a 

mean wave-tide angle of 30°. The low wave activity at neap tide conditions limits the 

morphological changes and decreases the changes in the organization of the dunes. This episode is 

largely favorable for maintaining the new morphological organization, presented in E3, and 

developing superimposed bedforms whose build-up should have started at the end of the E3 when 

the energy conditions were decreasing. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



22 
 

Finally, the key role of waves in this environment has been analyzed separately from the tidal 

effects in Fig.8 where the two components of the energy flux (i.e cross-dunes EFcd and long-dunes 

EFld) have been calculated for each dune section during the different energy episodes E1 (tides T1 

- T6), E2 (tides T7- T13), E3 (tides T14-T19), and E4 (tides T20 - T24). Both components account not 

only for the wave characteristics (the amount of energy related to the waves and their direction) 

but also for the dune orientation. The evolution of EFcd and EFld shows a large variability during 

the energy episodes E2 and E3 when the fluxes become higher than 2000 J/m.s and 1000 J/m.s 

respectively (Fig.8). Within each episode, the components of the energy fluxes highlight a series 

of changes which are not necessarily uniform in time, nor for all the dune sections. High spatial 

oscillations of the energy fluxes have been observed with a frequency of 6 dune sections 

approximately showing single responses for each dune section as a function of its orientation 

(angle 𝜸b; Fig. 7a). Positive and negative components are produced for clockwise and counter-

clockwise dune angle (𝜸b) respectively. 

Fig.8  The components of the energy flux across (EFcd) and along (EFld) the dunes for the 

different energy episodes (E1 to E4), dune sections (D1 to D24) and tides (T1 to T24). x-axis: 

the dune section (Dx); y-axis: the tide (Tx); z-axis: the oriented energy flux illustrated by the 

color scale (positives values towards East, negative values towards West) . 

3.3 Morphological evolution of dune defects at different ranges of scales  

The stochastic approach of CWT has been applied to analyze the complex morphological 

pattern of dunes and their changes (Fig. 2) to identify the multiscale morphological 

modulations of dunes in response to the hydrodynamics.  

The DoDs measurements (Fig.3b) have been used to investigate the modulations of the dune 

changes due to sediment transport and resulting dune migration during the different time-

intervals: (1) perpendicular to dunes along the profiles A (D1 to D6), B (D7 to D12), C (D13 to 

D18) and D (D19 to D24) (Fig. 9); and (2) parallel to dunes, along a series of four profiles 
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perpendicular to A, B, C and D. As explained in section 2.4, the CWT analysis allows to 

extract   

rhythmic patterns in the dune changes (erosion/deposition zones) that indirectly matches the 

wavelengths of the various morphological defects. We use it to describe the presence of 

morphological defects and their evolution. 

First, the morphological modulations of dune sections (from D1 to D24) have been investigated 

as displayed by the diagrams of Fig.9, in the cross-dune (alongshore) direction. The 

distribution of the CWT spectrum is non-uniform with altering bands of high and low power. 

The well-structured bands with high power correspond to the spatial frequencies of ~ 12.8 m, 

~ 6.4 m and ~ 3.2 m. They highlight the existence of several modulations of morphological 

changes structured in space (depending on the profiles) and time (depending on the time-

intervals). The modulation of ~12.8 m is well-identified in the CWT diagrams; it represents 

the mean wavelength of dunes in the Baie de Somme (see section 2). 

The small modulations of ~3.2 m display non-homogenous patterns with different spatial 

frequencies. They also vary from the onshore (profile D) to the offshore (profile A) positions. 

The modulations of ~ 6.4 m are arranged according to a series of irregularities disconnected 

between them and organized parallel to the dune crestlines (perpendicular to x-axis).  

The morphological modulations of ~3.2 m and ~ 6.4 m are observed in I1 with non-organized 

forms separately displayed according to the scale range. The majority of these modulations 

disappear in I2 for the different profiles while they emerge in I3 with well-structured forms 

clearly delineated for the profile D. They are homogenously represented for the last interval 

with a morphological connection between the small (~ 3.2 m) and the large (~ 6.4 m) 

modulations, particularly observed for the onshore dunes (Profiles C and D). These 

morphological forms (i.e. ~ 3.2 m and ~ 6.4 m) should be associated to the dune defects 

(observed in Fig.2.b, 2.c and Fig.3b). They correspond to superimposed bedforms, and are 
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classified as small and medium dunes (Ashley, 1990), respectively. Indeed, the small and 

medium superimposed dunes have been partly identified during I1 as a series of irregularities 

(blue spots displayed in Fig.3b). Their destruction has eventually occurred during I2 and at the 

beginning of I3 while their significant proliferation was produced at the end of I3 and during I4 

(pink spots displayed in Fig.3b), in particular for onshore dunes (from D18 to D24).  

