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Abstract 15 

The comparison of a morphodynamic model results with observations is an essential part to 16 

establish its credibility. In the past multiple models were validated against observations for sand 17 

banks, coastlines or estuarine environments. Some models have studied the marine dunes 18 

migrations but are generally limited to a two-dimensional study. In the present study, a three-19 

dimensional morphodynamic model was setup on an area where highly dynamic dunes are 20 

present. The modelling results were analysed and compared to in-situ observations either using a 21 

2D or a 3D method. The vertical and horizontal differences with observations were then assessed 22 

using the known method and, based on these results, an updated validation method were 23 

proposed to overcome some issues that could interfere with the process. 24 

 25 

Plain Language Summary 26 

To assess the reliability of a model, an essential part is to compare the results with field 27 

measurements. In the past, multiple models were setup up on sand banks, coastlines or estuarine 28 

environments and takes credibility with this kind of comparisons. Studies of the marine dune 29 

migration is generally made along two dimensions: the migration direction and the water depth. 30 

In the present study, a model is setup on a marine environment and accounts for three-31 

dimensions to analyze the dunes’ evolution over an area. The model validity is assessed using the 32 

known method and based on these results, an updated validation method was proposed to 33 

overcome some issues that could interfere with the process. 34 

 35 

1 Introduction 36 

The development of marine renewable energy has become a priority for many countries as part 37 

of the solution to limit the impacts of climate change while considering the global growing need 38 

in electricity. In the European Union, the offshore wind industry aims for an installed capacity of 39 

300 GW by 2050. This will surely induce the multiplication of infractructures in the North Sea 40 

and the English Channel as it accounts for a large part of the energy potential. These shallow 41 

seas are however covered by active bedforms (Le Bot & Trentesaux, 2004 ; Damen et al., 2018) 42 

with heights that can reach 20-25 % of the water depth (Knaapen et al., 2001; Damen et al., 43 

2018) and migration speeds up to tens of meters per year (Blondeaux and Vittori, 2016). Given 44 

these characteristics, these bedforms, also called marine dunes, are likely to pose specific 45 

challenges for the offshore windfarm industry. Their migration could induce scouring issues 46 

around the foundations or expose the burried cables over time increasing the risk of damage 47 

(Whitehouse et al., 2000 ; Barrie and Conway, 2014). 48 

To understand the impact of marines dunes on offshore structures and vice versa, numerical 49 

modelling appears as one solution. Multiple numerical process-based models were developed to 50 

investigate marine dune migration, height and shape evolution over time and the processes that 51 

affect them (Németh et al., 2007 ; Van den Berg et al., 2012 ; Doré et al., 2018). However, most 52 

of these studies are focused on dune development starting from a flat bed which limits their 53 

applicability to study the long term evolution of marine dune fields. Tonnon et al. (2007) and 54 

Krabbendam et al. (2021) were the first to model dune dynamics over multiple years starting 55 

with an initial realistic bathymetry. They assessed the capability of the model to reproduce the 56 

evolution of large bedforms over a decade. For this, they used a two-dimensional vertical (2DV) 57 
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numerical model. The results were compared to the evolution of a dune field along a bathymetric 58 

transect extracted perpendicular to the crestlines. In areas where dunes are mostly rectilinear, it is 59 

reasonable to assume that most variations will be captured by a transect. However, most marine 60 

dune fields exhibit at least some degree of three-dimensionnality which would not be well 61 

represented using a 2D model. The use of a three-dimensional (3D) model seems thus necessary. 62 

However, how a morphodynamic model can be validated specifically to assess its ability to 63 

reproduce marine dune evolution is not yet established.  64 

To validate a morphodynamic model over a shallow water area, the Brier Skill Score (BSS) is 65 

often used (Sutherland et al., 2004, Luijendijk et al., 2017). This single-number metric allows to 66 

assess the relative accuracy of morphodynamic simulations based on height difference between 67 

final observed and modelled states weighted with an initial state (Sutherland et al., 2004). This 68 

skill score has been used for modelling of coastlines (Luijendijk et al., 2017 ; Bennet et al., 69 

2019), sand banks and bar movement (Sutherland et al., 2004) or even estuarine evolution (Scott 70 

and Mason, 2007 ; Dam et al., 2016). However, these studies mainly focus on coastal areas 71 

where the water depth is the key variable to assess the reliability of the models. For bedforms 72 

migrations, the water depth is also an important aspect but the use of only the BSS on the water 73 

depth might not be sufficient for the validation process. For example, Sutherland et al. (2007) 74 

have described a sand bar migration to illustrate the application of the BSS. The modelling of the 75 

outer bar depth shows a good agreement, while a significant error is estimated on the crest 76 

position. In their study it represents only one crest and does not impact the results. However, on 77 

other areas, differences on the crest positions could induce a misrepresentation of the sediment 78 

flux and bring errors on the long-term simulation. The crest positions might then need to be 79 

considered in the validation process. 80 

The present study addresses the question of the validation of a morphodynamic model focused 81 

on the estimation of marine dune migration. The study area, off the Dunkirk coast, is described 82 

in section 2.1. The numerical systems, the Coastal and Regional Ocean COmmunity (CROCO) 83 

(Auclair et al., 2022) coupled with the USGS sediment module (Blaas et al., 2007 ; Warner  et 84 

al., 2008) and their setup, in the eastern part of the English Channel and the southern part of the 85 

North Sea, are described in section 2.2 and section 2.3. The validation of the hydrodynamic 86 

predictions were assessed against in-situ measurements (section 3.1). Morphodynamic results, 87 

were studied either following a two-dimensional (section 3.2) and a three-dimensional (3D) 88 

(section 3.3) method before the proposal of a 3D validation of the modelling of the migration of 89 

marine dunes (section 3.4). All results are finally discussed in section 4. 90 

 91 

2 Data and method 92 

2.1 Study site 93 

The site of application is located off the Dunkirk coasts in the southern part of the North Sea, a 94 

few kilometers east of the Dover Strait (Figure 1, left) in France. In this area the hydrodynamics 95 

are dominated by the tidal currents with a typical mean spring tidal range of 5.5 m at the Dunkirk 96 

tide gauge. 97 
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 99 

Figure 1. (left) Location of Dunkirk windfarm area (in red) and the area of interest where 100 

bathymetric surveys were performed noted B1 on the figure. (right) Bathymetric data of 101 

