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Abstract 9 

This article aims to investigate the 3D morpho-sedimentary dynamics of two gravel beaches in 10 

relation to hydrodynamic forcing, using a multi-sensor approach. Study sites, namely Etretat and 11 

Hautot-sur-Mer, are both located in Normandy, France. Thus, they face similar wave conditions of 12 

the English channel’s eastern side, with megatidal ranges and channelized wave orientations. 13 

However, they differ in gravel size (D50 Etretat = 5.2 cm; D50 Hautot-sur-Mer = 7.0 cm), vertical 14 

composition (Etretat is a purely gravel beach, Hautot-sur-Mer is a composite one with a low tide 15 

terrace) and wave exposure (Etretat is an embayed beach, oriented 47°N, Hautot-sur-Mer is a semi-16 

open beach, oriented 71°N). Used data include shoreline positions, automatically extracted from 17 

coastal Video Monitoring Systems (VMS) images between 2018 and 2020, wave data provided by the 18 

WaveWatch 3 model, and gravel size maps derived from UAV-imagery at different dates (one in 19 

Etretat, three in Hautot-sur-Mer). First, an EOF analysis was performed on the shoreline position data 20 

to extract the Principal Components (PC) describing mechanisms of morphological changes in the 21 
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shoreline shape at different elevations (-2 to +3m in Etretat and +1 to +3m in Hautot-sur-Mer). Four 22 

mechanisms spread within five PCs were found in Etretat: cross-shore migration (PC1), rollover (PC2), 23 

scale/elevation dependent rotation (PC3 and PC4) and breathing (PC5). Four PCs describing three 24 

mechanisms were identified in Hautot-sur-Mer: right-centered beach cell rotation (PC1), left-25 

centered beach cell rotation (PC2), larger scale rotation (PC3) and rollover (PC4). Interpretation of 26 

the modes were supported by significant correlations with morphological parameters such as 27 

average beach width (BW), beach orientation angle (BOA) and beach slope (BS). The mid-term 28 

morphological main periods of variability include 2, 3, 5 and 8+ months in Etretat, and 2, 3 and 6 29 

months in Hautot-sur-Mer (all parameters included), which essentially corresponds to the variability 30 

of the wave energy. Finally, the analysis of surface grain size spatial variability revealed the presence 31 

textural patterns with spatial temporal variations in sorting and average grain size up to 1 cm in two 32 

months.  33 

Keywords 34 
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Highlights 37 

• Gravel beaches experience rotation, migration, breathing & rollover mechanisms 38 

• Identified mid-term main periods of variability include 2, 3, 5, 6 and 8+ months 39 

• Changes in BW, BOA and BS are mainly related to wave forcing 40 

• Grain size sorting and mean size evolutions are likely seasonal 41 

1. Introduction 42 

Monitoring, understanding, and predicting coastal dynamics are key issues in coastal engineering in 43 

order to cope with coastal risks, especially in the context of climate change and sea level rise. It is a 44 

challenging task as coastal morphodynamics are the complex result of non-linear interactions 45 

between hydrodynamic forcing (currents, waves, tides) and local characteristics (sediment size, 46 

embayment, intertidal zone structuration, etc.). Over the past few decades, great progress has been 47 

made in this regard thanks to improved monitoring technologies, which now allow the study of 48 



coasts at different scales, from the global and regional ones through satellite imagery, to the local 49 

scale through ground surveys and video monitoring systems (VMS). 50 

Satellite techniques rely on data provided by optical or radar sensors to identify coastal features at a 51 

regional or larger scale, at a daily to weekly measuring frequency constrained by orbital parameters 52 

(Salameh et al., 2019; Vos et al., 2020). “Ground surveys” gathers all the methods for in situ 53 

measurement of a site’s topography of at a defined moment, including lidar, total stations, 54 

differential GNSS (dGNSS) and photogrammetry (Andriolo et al., 2018; Lee et al., 2013; Mason et al., 55 

2000; Morton et al., 1993). Among them, the profiling methods (dGNSS and total stations) are 56 

particularly used for long term repeated measurements as the method is relatively versatile and can 57 

provide morphological monitoring records down to the hourly scale. Nevertheless, measurements 58 

are most often carried on at a weekly to monthly frequency and sometimes even shorter, depending 59 

on research specific needs (Lacey and Peck, 1998; Larson and Kraus, 1994; Turner et al., 2016). 60 

The use of VMS is a popular methodology that made it possible to monitor the shoreline of specific 61 

study sites on the long term, at daylight, with high resolution (from centimeters to meters), applying 62 

a commonly used sampling time step of 10 minutes (Davidson et al., 2007; Holman and Stanley, 63 

2007; Silva et al., 2009; Turner et al., 2004). The idea is to georeference the moving shoreline visible 64 

on images, using its pixel coordinates associated with the local water level, assuming a good 65 

knowledge of the cameras' position and orientation relative to the environment in their field of view 66 

(Aarninkhof et al., 2003). Using this technique makes it possible to monitor the intertidal morphology 67 

with a repeatability up to the tidal cycle, although consistently delineating the shoreline over long 68 

periods can be challenging due to the high variability of image-taking conditions (light, weather, sea 69 

states, boats, users, camera lens cleanness, etc.). Authors report vertical biases ranging from 10 to 70 

34 cm on reconstructed intertidal digital elevation models, depending on the site, hardware, dataset 71 

and delineation method used (Plant et al., 2007; Soloy et al., 2021; Uunk et al., 2010).  72 