Therefore, the superimposed dunes seem to be more pronounced in I1 and I4, in particular for 

the onshore dunes (lines D and C in Fig. 9), under moderate wave conditions and neap tides. 

Their density is reduced at the beginning of I3 and during I2 when their development is 

limited. 

Fig.9 CWT diagrams of dune morphological changes in the cross-dune (alongshore) direction along 

the four profiles A, B, C, and D (see Fig. 2.a), during time intervals I1 to I4, between the different 

topographic surveys S1 to S5. The multi-space-scale features (y-axis of the CWT diagram) identified 

are: ~12.8 m, ~ 6.4 m and ~3.2 m. x-axis: the distance; y-axis: the frequency (spatial scale) or 

equivalent wavelength; color scale: the power or variance (which quantify the correlation between the 

signal and the wavelet basis)  from red-yellow (low) to blue-pink (high). 

 

Second, the morphological variability of the dunes has been investigated for each full dune 

(DF1 to DF6) between the successive surveys to identify the defects of dunes along their 

crestlines, in the cross-shore direction (Fig. 10). 

Here, the main modulations are described by the scale ranges of ~ 25 m. They vary in 

distribution and density as a function of DF (from DF1 to DF6) and the time-intervals. They 

are particularly identified from the second interval I2 for DF1 to DF4, and conserved in I3 and 

I4 for the different full dunes (Fig.10).  

Similar defects with a mean wavelength of ~ 24 m, observed in the dune field (Fig.2b), are 

associated to the sinuosity of dunes along their crestlines. Changes in the dune crestline 

sinuosity have been observed in I2 in response to the energetic episode E2 with high wave 
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obliquity. The evolving sinuosity is maintained for the rest of time under moderate 

hydrodynamic conditions at the end of E3 and during E4. 

Furthermore, small modulations around ~ 1.6 m and orthogonal to dunes have been observed 

in the CWT (Fig.10). They are visible along the dune field (Fig.2.b) and correspond to 

superimposed small dunes probably formed at the end of the ebb phase when the dune field is 

drained. These features are remodeled quickly, but are visible on the DEMs, especially on 6
th

 

and 9
th

 February 2014 (Fig. 3a), and on the DoDs of intervals I3 and I4 (Fig. 3b). 

In summary, the spectral analysis has proven that the spatial distribution of the morphological 

defects and their densities vary at different ranges of length scales (frequencies) across (Fig. 

9) and along the dunes (Fig.10). This exhibits that dunes change with various multiscale 

patterns  due to the migration and the morphological changes of superimposed bedforms and 

defects that can be presented into 3 groups: (1) superimposed medium  and small dunes of ~ 

6.4 m and ~ 3.2 m respectively, mostly parallel to the dune crestline orientation; (2) 

superimposed small dunes of ~ 1.6 m mostly orthogonal to dune crestline orientation; (4) 

dune sinuosity. 

 
Fig.10: CWT diagrams of the dune morphological changes along the dunes DF1 to DF6 (Fig. 2a) 

(crosshore direction) during time intervals I1 to I4,between the different topographic surveys S1 to S5. 

The multi-space-scale features (y-axis of the CWT diagram) identified are: ~25.6 m, ~12.8 m, ~6.4 m 

and ~3.2 m. x-axis: the distance; y-axis: the frequency (spatial scale) or equivalent wavelength; color 

scale: the power or variance (which quantify the correlation between the signal and the wavelet basis) 

from red-yellow (low) to blue-pink (high). 