B1 area collected on the first survey of the 17 November 2019. All six dunes are numbered 102 

on the figure (D1-D6) and their crestlines are represented by the white dash-lines. 103 

 104 

In this area, the tidal wave is considered progressive (Bonnefille et al., 1971). As a result, the 105 

maximum flood and ebb current magnitude happen at the time of, respectively, the high and low 106 

water level. The flood component, trending north-east with current amplitude up to 1.25 m/s, is 107 

generally stronger than the ebb which is directed toward the south-west with current amplitude 108 

up to 0.75 m/s (Figure 2, left). Regarding the waves, a major direction of origins was identified 109 

with the measurements of the Westhinder lightboat. Waves principally comes from the English 110 

Channel in the south-west while the rest comes from the inner basin of the North Sea in the 111 

north-west and north-east. Still according to the measurements, waves height range from 1 to 3 112 

m and their periods are between 4 and 10 s (Figure 2, right). 113 

 114 

Figure 2. (left) Current speed near the seabed rose based on ADCP measurement (Nexer et 115 

al., 2023). (right) Offshore wave rose at Westhinder lightboat (51°22’51” N – 2°26’08” E) 116 

(Source data: Flanders Marine Institute). 117 

 118 
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This study focuses on a domain referred to as B1 (Figure 1, right), located along the future 119 

windfarm export cable corridor (Figure 1, left). Over this B1 area, 8 bathymetric surveys and 120 

multiple sediment samplings were performed between November 2019 and July 2021. In this 121 

study the bathymetry is expressed as the water depth with respect to the mean sea level (MSL). 122 

With a bathymetry ranging from 15 to 20 m, the area is composed of six very large dunes named 123 

D1-D6 with, from west to east, two barchans, a sinuous and three rectilinear dunes (Figure 1, 124 

right). The bathymetric data were analyzed in a preliminary study where a low-pass filter was 125 

applied to remove most secondary bedforms. The filtering is intentionally kept light to avoid too 126 

much modification of the primary dunes. Crests and troughs were identified manually 127 

respectively as the lowest and highest bathymetry point along longitudinal profiles (Nexer et al., 128 

2023). According to these results, dune height and crestline length are decreasing from west to 129 

east (Table 1). The two barchans D1 and D2 are the largest dunes with respectively average 130 

height of 2.12 and 2.03 m and crestline length of 509.8 m and 599.52 m. Except for dune D4, the 131 

width (distance between the two dune troughs), follow the same schema with a value decreasing 132 

from west to east. The presence of the two barchans suggests that there is either a strong lateral 133 

variability of the sediment type (Ernsten et al., 2004) or a lack of sediment (Belderson et al., 134 

1982). Bed samples showed that the seabed is uniformly composed of medium sand with d50 = 135 

327.78 μm and d90 = 557.62 μm. Therefore, there is some indication that the environment may 136 

be sediment-starved. 137 

  138 

Table 1. Heights, lengths and crestline lengths of all six dunes of B1 area measured on 139 

November the 17
th

 2019 (Nexer et al., 2023). 140 

 141 

Dune name Dune 1 Dune 2 Dune 3 Dune 4 Dune 5 Dune 6 

Height (m) 2.12 2.03 1.64 1.16 0.92 0.78 

Width (m) 140 140 135 152 132 66 

Crestline length (m) 510 600 290 230 124 100 

 142 

The comparison between the different surveys shows that the area is highly dynamic with a 143 

migration directed to the east at an average rate of 28.5 m/year with high variations between the 144 

different periods (Nexer et al., 2023). This eastern migration is explained by the influence of the 145 

asymmetrical tidal flow (Nexer et al., 2023). In this study, the 4 months period between the first 146 

2 surveys (S1 on 17 November 2019 and S2 on 18 March 2020) are considered. During this 147 

period the dunes were highly dynamic with a migration rate ranging from 53.4 to 64.4 m/year. 148 

Figure 3 represents the bathymetric difference between these observations. Over the locations of 149 

each dune, eastward migration can be recognised as a positive difference on the western part of 150 

each dunes and a negative difference on the eastern part. Height differences up to 2.5 m are 151 

observed around the middle of the first two dunes while these changes decrease to 1.8 m on the 152 

northern part of Dune 3 and around 1 m for the other three dunes. These results imply that during 153 

these 4 months, the crests have moved toward the east and are standing on the initial eastern 154 

troughs positions. During the study period, the general migration schema can then be 155 

summarized as a movement of each dunes through the east with no significant changes of their 156 

horizontal shapes. 157 

 158 
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 159 
 160 

Figure 3. Bathymetric difference between final (S2) (18/03/2020) and initial (S1) 161 

(17/11/2019) observations. 162 

2.2 Models description 163 

CROCO is a three-dimensional, free-surface numerical model that solves finite-difference 164 

approximation of the Reynolds-Averaged Navier Stokes (RANS) equation using the hydrostatic 165 

and Boussinesq approximations. The computation is performed using a C-Arakawa grid over 166 

horizontal dimensions and a terrain-following σ coordinate along the vertical dimension. The set 167 

of equations is finally resolved using the mode-splitting technique that separates the barotropic 168 

and baroclinic modes.  169 

The morphodynamic is modelled using the USGS sediment model. The sediment is represented 170 

as a constant number of layers that extend under the horizontal water cells (Warner et al., 2008). 171 

Each layer is initialized with a thickness, sediment-class distribution, porosity and age. To 172 

account for erosion and deposition, the active bed layer thickness evolves in time depending on 173 

the transport. Here only the bedload transport is considered following the Wu & Lin (2014) 174 

formulation which calculate the net transport rate as the sum of offshore and onshore bed-load 175 

transport rate. The bed evolution is calculated using the Exner equation considering only bedload 176 

transport. 177 

2.3. Hydrodynamic setup 178 

The computational domain has a 5 m horizontal resolution and covers the entire B1 area. The 179 

flow is assumed to be turbulent over a rough bottom, characterized by the roughness parameter 180 