 

 

3.4 Dune migration vs estimated sediment transport components  

The components of migration           have been computed to identify the mobility of dunes 

(Fig.11). The components                                   (black circles; Fig.11) correspond 
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to the dune migration across and along the dunes, respectively. They vary in space (from D1 

to D24) and time (from I1 to I4). This variation is a function of the dune orientation (angle 𝜸b) 

and the nearshore hydrodynamic conditions of waves, tides and currents. 

   reveals a series of changes in the migration of the dune sections along a same full dune (for 

example D1, D7 , D13 , D19  of DF1); such changes are differently manifested for the time 

intervals. It takes mostly positive (onshore direction) values and reaches its maximum (+ 0.25 

m/day) during the energy episodes E2 and E3.  

Moreover, the cross-dune migration    oscillates between positive (until + 0.45 m/day) and 

negative (until - 0.45 m/day) changes corresponding to the clockwise and counter-clockwise 

changes of dunes, respectively.  Such changes are relatively limited during E1 and E4 where 

wave activity decreases at neap tides. 

In the light of results provided by Fig.11, the components           exhibit some differences 

in the dune migration between onshore (D13 to D24) and offshore (D1 to D12) dune sections.  

since the effects of hydrodynamic forces are relatively higher in areas further away from the 

shoreline.  Both components reveal significant changes for the offshore dunes (i.e. D1 to D12) 

with values varying between +/- 0.18 m/day (E1 and E4) and +/- 0.4 m/day (E2 and E3). These 

results underline the higher effects of hydrodynamic forces (tides, waves) in areas further 

away from the shoreline. 

Generally, the migration along the dunes     has proven to be significantly important during 

high energy episodes (spring tides with high wave obliquity at E2 and the beginning of E3 ) 

with a mean explained variance > 60% of the total migration. This percentage is differently 

manifested for moderate hydrodynamic conditions with ~ 32% (neap tides with low wave 

obliquity at E1, the end of E3 and E4). During these conditions, ~32% of the migration is 
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produced along the dunes(   ).    takes mainly positives values which underlines the 

dominance of the onshore dune migration during the period of study. 

Fig.11. Dune Migration: cross-dune migration     (grey circles) and long-dune migration 

   (black circles) for the dune sections D1 to D24. 

 The relation between the dune migration and the sediment transport quantities in the cross- 

and long-dune directions has been explored. These quantities, respectively     and    , vary 

in time and space as a function of the characteristics of the dunes (i.e. wavelength, and angle) 

and external forcing (i.e. wave-tide conditions). The correlations between     (     and 

   (   ) has been simulated and illustrated respectively in Figs.12 and 13. The goodness of the 

fit between both physical quantities is clearly observed with mean coefficients R
2
 higher than 

70%. They are higher for offshore dunes (D1 to D12), ranging between 78% and 88%, and 

decrease for the onshore dunes (D13 to D24) where the morphological changes are probably 

controlled by additional external mechanisms (e.g. the effect of wind to move the dry particles 

of sediments). Best correlations have been identified between    and     (R
2
>0.8) while they 

decrease slightly for the cross-dune migration    with     (R
2
=0.7 - 0.8).  

The highest R
2
 values are recorded for E2 and E3 (0.75 - 0.8 for the cross-dune direction, 0.81-

0.88 for the long-dune direction) and the lowest for the time E1 and E4 (0.7- 0.8 and 0.75-0.78, 

respectively), which correspond respectively to the periods of increasing (high wave activity 

and spring tides) and decreasing (moderate wave activity and neap tides) hydrodynamic 

conditions.  

Overall, the mobility along the dunes (    responds faster than that across the dunes (  ) to 

the changes in the sediment transport components in the onshore-offshore direction.  
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This difference could be explained probably by a shorter time-lag between the correlated    

and     with a mean order of 3 tidal cycles while the mean time-lag between the correlated    

and      is about 5 tidal cycles.  

Fig.12 The component   of the dune migration (grey circles) vs the cross-dune sediment 

transport     (grey crosses) for each of the dunes (DF1 to DF6) and dune sections (D1 to 

D24) and for the time intervals 1 to 4. R
2
 coefficients are also illustrated. 

 

Fig.13 The component        of the dune migration (black circles) vs the long-dune sediment 

transport     (black crosses) for each of the dunes (DF1 to DF6) and dune sections (D1 to 

D24) and for the time intervals 1 to 4. R
2
 coefficients are also illustrated. 

 

4. Discussion 

In this section, the main findings of this work are synthetized and summarized in Figure 14 

and Table 1. The dynamics of dunes in the Baie de Somme and their morphological changes 

are explained in relation with high and low energy episodes of various tide and wave 

conditions.  

Fig.14 Conceptual synthesis summarizing the results related to the dune dynamics in the Baie 

de Somme for high- and low-energy episodes.  

Table 1. Comparison of the dune dynamics between high and low energy episodes. 

The intertidal dunes of the Baie de Somme studied in this paper vary in orientation and 

morphological characteristics (e.g. changes in sinuosity, development or attenuation of the 

superimposed bedforms). This work is conducted under mixed wave-tide conditions during a 
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full neap-spring cycle of 24 tides (27 January – 09 February 2014) with moderate to high 

wave activity (maximum height of 2 m).  

Here, we investigate the dynamics of dunes by the use of two simplifications: (1) the six large 

dunes (DF1 – DF6) have been divided into 24 independent dune sections (D1 to D24) in order 

to analyze the complex evolution of dunes as a response of wave-tide conditions (Fig.2 and 

Fig.3); (2) the wavelength of the dune sections during a full neap-spring tidal cycle does not 

show any significant changes in time (Fig. 3); that‘s why it has been considered constant 

during the study period. Similar assumptions have also been documented in other works (e.g. 

Allen, 1968; 1973; 1976; Hendershot et al., 2018) where dunes conserve their length over the 

course of the tidal cycle. 

Contrary to the wavelength (λd), the elevation and the orientation of the dune sections respond 

rapidly to the fluctuating hydrodynamic conditions. The variation of the dune geometry is 

associated with clockwise/counter-clockwise changes in the orientation angle and 

positive/negative changes in the elevation of dunes, respectively. Such variation of geometry 

involves the dune migration which is mainly produced towards NE in Baie de Somme 

following its polarity (Michel et al., 2017).  

The interaction between the tide-wave driven forces and the dune morphology and migration 

has been investigated in Baie de Somme by considering: (1) the bedload and the suspended 

sediment transport calculated from the current velocities measured 1 m above the bottom and 

the sea surface, respectively; (2) the effect of tide-wave interaction through the use of the 

wave angle, calculated with respect to tidal currents. 

On the basis of the characteristics of the 1-minute hydrodynamic measurements, the study 

period has been divided into four energy episodes (E1 to E4) which have been related to four-

time intervals (I1 to I4) of dune changes. Only the final morphological evolution of dunes as a 
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response to the previous wave-tide driven forces has been measured and used to understand 

the dynamics of the intertidal dunes.  

4.1. Morphological evolution of intertidal dunes as a response to 

tide-wave conditions 

Some physical processes may explain the relationships between the different morphological 

observations and the hydrodynamics measurements during the study neap-spring tidal cycle. 

They can be drawn from our analysis. 

At the scale of the semi-diurnal tidal cycle, the variations in sediment transport lead to some 

morphological remodeling of the dune bedforms. Indeed, when the water level falls during the 

ebb stages, waves increase in height with an obliquity of around +/- 45°. The sediments move 

mainly as bedload and accumulates/erodes along the slope eventually inducing changes in the 

dune geometry (i.e. elevation and/or orientation). In this case, negative/positive wave 

obliquity leads to eroding/accreting patterns.  Conversely, when the water level rises during 

the flood stages, the concentration of the suspended sediment at the sea-surface increases. At 

this stage, sediments are transferred from the crest to the trough of the dunes thereby 

decreasing the dune slope steepness.  

During the study period, several hydrodynamic conditions have induced different 

morphological responses of dunes from modest to complex ones. For current velocities 

varying between 0.5 m/s and 1 m/s and moderate wave activity (E1 and E4), the dunes in Baie 

de Somme have a low activity; they are well-structured forms with a strong pattern of 

superimposed bedforms and a moderate sinuosity. These forms change to complex ones with 

a series of morphological discontinuities when the current velocities increase reaching values 

of 1.8 m/s during E2 and E3 energy episodes. Similar suggestions have been outlined by 

Ashley (1990), Terwindt and Brouwer (1986); Larcombe and Jago, (1996) works where the 
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morphological discontinuities of dunes have been revealed when the current velocity exceeds 

0.7 m/s. 