𝑧0 defined as the height above the seabed at which the fluid velocity is zero. This parameter is 181 

defined as constant over the area of modelling. It was set to 0.4 and 4 mm in the two 182 

configurations considered in this study, referred to as C1 and C2. The calculation was performed 183 

with a baroclinic timestep of ∆𝑡3𝑑 = 1 s and a barotropic timestep of ∆𝑡2𝐷 = 1/12 s. Initial 184 

bathymetry is based on the initial survey performed on 17 November 2019 that were filtered as 185 

described before. C1 and C2 configurations have been performed using boundary conditions 186 

extracted from results coming from regional simulations using CROCO and WAVEWATCHIII
®

 187 

(WW3) models. Both were setup to downscale from a large-scale domain to the same grid, 188 



Journal of Geophysical Research : Earth Surface 

 

named LS2, that cover the future windfarm area of Dunkirk and the cable corridor with a spatial 189 

resolution of 100 m (Figure 4). 190 

 191 

CROCO 192 

CROCO model downscale from a numerical domain that covers the eastern part of the English 193 

Channel and the southern part of the North Sea, called LS1 to LS2 domains (Figure 4). For both 194 

configurations, wind conditions were set using the AROME database. Boundary conditions of 195 

free-surface elevation and meridional and zonal component of the current were extracted from 196 

the MARC database (MARS3D configurations covering the French coasts and run operationally 197 

by Ifremer). The LS2 configuration considers LS1 results as boundaries. Along the water 198 

column, CROCO grid is configured using a total of 32 layers. 199 

 200 

WAVEWATCHIII
® 

201 

The wave model WAVEWATCHIII
®

 (WW3) is based on nested runs that are implemented to 202 

downscale from global scale to fine resolution grids. First, the global-scale simulation is obtained 203 

using a regular computational grid with a 0.5-degree spatial resolution forced with ERA5 wind 204 

fields. Then, an unstructured mesh, called NORGAS developed by Shom and run operationally 205 

for the French marine surge monitoring is used. NORGAS’s mesh refines from 10 km resolution 206 

at the open deep-water boundaries to 250 m resolution at the coast. The mesh covers the Gulf of 207 

Biscay, the English Channel and the south of the North Sea and benefits from an accurate 208 

bathymetry. The wave model is forced with currents and water levels obtained from the 2 km-209 

resolution ATLNE model of the MARC database. Wind forcing using ERA5 hindcast is 210 

consistently used. On the computational grid LS2, the model is forced at the open boundaries 211 

with the wave spectra obtained with the NORGAS mesh and current and water levels from 212 

CROCO regional run LS1. Consistently with ocean model, the high-resolution wave model grid 213 

is forced with AROME database. 214 

 215 

 216 

 217 
 218 

Figure 4. (left) Boundaries of the regional domain LS2. The locations of the ADCP and the 219 

wave buoy used for hydrodynamic validation are defined by the red dots. Area B1 is 220 

represented by the red box. (right) Boundaries of the regional domain LS1. The red box 221 
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represents the extension of the LS2 domain. Both color scales show the spatial distribution 222 

of the mean water depth, with respect to the mean sea level. 223 

2.3. Morphodynamic setup 224 

In-situ analysis showed that the sediment is homogeneous over the area. Hence, a class of 225 

medium sand with 𝑑50 = 328 µm is considered in the distribution. As reported before, the 226 

presence of barchans suggest that this area is sediment-starved. Since sampling performed either 227 

on the crests and troughs shows similar type of sediment (Nexer et al., 2023), considering the 228 

size of the dunes, a 3-m thick active layer is defined in this configuration which leaves enough 229 

amplitude to model the observed bathymetric differences (Figure 3). The porosity is set constant 230 

to 0.41 based on the analysis of the in-situ samples. Since no suspended sediment is considered, 231 

the sediment age is left to 0 the default value. 232 

2.4. Outputs analysis 233 

Hydrodynamic and morphodynamic results were assessed using the Root Mean Square Error 234 

(RMSE): 235 

 236 

𝑅𝑀𝑆𝐸 =  √∑ (𝑋𝑚𝑜𝑑,𝑖 − 𝑋𝑜𝑏𝑠,𝑖)
2𝑁

𝑖=1

𝑁
 

 237 

where 𝑋𝑚𝑜𝑑 and 𝑋𝑜𝑏𝑠 are respectively the predicted and observed variable and 𝑁 the number of 238 

compared values. The hydrodynamic results were also evaluated using the index of agreement 239 

described by Willmott (1981) as: 240 

 241 

𝑅𝐸 = 1 −
∑ (𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑚𝑜𝑑,𝑖)

2𝑁
𝑖=1

∑ (|𝑋𝑚𝑜𝑑,𝑖 − 𝑋𝑜𝑏𝑠
̅̅ ̅̅ ̅̅ | + |𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑜𝑏𝑠

̅̅ ̅̅ ̅̅ |)
2𝑁

𝑖=1

 

 242 

where the overbar 𝑋𝑜𝑏𝑠
̅̅ ̅̅ ̅̅  is the averaged of the observation. The index of agreement ranges from 0 243 

to 1 which described a perfect modelling. 244 

The wave model performance was evaluated by comparing the significant wave height, mean 245 

direction and mean wave period 𝑇01. The comparison is focused on T01 for its low order which 246 

gives more weight to the energetic waves, which are more important for sediment transport, than 247 

another type of period.  248 

The morphodynamic analysis was based on the Brier Skill Score (BSS) (Sutherland et al., 2004) 249 

which is described as follow: 250 

 251 

𝐵𝑆𝑆 = 1 −
〈(𝑧𝑚𝑜𝑑 − 𝑧𝑜𝑏𝑠)2〉

〈(𝑧𝑖𝑛𝑖 − 𝑧𝑜𝑏𝑠)2〉
 

 252 

 253 

where 𝑧𝑖𝑛𝑖 is the initial bed level (here survey made the 17 November 2019), 𝑧𝑜𝑏𝑠 the final 254 

observation (here survey made the 18 March 2020) and 𝑧𝑚𝑜𝑑 the modelled bed level which is 255 

extracted on the same date as the final observation. The angular brackets 〈∙〉 denote the mean 256 
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over the area of interest. The BSS was also decomposed following the Murphy-Epstein 257 

decomposition (Murphy and Epstein, 1989) as follow: 258 

 259 

𝐵𝑆𝑆 =  
𝛼 − 𝛽 − 𝛾 + 𝜀

1 + 𝜀
 

 260 

where 𝛼 is the phase error which described the error in position. Perfect modelling of the phase 261 

gives 𝛼=1. 𝛽 is the amplitude error which described the error in terms of sediment volume 262 

displacement with perfect modelling with 𝛽=0. 𝛾 is the averaged bed level error with perfect 263 

modelling with 𝛾=0. And to finish the 𝜀 represent the normalization term which is only affected 264 

by the measured changes from the baseline prediction (Sutherland et al., 2004). 265 