Here, the hydrodynamic conditions of high wave obliquity and tidal currents contribute in the 

evolving the crestline sinuosity along the dunes and the induced morphological defects that 

take place after the beginning I3 when the energy activity decays. The high energy episodes of 

spring tides in the Baie de Somme are responsible for developing the morphological dune 

discontinuities and boosting a potential physical mechanism of bifurcation (not clearly 

observed from observations during the study period). 

In the light of the results, provided by the bed elevation changes (Fig.3b), dune geometry 

(Fig.7) and the hydrodynamics (Fig.4), a series of physical mechanisms can be presented to 

explain the dynamics of dunes during the period of study.  The dune field does not exhibit any 

significant changes during periods of moderate activity of waves and currents (e.g. I1). Then, 

the high energy conditions of E2 and the beginning of E3 contribute in an increasing sinuosity of 

dunes and an important sediment supply inducing dune morphological development and 

migration. This supply is distributed within the dune field at the end of I3; which is responsible for 

a new organization of dunes and evolving morphological defects. Finally, I4 is largely favorable 

for maintaining the new morphological organization, presented in I3, with decreasing 

hydrodynamic conditions. This context is encouraging for the development of superimposed 

bedforms. 

Accordingly, the changes in the nearshore wave-tide conditions are responsible for the variability 

of the dune sections during the different time intervals and exhibit a strong redistribution of sand, 

responsible for the morphological variability of the dunes and their organization. These changes 

are produced mainly following two mechanisms: (1) the development of superimposed small to 

medium dunes over the large dune sections observed under low energy conditions of wave and 

tides (e.g. observed during the episodes E1, at the end of E3 and E4); (2) the sinuosity of dunes 

induced by variable changes in their crestline orientation as a response to a significant sediment 
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mobility across the dunes produced at spring tides and high wave energy conditions (e.g. observed 

during E2). 

4.2  Development of the dune defects in relation with the energy episodes 

A range of defects with multiple sizes and shapes has been observed above the dunes of the 

Baie de Somme exhibiting the dynamics of the dune field in relation with the interaction 

between their morphological characteristics and the wave-tide activity (Fig.14). 

The morphological defects identified across and along the dunes stress their spatial multiscale 

variability between each of the time intervals: (1) the crestline sinuosity (with wavelength of 

~ 25.6 m) along the full dunes, (2) large and small superimposed bedforms, arranged parallel 

to the dune crestlines with ~ 6.4 m and ~ 3.2 m wavelength. These defects have been 

differently manifested in time according to the combined effects of wave and tides associated 

to each energy episode.  

The smallest morphological defects, with ~1.6 m wavelength, have been observed 

perpendicular to the dune crestlines for the different energy episodes; they are mainly related 

to the tidal currents during the ebb and the flood phases. 

The development and destruction of the morphological defects, observed during the study 

period in response to various hydrodynamic conditions, should be explained by a series of 

physical mechanisms that are presented here as hypotheses with the aim to elucidate the 

relationship between the different forms of defects. 

Under moderate wave-tide activity (i.e. neap tides and moderate waves; E1 and E4 periods), 

the small superimposed bedforms (~3.2 m), generally grafted to dunes, grows when dunes 

exhibit little changes; which is the case for I1 (Fig.3.b), the end of I3 and I4 (Fig.3.b). They 

maintain their organization as long as the hydrodynamic driving forces are limited. Their 

growth and their increasing density expand their length scales (Figs. 9 and 10). The 

development of the small superimposed bedforms should be rapid, with a timescale of 
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approximately 3 days (i.e. time spacing between the first and the second survey) to act 

probably as nucleation points for the development of the new larger superimposed bedforms 

with higher length scales (~6.4 - 3.2 m). They are created at the final stage of the defect 

growth during the intervals 1 and 4. 

Then, the multi-scale superimposed bedforms of the dunes should to be strongly connected 

since the growth of the small bedforms leads to the development of the large ones due to a 

progressive build-up taken place during the period of moderate wave-tide activity. The low 

density of the small defects can behave as inhibitors of the dune bedforms. These 

morphological changes are established when the dunes show a progressive build-up of some 

pronounced defects under moderate hydrodynamic conditions (i.e. the dune field displays 

limited changes of accretion/erosion above the dune surface; Figs. 3.b, 8 and 9). 

During the high-energy episodes (i.e. spring tides strong waves; E2 and the beginning of E3), 

the morphological system is unstable because the wave-tide driven forces perturb the 

bedforms above the dunes and provoke their destruction. These hydrodynamic conditions 

exhibit changes in the orientation of the dune crestlines, under a significant wave obliquity, 

and a high activity of transport for supplying the dune field and inducing a new redistribution 

of sediments. When the sediment flux increases, the resultant fast morphological changes 

promote the self-organization of the dunes. 

Under these hydrodynamic conditions, not favorable to the dune stability, evolving 

morphological irregularities should take place to be built-up at the end of I3 when the energy 

activity increases. These conditions could be also favorable for boosting a new physical 

mechanism of bifurcation (e.g., Colombini and Stocchino, 2008; Ewing et al., 2006; Huntley 

et al., 2008; Werner and Kocurek, 1999). 

The presence of the superimposed bedforms is reduced during high fluxes responsible for 

their possible vanishing. The concept of bedform vanishing has been studied in the Parteli et 
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al. (2014) works where a short review on the physics of dune formation has been presented. 

From experiments, they have demonstrated that an isolated sand bar breaks into a chain of 

barchans under unidirectional water stream. Under this condition, the local shear stress is set 

to zero thereby fully neglecting the sediment flux.  

In the same context, several works have investigated the dynamics of the bedforms which is 

mainly controlled by complex interactions between flow, sediment transport and evolving 

morphology (e.g. Coco and Murray, 2007). Indeed, the bedforms are developed by wave and 

current-induced flows (Flemming, 1980) under intermediate flow conditions, between the 

thresholds for grain movement and sheet flow (Dalrymple and Rhodes, 1995). When the flow 

intensity exceeds the critical condition of sediment movement, the sea-bed is changing and 

becoming unstable inducing the birth of morphological irregularities. Such morphological 

irregularities reach a maximum in their height and length when shear stress increases. Under 

the conditions of sheet flow criterion, bedforms are washed-out and upper-plane bed sheet 

flow occurs (Southard and Boguchwal, 1990; Soulsby and Whitehouse, 2005; Camenen, 

2009). 

 When the shear stress decreases below the threshold of initiation of sediment motion, the 

morphological irregularities can continue lying on the seabed inactive during low flow 

conditions (Soulsby et al., 2012). The wash-out or sheet flow phases can involve a bedload 

sediment transport responsible for the migration of the bedforms (Traykovski et al., 1999; 

Camenen and Larson, 2006; van Rijn, 2007). 

Thereby, the wash-out (progressive vanishing) and sheet flow conditions of the morphological 

bedforms is strongly related to their morphology (e.g. orientation and localization, shear 

stress, sediment motion) and to the tide-wave driven forces (e.g. including their amplitude and 

their velocity).  
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The density of the superimposed bedforms plays a key role in controlling the evolution of the 

dunes under the nearshore hydrodynamic conditions. Indeed, dunes with low density of the 

superimposed bedforms resist more to the morphological changes (i.e. height and length). On 

the other hand, dunes with higher density experience larger changes. Similar findings, 

suggesting the major role of the superimposed bedforms in controlling the overall 

morphology of the dunes, have been underlined in the works of Werner and Kocurek (1997). 

They argue that, based on the numerical modelling of aeolian sand dynamics, higher densities 

of superimposed bedforms result in faster field-scale reorientation rates compared to more 

linear dunes with a lower proportion of superimposed bedforms.  

Accordingly, the high density of the superimposed bedforms is inversely related to the 

sediment fluxes along the dunes. When the sediment flux becomes low, the resultant slow 

morphological changes promotes the development of dunes and the growth of the 

superimposed bedforms. On the other hand, when this sediment transport flux becomes more 

significant, the dunes grow faster with lower density of the superimposed bedforms.  The 

evolution of these forms should influence the crestline orientation changes of the dunes and, 

finally, their splitting (Huntley et al., 2008).  