 266 

𝛼 = 𝑟Δ𝑚𝑜𝑑,Δ𝑜𝑏𝑠

2                     𝛽 = (𝑟Δ𝑚𝑜𝑑,Δ𝑜𝑏𝑠
−

𝜎Δ𝑚𝑜𝑑

𝜎Δ𝑜𝑏𝑠

)

2

 

 267 

𝛾 = (
〈Δ𝑚𝑜𝑑〉 − 〈Δ𝑜𝑏𝑠〉

𝜎Δ𝑜𝑏𝑠

)

2

                      𝜀 = (
〈Δ𝑜𝑏𝑠〉

𝜎Δ𝑜𝑏𝑠

)

2

 

 268 

with 𝑟Δ𝑚𝑜𝑑,Δ𝑜𝑏𝑠
=

〈Δ𝑚𝑜𝑑Δ𝑜𝑏𝑠〉

𝜎Δ𝑚𝑜𝑑
𝜎Δ𝑜𝑏𝑠

, Δ𝑚𝑜𝑑 = 𝑧𝑚𝑜𝑑 − 𝑧𝑖𝑛𝑖 and Δ𝑜𝑏𝑠 = 𝑧𝑜𝑏𝑠 − 𝑧𝑖𝑛𝑖. 269 

3 Results 270 

3.1 Hydrodynamic validation 271 

The first step is the hydrodynamic validation. Since no measurements were performed on the 272 

study area, the model was validated against Acoustic Doppler Current Profiler (ADCP) and wave 273 

buoy using the LS2 configurations of CROCO and WW3. Sensitivity analysis was performed on 274 

the hydrodynamic changes occuring between LS2 and B1 area modelling (B1 boundary 275 

conditions are extracted from LS2) to find that no significant changes occurred and the validation 276 

at LS2 level is considered valid at B1 level.  277 

The comparison of the simulated and measured currents was performed over its barotropic 278 

component. Figure 5 shows the comparison of the current magnitude and direction between 20 279 

May 2021 and 04 June 2021. The asymmetry between ebb and flood is well represented for the 280 

weak tidal conditions around 03 June while for the intense conditions in the middle of the 281 

comparison period, the model underestimates the flood peak. This could be attributed to the 282 

difference of bathymetry since LS2 configuration consider the HOMONIM bathymetry which 283 

has been surveyed in 2012. This difference stays however low with a RMSE = 0.16 m/s. 284 

Regarding the direction, the variation between ebb and flood is well represented with the 285 

direction varying between 75 and 265°N. The rapid turning of the tide at the beginning of each 286 

ebb/flood period is correctly represented despite some misrepresentation of short-term variations 287 

that sometimes occurs. It naturally increases the RMSE = 59.07° but the Willmott (1981) index 288 

shows that the representation stays correct with a value of 0.9. 289 

 290 
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 291 
Figure 5. Current magnitude and direction comparison between model and ADCP 292 

measurements. 293 

 294 

Regarding the waves, the following Figure 6 represents the comparison between model and 295 

observations between the 21 and the 30 May 2021. It shows an overall good accuracy of all 296 

components with correct statistics. The model accurately represents the variation of the 297 

significant wave height (RMSE = 0.16 m) which rises at the beginning of the period to reach 298 

almost 2.5 m on the first day and rapidly decreases to stay around 1 m for the following days. 299 

The wave period here does not show strong gradients and the model is in accordance with that 300 

with correct RMSE = 0.47.  The RMSE value is however a boosted here by the fact that both 301 

model and buoy data do not actually show the same thing. The model returns current-corrected 302 

wave period, which is called the relative period, while we can see a clear variation due to the 303 

tidal current on the buoy data which returns the absolute wave period. This influence and the 304 

general discrepancy between model and measurements is however weak and the model is 305 

considered valid. To finish, the wave direction shows a very good match with even the rapid 306 

variations occurring on 26 May when the direction value drops from 315°N to 260°N within a 307 

couple of hours. Both RMSE = 18° and Willmott index of 0.96 demonstrates the good 308 

correlation of the model. 309 

 310 
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 311 
 312 

Figure 6. Significant wave height, T01 period and mean wave direction comparison 313 

between WW3 simulation and the wave buoy. 314 

3.2 Comparison with observations along transects 315 

A first analysis of the morphodynamic results was carried out along a transect extracted 316 

following a line perpendicular to the crestlines. However, since two barchans and a sinuous dune 317 

are present in the domain, several lines perpendicular to the crestlines can be defined. Therefore, 318 

the transect was extracted along the perpendicular of the three rectilinear dunes to catch all six 319 

dunes in a single row. On Figure 7, the longitudinal profile of the initial (S1) and final (S2) 320 

observations are compared to the modelling results of both C1 and C2 configurations. Observed 321 

data were submitted to the same low-pass filter to remove the secondary bedforms present 322 

throughout the study area. However, this filter is intentionnaly kept light and some secondary 323 

bedforms remain. To remove most of these small bedforms without changing the shape of the 324 

dune, the bathymetry is then smoothed a second time by applying a focal average. It considers a 325 

circle of 9 cells diameter (45 m considering the grid resolution) that slides along the domain and 326 

averages the center value by considering its neighbors. The observations are finally interpolated 327 

on the 5-m resolution modelling grid results to stay consistent with the model. Following the 328 

methodology of Nexer et al. (2023), the crests of all dunes are defined as the local minimum of 329 

water depth. 330 

On this transect, difference between S1 and S2 shows that the crest height of the first three dunes 331 