 

4.3  Cross- and long-dune migration vs tide-wave conditions 

Averaged over the entire observation period, dunes have shown a varying asymmetric shape 

with a polarity changing from NE to SW according to the hydrodynamic conditions (Michel 

et al., 2017) . Contrary to the previous studies (e.g. Knaapen, 2005) showing that the dune 

migration follows the direction of their steepest slope, the movement of the dunes in Baie de 

Somme changes during the neap-spring tidal cycle exhibiting a series of clockwise and 

counter-clockwise shifts in response to tide-wave dynamics. 
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By the use of a simple conceptual model, the total dune movement has been decomposed into 

two geometrical components, across and along the dunes, and correlated to the physical 

mechanisms of sediment transport. The approach used here is based on a series of 

assumptions:  (1) a weak dependence between the cross- and long-dune migration for their 

correlation  with the sediment transport across and along the dunes; (2) a linear relationship 

between the dune migration and the sediment transport; (3) the alongshore wave height 

gradients is neglected for the calculation of the longshore sediment transport; (4) the dune 

roughness is not considered for studying the connection between the hydrodynamics forcing 

and the morphological defects. 

Results have shown that more than 65% of the dune migration occurs in the cross-dune 

direction during the high energy episodes (i.e. spring tides and significant waves) while it is 

limited to 32% for the moderate energy episodes (Fig.14, Table 1). The long-dune migration 

has been correlated to the cross-shore sediment transport (equivalent to the long-dune 

transport when   = 0) while the cross-dune migration has been associated with the long-shore 

transport (equivalent to the cross-dune transport when   = 0). Correlations are strongly 

significant with mean coefficients R
2
 (p<0.05) higher than 70%. The relationship between the 

migration of the dunes and the sediment transport are controlled by the characteristics of the 

dunes (i.e. wavelength, and orientation) and the external forcing (i.e. wave-tide conditions).  

At short timescales, the correlations are more satisfactory along the dune crestline (where the 

morphological changes are faster). Furthermore, the migration of dunes along their crestlines 

is related to the onshore-offshore sediment transport rather than the cross-dune transport 

(which is mainly controlled by the wave obliquity). 

For some dunes, the physical match between their migration (i.e.    and   ). and the sediment 

transport quantities (           )  is not significant enough which is caused potentially by the 

significant dependence between both cross-and long-movement of dunes. Thereby, the 
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simplified approach used to determine the components of the dune migration is limited to the 

cases where the physical dependence between both components is weaker.  

Accordingly, the external forcing and the characteristics of the dunes have a strong influence 

on controlling the dune movement. Dunes which move perpendicular (parallel) to their form 

change slower (faster) as a response to the along-dune (cross-dune) sediment transport. 

Similar hypotheses have been also outlined by the works of Turki et al. (2013) where the 

variability of the shoreline has been studied according to its morphological characteristics and 

the changing nearshore hydrodynamics. They have demonstrated that the response of the 

beach to the energy is such that the greater the length of the beach and its sediment grain size, 

the slower the response; additionally, the higher the energy is, the faster the response 

becomes. 

 

Conclusion 

In mixed tide-wave environments, the dynamics of the intertidal dunes reveals a series of 

complex mechanisms related to the development of several defects (i.e. superimposed 

bedforms and crestline sinuosity) with different ranges of scales. The development of the 

superimposed small and medium dunes is induced by a progressive build-up of dunes in case 

of low energy conditions (neap tides, low wave activity) while changes in the sinuosity of the 

dune crestlines can be responsible for a potential self-organization along the dunes in case of 

high energy conditions (i.e. spring tides, moderate wave energy).  

Using the assumption that the dune wavelength does not change in time, the migration of the 

dunes along and across their forms (respectively in the cross- and long-shore directions) have 

been quantified from a simple conceptual model, proposed in this research, and correlated 

with the cross- and long dune sediment transport components. More than 60% of the dune 

mobility is produced across their crestlines in response to high tide-wave conditions; it is 
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limited to 30% where the energy activity decreases. The cross-dune migration is strongly 

correlated to the long-shore sediment transport while the migration of dunes along their forms 

is matched to cross-shore transport with R
2
 higher than 0.7. The correlation coefficients 

increase to a mean value of 0.83 for high energy episodes. The key role the wave obliquity 

plays in the migration of dunes and their crestline changes has been demonstrated during high 

wave-tide conditions. The dune migration should also be controlled by the dune size sediment 

properties and the roughness of the bed, for which an accurate description and quantification 

is needed.  