(D1, D2 and D3) decrease in height by about 0.3 m. Furthermore, the vertical shape of the third 332 

dune is also modified with a rounder crest during the second survey than during the first. The 333 

three rectilinear dunes (D4, D5 and D6) do not show major changes in their crest height. They 334 

follow the general migration schema and migrate toward the east without significant changes. 335 

The model results generally follow the migration tendency revealed by the bathymetric surveys. 336 

The major difference between C1 and C2 configurations is the dune migration: migration rate is 337 

higher in C2 case and better matches the observation especially for the three rectilinear dunes 338 

than for C1. This result is in accordance with the roughness parameters which is 10 times higher 339 

for C2 than for C1. Regarding the crest height, both configurations show a similar pattern. 340 

Contrary to the observed morphodynamic, the model estimates an increase in the crest height of 341 
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D1 but underestimate it for D2 (difference of almost 0.7 m with S1 compared to a reduction of 342 

0.3 m in reality). The model accurately represents the variation of D3 and is consistent for both 343 

C1 and C2. For all dunes, C2 configuration is closer than C1 to the measured bathymetry with a 344 

better representation of the migration rate. This is confirmed by the Brier Skill Score (𝐵𝑆𝑆𝐶1 = 345 

0.75 and 𝐵𝑆𝑆𝐶2 = 0.87). Following the classification proposed by Sutherland et al. (2004), both 346 

configurations can be considered as excellent. The model aims at correctly simulating dune 347 

dynamics, therefore the crest positions are important to consider the modelling as accurate. The 348 

Root Mean Square Error of the crest position for C1 and C2 are respectively 𝑅𝑀𝑆𝐸𝐶1 = 9.35 m 349 

and 𝑅𝑀𝑆𝐸𝐶2 = 2.89 m. On this transect, all dune crests have moved of about 20 m toward the 350 

east. This short movement combined with the low dune height explains the good BSS on both 351 

configurations. However, by comparing the RMSE on the crests positions, configurations C1 is 352 

accurate on the heights estimation but not on the crests positionning and therefore on the 353 

migration process. This is consistent with the results reported by Krabbendam et al. (2021) who 354 

have shown that the BSS should be considered carefully based on the results on 2D modelling 355 

along dunes. 356 

 357 

 358 

 359 
 360 

Figure 7. (top) Longitudinal profiles of the initial (S1) and final (S2) observations 361 

compared with C1 and C2 configurations results. (bottom) Synoptic view of the 362 

bathymetry estimated by C2 configuration. The red line represents the location of the 363 

transect. 364 

 365 

The validation using a single longitudinal profile and the comparison of crest position show that 366 

the C2 configuration performs better than C1 configuration. However, because of the presence of 367 

barchans and sinuous dunes, the comparison depends on the transect location. Following the 368 

same procedure, the bathymetric profile is extracted along a line perpendicular to the crest line of 369 

D2 crossing the area from South-East to North-West (Figure 8). Here the profile also catches the 370 
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third dune. Contrary to the previously analysed profile, both configurations do not model 371 

correctly the dynamic of dune D2. Difference between S1 and S2 shows that D2 migrates toward 372 

the east but experienced a large decrease of its crest height, which is not reproduced by the 373 

model. Here the crest height drop by about 0.7 m while C1 and C2 estimates an increase of 374 

respectively 0.1 and 0.3 m. Following these profiles, the estimations are not classified as 375 

excellent with BSS lower than 0.5 (𝐵𝑆𝑆𝐶1 = 0.38 and 𝐵𝑆𝑆𝐶2 = 0.45). The RMSE should not be 376 

applied on only two crests positions. Therefore model and observation are only compared by the 377 

difference in meters. For both configurations, the position of D2 crest is well represented with a 378 

difference of 5 m only. However for D3, both C1 and C2 do not catch the strong movement 379 

occuring during the study period with respectively a difference of 15 and 10 m. By considering 380 

only the D2 dune, and this transect, the best model configuration is C1, which contradicts 381 

previous results. 382 

 383 

 384 
 385 

Figure 8. (top) Bathymetric transect of the initial and final observations compared with C1 386 

and C2 configurations results extracted along a line perpendicular to D2 crest line. 387 

(bottom) Synoptic view of the bathymetry estimated by C2 configuration. The red line 388 

represents the location of the transect. 389 

3.3 Comparison with observations over the area 390 

To the authors knowledge, no validation was performed with a three-dimensional modelling of 391 

marine dunes against an observed bathymetry. Therefore, the validation process in this section is 392 

based on a classical procedure used to validate morphodynamic modelling of sand banks or 393 

coastlines (Sutherland et al., 2004 ; Ruggiero et al., 2009 ; Ranasinghe et al., 2011 ; Luijendijk et 394 

al., 2016). Following it, the BSS is estimated for both configurations considering the entire B1 395 
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domain. Results show that C2 better represents the dune migration with a 𝐵𝑆𝑆𝐶2 = 0.73 396 

compared to C1 with a 𝐵𝑆𝑆𝐶1 = 0.56. Here the BSS over the whole domain is lower than the 397 

BSS calculated using the longitudinal profile as it considers the error spotted on the southern part 398 

of D2 dune. Both configurations could however be considered as excellent which could be 399 

enough to validate the model. To identify the source of the error of both configurations, the 400 

Murphy-Epstein decomposition is applied and the results reported in the following Table 2. For 401 

both configurations the average bed level error 𝛾 and the normalization term 𝜀 are similar with a 402 

value of 0.04. Bottom roughness does not induce significant influence of these terms consistently 403 

with the results reported by Sutherland et al. (2004). A slight difference is estimated for the 404 

amplitude error with 0.07 for C1 and 0.002 for C2. These values are still close to zero which 405 

indicates an almost perfect modelling of the transported volume. The main source of error here 406 

comes from the phase (i.e. the position of the dunes), with 𝛼𝐶1 = 0.65 and 𝛼𝐶2 = 0.75.  407 

 408 

Variable name 𝛼 𝛽 𝛾 𝜀 

C1 0.65 0.07 0.04 0.04 

C2 0.75 0.002 0.04 0.04 

Table 2. Murphy-Epstein decomposition of the Brier Skill Score estimated for both C1 and 409 

C2 configuration over the entire B1 area. 410 

 411 

To analyse this error, longitudinal transects are extracted every 5 m (the model resolution) and an 412 

average migration is estimated considering only the movement of the crests. All crests move as 413 

expected toward the east with average displacements ranging from 18.75 m for D5 to a 414 

maximum of 23.13 m for D4. The RMSE of crest positions are estimated for each dune 415 

independantly (Table 3). As a reminder, consistently with the model, observations were 416 

projected on a 5 m resolution grid. Therefore, the RMSE lower than 5 m calculated for C2 over 417 

dunes D1, D3, D4 and D6 and equal to 5 m for D5 clearly demonstrate that C2 configuration 418 

results can be considered as excellent. However, in the case of C1 configuration, bottom 419 

roughness is too low for the model to estimate a sufficient migration during the period. This lead 420 

to high difference of around 10 m for all dunes. Compared to the observed displacement of about 421 

20 m of each dune, this can be considered as a strong error and cannot be considered as a reliable 422 

comparison. This is in line with the previously described results which shows that C1 423 

configuration is not acceptable in term of crest positions. Both configurations show however  424 

strong RMSE for D2, with 16.6 and 14 m for C1 and C2, respectively. For C1 this demonstrates 425 

that the representation on all dunes have a lack of precision while it shows, for C2, a lack of 426 

precision on one dune only. 427 

 428 

Table 3. Mean migrations and Root Mean Square Error (RMSE) of the crests position for 429 

each dune for both C1 and C2 configurations. 430 

 431 

Dune name D1 D2 D3 D4 D5 D6 

Mean migration (in 

m) 

19.17 20.93 20.7 23.13 18.75 22.11 

RMSE C1 10.38 16.6 11.51 12.78 10.75 11.81 

RMSE C2 5.31 14 4.38 3.19 5 2.56 

 432 
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Here the results show that the use of the BSS over the whole area does not seem adapted for this 433 

kind of modelling. The validation process needs to be improved with an analysis of each dune 434 

position. However, in the current case, the combined BSS with the analysis of the crest position 435 

is easy to perform because of the small number of dunes but, in the case of the presence of 436 

dozens of dunes, this analysis is too labourious to be used. This procedure should then be 437 

improved in order to evaluate the height and crest positions in a reliable way.  438 

3.4 Three-dimensional validation 439 

In this section, a validation method of a three-dimensional dune migration modelling is 440 

proposed. It is based on two main dimensions. The vertical dimension with the estimation of the 441 

depths and dune heights and the horizontal dimension with the position of the crests and troughs 442 

of each dune. 443 

 444 

Vertical validation 445 

 446 

As described earlier, the vertical validation over an area is made by the calculation of the Brier 447 

Skill Score (BSS) which considers the entire B1 domain. However, contrary to the modelling of 448 

a sand bank or a coastline, here the focus is made on the modelling of marine dunes which 449 

represent only a small part of the actual domain. In fact, another particularity of the B1 domain, 450 

is that it is composed by large plain areas where only secondary dunes are present. The model 451 

does not consider these shapes, as they are below the resolution required and not the focus of the 452 

present study, and smoothed the bathymetry leading to a global error. Including these plain areas 453 

in the validation process means that the dune migration validation depends on the correct 454 

modelling of areas that are not related to the very large dunes. To overcome this issue, it is 455 

necessary to consider only the dune areas. This requires to accurately identify both crests and 456 

troughs. In the preliminary analysis (Nexer et al, 2023), the crests were considered as the local 457 

minima of water depths. Consistently, the troughs were identified as the local maxima of water 458 

depths. However, in the marine environment, through identification is complex and they are 459 

either considered as the foot of the stoss or lee slope (Duffy, 2012) or the point where the 460 

maximum value of the curvature is estimated (Van Dijk et al., 2012; Lebrec et al., 2022). Duffy 461 

(2012) considers using the foot of the stoss or lee slope for a solitary bedform while here 462 

multiple dunes are present. The definition based on the calculation of the curvature seems then to 463 

be adapted for the current case and the methodology described by Lebrec et al. (2022) is applied 464 

over the B1 domain. 465 

All longitudinal profiles were extracted every 5 m along the y-axis for both observations and 466 

model results. Despite the low-pass filter, some remaining secondary bedforms could induce 467 

multiple crests detection. The point with the minimum water depth is then considered as the 468 

crests of each dunes. The curvature is calculated as the second derivative of the bathymetric 469 

profile. The first local maximum of curvature on each side of the crests positions is considered as 470 

the eastern and western troughs of the dune. 471 

Considering the eastern migration pattern, the area occupied by each dunes is taken as starting on 472 

the west with the western trough of the initial observation and, on the east, with the eastern 473 

trough of the final observation. The 6 dunes areas are then identified as shown on Figure 9. To 474 

avoid any boundary issues, the model and observations data do not account for the first 50 m 475 

along to the boundaries. This limits the identification of the western trough of D1 which will not 476 

be accounted into the comparison process. The identified areas show that dunes D1 and D2 477 
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follow each other on their northern part while there is a large plain area that separates them on 478 

the southern part. The same thing is observed for D5 which northern part sticks with the southern 479 

part of D6. The other dunes D3 and D4 are isolated with plain areas that separates them from the 480 

others. 481 

 482 

 483 
Figure 9. Area of the six dunes over the B1 domain. The colormap represents the 484 

bathymetry estimated by configuration C2. 485 

 486 

Using this identification, the Brier Skill Score is applied on the six areas for both configurations. 487 

This allows to assess the capability of the model to simulate the area where there is a dune 488 

movement. As described earlier, it also discards the large plain on the south-east, which 489 

represents almost 1/4
th

 of the model domain, and also other part which are not related to the 490 

dunes. For C1 and C2 the BSS is respectively of 0.62 and 0.81. Here the difference with the BSS 491 

estimated by considering the entire B1 area (𝐵𝑆𝑆𝐶1 = 0.56 ; 𝐵𝑆𝑆𝐶2 = 0.73) shows that C2 was 492 

slightly more penalized by the plain areas in the estimation of its accuracy. This could be 493 

explained by the fact that C2 has less error over the dune than C1. The error on the plains areas 494 

on the south-east could then become more important in the entire calculation which would then 495 

reduce the skill score. 496 

The BSS can also be applied over each dune separately. The results show that for both 497 

configurations, D2 is the least well represented with a 𝐵𝑆𝑆𝐶1−𝐷2 = 0.51 and 𝐵𝑆𝑆𝐶2−𝐷2 = 0.68 498 