Overall, our finding indicates that the multiscale variability of bedforms and their mobility are 

strongly related to the physical mechanisms involved in the hydrodynamic-driven sediment 

transport.  These natural systems are constantly in motion and tend to be non-conservative 

under changing hydrodynamic conditions and morphological characteristics. Combining 

different stochastic, physical and numerical approaches is greatly required to gain insight in 

the dynamics of bedforms from short timescales in linkage with the extreme events to large 

timescales related to climate change context. 
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Lists of Symbols 

Definition Symbol Dimension Unit 

Immersed weight 

sediment transport 
It lt3 ms3 

Total, suspended and 

bedload sediment 

transport rate 

qt, qs, qb l2t-1 m2s-1 

Water, sediment volumic 

mass 
ρ,  ρs ml-3 Kgm-3 

Friction coefficient Cf  no unity  no unity 

Beadload, suspended 

efficiency factor        no unity  no unity 

internal angle of friction     radium 

local bed slope    radium 

Sediment fall velocity    lt-1 ms-1 

velocity     

 unit vector     

Sediment porosity    no unity  no unity 

gravity   lt-2 ms-2 

Long-shore velocity at 

sea-surface and 1 m 
above the bed 

  ,      

Cross-shore velocity at 

sea-surface and 1 m 

above the bed 

  ,      

Angle between waves 

and current at the sea-

surface and 1 m above 
the bottom 

   ,    
  

Wave angle    radium 

Dune angle γb  radium 

Total, cross, long-dune 

migration velocity V,       lt-1 ms-1 

Total, cross, long-dune 

migration distance  ,       l m 

Instantaneous long- and 
cross-dune sediment 

transport 

    and     l2t-1 m2 hour-1 

Averaged long- and 

cross-dune sediment 
    and     l2t-1 m2survey-1 
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transport  

Cross-dune and lng-

dune energy flux 
              E       m        m  J/m.s 

Croos-shore and long-
shore energy flux 

                E       m        m  J/m.s 

Wave length of dunes λd l m 
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1. Morphodynamics of intertidal dunes in a mixed wave-tide 

environment is complex 

 

2. Morphological dune response involves different defects of 

multiple length scales 

3. The dune sinuosity is developed under high wave obliquity 

4. Dune migration is related to their orientation and the wave-

tide conditions  
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MORPHODYNAMICS  HIGH ENERGY EPISODES LOW ENERGY EPISODES 

Hydrodynamic conditions Energy Episodes: E2 and E3 

spring tides (T7 – T18) 
Maximum Tidal Currents: 0.65 m/s (near sea-bed) and 1.2 m/s 
(surface) 
Maximum Wave Height: 2 m 

Ef
cd

  > 1000 J/m.s 

Ef
ld

   > 2000 J/m.s 

Energy Episodes: E2 and E3 

neap tides (T1 – T6 + T19 – T24) 
Maximum Tidal Currents: 0.08 m/s (near sea-
bed) and 0.15 m/s (surface) 
Maximum Wave Height: 1 m 

Ef
cd

  < 1000 J/m.s 

Ef
ld

   < 1000 J/m.s 

Wave obliquity : | |                         

Defects Sinuosity of dune crestlines: ~ 25 m wavelength Small Superimposed Bedforms: ~ 3.2 m 
wavelength 

Large Superimposed Bedforms: ~ 6.4 m 
wavelength 

Dune angle: |𝜸 |                           

Long-dune migration Vld  (V
y) Max Positive (+V

ld
):  + 0.25 m /day 

Max negative Migration (- V
ld

): - 0.05 m/day 

~ 35% of the total dune migration. 

Max Positive (+V
ld

): + 0.2 m /day 

Max negative Migration (- V
ld

):  - 0.08 m/day 

~ 65% of the total dune migration. 

Cross-dune migration V
cd  (V

x) Max Clockwise (+V
cd

): + 0.45 m/day 

Max Counter-clockwise Migration (-V
cd

):  - 0.45 m/day 

More than 65% of the total dune migration. 

Max Clockwise (+V
cd

) : + 0.18 m /day 

Max Counter-clockwise Migration(-V
cd

):  - 0.18 

m/day 

~ 32% of the total dune migration. 
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