(Table 4). The scores for C1 configuration are quite similar for all the other dunes except D1 499 

while for C2 there  are larger differences between D2 and all other dune that show BSS ≥ 0.8. It 500 

highligths the fact that the model does not catch all changes in D2. 501 

 502 

Table 4. Brier Skill Score (BSS) estimated for each dune areas for C1 and C2 503 

configurations. 504 

Dune name D1 D2 D3 D4 D5 D6 

C1 0.74 0.51 0.68 0.62 0.62 0.52 

C2 0.9 0.68 0.92 0.88 0.83 0.8 

 505 

Horizontal validation 506 

 507 
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The crest and trough positions are compared for both configurations with the new identification 508 

methodology. The RMSE of the crest and trough positions is estimated for all dunes together 509 

except for the western trough for which the dune D1 is not considered as its location is limited by 510 

the area boundaries. These results first highlight strong differences of the trough locations with 511 

the observations for both configurations. The western troughs are the least well represented for 512 

C1 and C2 with RMSE of respectively 21.84 and 17.89 m while on the eastern troughs the 513 

RMSE is better with respectively 17.74 and 12.84 m. This highligths that even using the 514 

identification process described by Lebrec et al. (2022), the location of the troughs in a marine 515 

environment cannot be accurate enough for this kind of comparison. For long term simulations 516 

like the present study, the crests positions seems then to be the better choice for the migration 517 

validation. 518 

 519 

Table 5. Root Mean Square Error (RMSE) estimated for western and eastern troughs and 520 

crest positions for both C1 and C2 configurations. 521 

Variable name Western troughs Crests Eastern troughs 

C1 21.84 13.1 17.74 

C2 17.89 8.57 12.84 

 522 

In the present study, the crest locations RMSE demonstrate the difference between 523 

configurations with for C1 and C2 values of respectively 13.1 m and 8.57 m. The error estimated 524 

with C2 configuration is not far fom the model resolution (5 m) but cannot be considered as 525 

excellent. Following the mathematical definition of the Root Mean Square Error, this statistics 526 

would give more weight to the strong errors. This means that if the crest position is not 527 

accurately modelled on a small part of the dune, this would increase the RMSE. Figure 10 shows 528 

the crest locations for initial and final observations and for C1 and C2 configurations. It 529 

highlights that globally the crests position estimated by C2 configuration is close to the reference 530 

while C1 estimations are almost entirely “half way” between initial and final observations. In the 531 

case of C2, the crests positions even overlapped with the reference on the major part of D3, D4 532 

and D6. However, the crest position during the second bathymetric survey shows that the D2 has 533 

moved from its initial position by about 40 m on its southern horn. Both configurations did not 534 

represent this movement and the RMSE is then naturally increased by it. A second limitation of 535 

the RMSE here, is also that it does not consider the crests initial position and it could be difficult 536 

to assess the precision of a model. 537 

 538 
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 539 
 540 

Figure 10. Locations of dunes’ crests of initial and final observations compared with 541 

predictions of C1 and C2 configurations. The colormap represent the bathymetry 542 

estimated by C2 configuration. 543 

 544 

Sutherland et al. (2004) have described that a statistic should be transferable from a dataset to 545 

another. Therefore, the use of the Brier Skill Score might be a good option to include the initial 546 

crest positions and allow to estimate the model accuracy. The proposition made here is then to 547 

estimate the BSS by considering all positions of crests as the dataset. For both C1 and C2 the 548 

estimated value is respectively 𝐵𝑆𝑆𝐶1 = 0.62 and 𝐵𝑆𝑆𝐶2 = 0.84. Here the difference estimated 549 

between the configurations is of the same order as the difference estimated for the vertical 550 

comparison. However, the classification proposed by Sutherland et al. (2004) might not be 551 

adapted here and these scores should not be considered the same way. Indeed, as described 552 

before, C1 crest position is almost entirely “half way” between initial and final observations. The 553 

score of 0.62 is thus logical. An “excellent” modelling of the crests position should so be 554 

considered for scores greater or equal to 0.8 which, as described by C2 configuration results, 555 

induce an accurate representation of the crests positions. 556 

 557 

Using this methodology, both vertical and horizontal dimension show a good skill score for the 558 

C2 configuration. On the contrary, C1 is accurate on the vertical dimension but does not 559 

represent well the crests’ positions. The C2 configuration is therefore considered as valid here 560 

while C1 is not. 561 

 562 

4.  Discussion 563 

4.1 Two and three dimensions 564 

Among the different morphodynamic studies, most of them use a two-dimensional vertical 565 

model (2DV) (Nemeth et al., 2007 ; Tonnon et al., 2007 ; Krabbendam et al., 2021). In these 566 

studies, the dune field is composed by rectilinear dunes. The use of a 2D validation process 567 
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based on transect comparison is so well fitted. This is however not the case for some 3D 568 

morphodynamic models. Indeed, as shown by the results of the 2D analysis, the barchan dune D2 569 

has a faster crest displacement on its toe in the north than on its horn in the south (nomenclature 570 

based on Couldrey et al., 2019). This is in line with the results of Charru and Laval (2013), who 571 

have reported a reduction of the current intensity over the horns of a barchan. The model is so 572 

able to reproduce this migration on its northern part but fails on its southern part with almost no 573 

displacement of the crest (Figures 7 and 8). This demonstrates the need to prioritize a validation 574 

over the area or at least over multiple transects to avoid missing such errors that could occurs 575 

over small areas. 576 

The 3D validation method also has the advantage to better assess the difference between 577 

configurations. Over the first transect (Figure 7), the difference between C1 and C2 BSS is 0.12 578 

(𝐵𝑆𝑆𝐶1 = 0.75 ; 𝐵𝑆𝑆𝐶2 = 0.87) while over the second transect it is equal to 0.07 (𝐵𝑆𝑆𝐶1 = 0.38 ; 579 

𝐵𝑆𝑆𝐶2 = 0.45). Both configurations could then be considered equivalent in term of validity. On 580 

the contrary, the difference between the skill scores considering the B1 area is 0.17 (𝐵𝑆𝑆𝐶1 = 581 

0.56 ; 𝐵𝑆𝑆𝐶2 = 0.73). A value that is even increased to 0.19 when considering the dunes’ areas 582 

(𝐵𝑆𝑆𝐶1 = 0.62 ; 𝐵𝑆𝑆𝐶2 = 0.81). Therefore, a 3D comparison accentuates the differences between 583 

the configurations and allows a better assessment of numerical modelling results. A 3D 584 

validation process might then need to be considered on an area even if the dunes are rectilinear. 585 

This could bring more insight about the configurations reliability than a 2D analysis and improve 586 

the validation process itself. 587 

4.2 Limitations and advantages of the proposed method 588 

The previous results demonstrate that the use of a 3D model with a 3D validation method is 589 

necessary in the current case. However, regarding the vertical dimension, the method used for 590 

coastlines or sand banks does not seems adapted to marine dune migration modelling. By 591 

considering the entire domain for the BSS calculation, the large plains in the southeastern part of 592 

the domain would be included. This implies that the validation of the dunes’ migration modelling 593 

depends on the correct modelling of secondary bedforms located hundreds of meters away from 594 

the primary dunes. Here, the model does not consider these bedforms and smooths the entire 595 

southeastern area of the B1 domain. This leads to a source of error which reduces the BSS. The 596 

proposed method considers to avoid these plains to focus on the areas where the dunes migrate. 597 

The identification of these areas is however a limitation of the method. The comparison made on 598 

the trough and crest positions shows strong errors on the trough positions compared to the crests. 599 

This error could be attributed to a difficult identification of the troughs. Indeed, as described by 600 

Lefebvre et al. (2021), in an environment dominated by tidal current, bedforms have steeper 601 

slopes close to the crest, and flat troughs. This is confirmed here by the filtered profiles shown 602 

on Figure 11. The slope is calculated on the same longitudinal profile displayed on Figure 7 for 603 

the initial observation. The maximum angle is found on the upper part of the lee side, closer to 604 

the crest than to the eastern trough with angles reaching a maximum of 14° for D2. Regarding 605 

the horizontal position, the maximum slope of dune D4 is also closer to the crest while for the 606 

others it is located on the middle part of the lee side. This facilitates the identification of the 607 

crests but it is quite difficult to identify the troughs. The dune areas identified here using the 608 

methodology defined by Lebrec et al. (2022) is limited as their boundaries are defined by the 609 

western and eastern troughs. Moreover, this also induce that the method should be adapted to the 610 

environment. In the marine environment, the crests positions are easily identified and then the 611 

comparison of their position with the observations make sense. In rivers however, Cisneros et al 612 
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(2020) have reported that dunes have a relatively flat crest and maximum slope over their lower 613 

lee side. The method might need to be applied on the troughs positions in the river environment 614 

to consider this difference.  615 

 616 

 617 
 618 

Figure 11. (Red) Longitudinal profiles of the initial observations extracted along the 619 

transect represented on Figure 7. (Blue) Slope on the bathymetry. The calculation is based 620 

on the bathymetric profile represented by the blue line. 621 

 622 

The comparison of the crest (or trough) position is mostly performed using the RMSE in 2DV 623 

models. However, in a three-dimensional validation that considers all crests positions, this leads 624 

to two issues that should be considered. First, in the present study, the major source of error on 625 

both configurations comes from the southern part of dune D2. Observations show a large 626 

displacement of the crests of about 30-40 m while both configurations do not estimate any 627 

movement. This explain the RMSE that is high even for C2 (Table 2) which is considered as 628 

valid. However, when it comes to the modelling of the morphodynamic of an area, even for a 629 

sand bank or other cases, the validation process should focus on knowing if the model is globally 630 

accurate. Here if the RMSE is applied on all crest positions, it would be increased by this error 631 

occuring on a small part of one dune. The entire simulation would then be penalized. Other 632 

metrics could have been used such as the Mean Average Error (MAE) or the Mean Square Error 633 

(MSE), however same as the RMSE all these metrics do not account for the initial crest position. 634 

This lead then to the second issue, which is that the modelling it made to represent the migration 635 

of the dune and not the crest positions. Using the BSS puts the error in context. This leads 636 

however to another limitation of the proposed method. All dunes migrate following the eastern 637 

direction. Here it allows an easy comparison of the crest positions with only a difference in the 638 

longitudinal direction. However, over a larger domain, multiple dune migration direction could 639 

be present. The method should then be adapted to the domain by comparing the dune migration 640 

in the correct direction. 641 

5 Conclusions 642 

In the context of the numerical modelling of a dune field, the question of the validation of a 643 

three-dimensional model was addressed. This was studied with validation methods based on the 644 

comparison with bathymetric survey using either a transect or the entire area to assess the model 645 

reliability. The main outcomes of the study are as follows : 646 

 647 
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1. The application of the Brier Skill Score on the entire domain does not seem to be adapted to 648 

validate a morphodynamic model focusing on marine dune migration. In this case the 649 

southeastern part of the domain is composed by a large plain area which is unrelevant to assess 650 

the model reliability. The method proposed here is then to only consider the dunes’ areas to 651 

estimate this score and avoid considering unrelevant areas in the validation process. 652 

 653 

2. In the same context, the calculation of the RMSE of the crest positions does not seem to be 654 

adapted here to the validation process. This score will be boosted by a strong difference occuring 655 

on a small part of a dune. Therefore, to overcome this issue, the proposed method considers the 656 

application of the Brier Skill Score by considering the crest positions as the dataset. The error is 657 

then put in context and allows to better assess the model capability. 658 

 659 

The findings of this study do not have the intention to question the validity of other models and 660 

more studies using this method needs to be performed to assess its reliability. The modelling of a 661 

marine dune field is quite new and the method that is described here is then a proposal to see the 662 

validation of this kind of model in another way. 663 
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