VMS data are often processed with an Empirical Orthogonal Function (EOF) statistical analysis in 73 

order to decompose the complex movements of the shoreline through time into simpler components 74 

of variability, each of which summarizes a certain part of the total variability. By doing this, authors 75 

were able to identify mechanisms such as cross-shore migration, beach rotation (Blossier et al., 2017; 76 

Harley et al., 2015; Robinet et al., 2020; Turki et al., 2013), breathing (Blossier et al., 2017; Ratliff and 77 



Murray, 2014; Robinet et al., 2020), boundary effect of cross-shore structures (Miller and Dean, 78 

2007), nourishment effects (Lemke and Miller, 2017), and even geological variations (Hapke et al., 79 

2016). However, this improvement in monitoring techniques has mostly benefited the understanding 80 

of sandy coastal systems, and our knowledge of gravel ones remains relatively modest in 81 

comparison, despite the fact that they represent a significant - although unknown - part of the 82 

world's coastline (Buscombe and Masselink, 2006; Jennings and Shulmeister, 2002; Mason and 83 

Coates, 2001; Van Wellen et al., 2000). The main reason for this discrepancy is probably the cost and 84 

difficulty of measuring the spatial variability of gravel particle size, as well as its temporal variability, 85 

although this information is thought to be essential to understand and model the dynamics of gravel 86 

beaches (Buscombe and Masselink, 2006). Indeed, the spatial variability of gravel sizes and shapes as 87 

well as their temporal variabilities play a significant role in the reciprocal relationship between 88 

sediment transport, hydrodynamic processes, and morphological changes (Bluck, 1967; Buscombe 89 

and Masselink, 2006; Flemming, 1964; Isla, 1993; Orford, 1975; Williams and Caldwell, 1988).  90 

To address this disparity and take the variability of sediment characteristics into account, the present 91 

study aims to investigate the geomorphodynamics and gravel size variability of two coastal systems, 92 

Etretat and Hautot-sur-Mer, a purely gravel beach and a composite one, respectively, both located in 93 

Normandy, France (Figure 1). Using the methodology developed by Soloy et al. (2021) and applied to 94 

nearly two years of VMS image data, it was possible to automatically monitor the shoreline position 95 

on both beaches on various elevations within the tidal range. Combined with the other recently 96 

developed algorithm from Soloy et al. (2020), with the aim of mapping the distribution of surface 97 

gravel particle size at different times, this paper intends to propose a first analysis of the morpho-98 

sedimentary relationship of two pebble beaches of Normandy. 99 

The extracted information will help us answer different questions regarding morphodynamics and 100 

sedimentary variability of gravel beaches in Normandy, including: (1) How does the shoreline shape 101 

changes through time? (2) Are changes homogeneous at all elevations? (3) Are there specific 102 

mechanisms of shoreline change and what are their typical temporal period of variability? (4) What 103 

physical phenomena are responsible for morphological changes? (5) What is the shoreline's fabric 104 

made of? (6) How do the fabric's properties vary through time? (7) Can we link the morphological 105 

variability to the sedimentary one? 106 



To bring relevant solutions to this questioning, an Empirical Orthogonal Function (EOF) analysis was 107 

performed using VMS-derived intertidal bathymetry datasets in order to identify the different 108 

mechanisms describing the shoreline variability at various elevations. Then, a wavelet analysis was 109 

used to identify and compare the main periods of variability of morphological parameters (beach 110 

width, beach orientation angle and beach slope) with hydrodynamic ones (wave energy, current 111 

speed, and tidal range), and determine the main acting physical forcing processes. Finally, the spatial 112 

and temporal variability of gravel size were analyzed in light of the results brought by previous 113 

analysis. 114 

This study is articulated around 5 sections, the first of which is this introduction. Section 2 presents 115 

the study sites and is succeeded by a material and methods description in section 3. Results are 116 

presented and discussed in section 4, and conclusive remarks are provided in the fifth and final 117 

section. 118 

2. Study sites 119 

The present study focuses on the shoreline dynamics of the pebble beaches of Hautot-sur-Mer and 120 

Etretat. These two sites are located along the coast of Normandy, France, on the Southeast side of 121 

the English Channel (Figure 1). The funnel morphology of the Channel produces extreme tidal ranges 122 

called megatidal (up to 15 m at Mont Saint Michel, Bonnefille (1968); Chabert D’Hières and Le 123 

Provost (1978); Levoy et al. (2000); SHOM (1953)) and orient the wave propagation in the channel 124 

extension’s direction (SW - NE).  125 

Hautot-sur-Mer is a composite beach (Jennings and Shulmeister, 2002) with a steep slope (>10%) 126 

pebble ridge (measured D50 = 7.1 cm) laying on sandy low tide terrace (measured D50 = 0.18 mm) 127 

(Figure 2). It is a 1100 m long semi-open beach with a linear plan-form shape, installed in the hollow 128 

of a valley and surrounded by chalk cliffs. The beach has nine groins installed perpendicularly to a 129 

seawall oriented at 71°N. The tidal range measured at Dieppe (4.5 km East of the study site) varies 130 

from 2.96 m in neap to 9.86 m in spring tide, with an average amplitude of 6.79 m (Table 1). The 131 

gentle slope of the sandy low tide terrace (1.3%) allows the water to retreat over 210 m away from 132 

the seawall at the lowest tides. The average wave height is 0.79 m heading 130°N, with a yearly 133 

maximum of 3.55 m for the year 2019. 134 



Etretat is a 1000 m long embayed purely gravel beach with a parabolic plan-form shape, installed at 135 

the outlet of a valley and surrounded by chalk cliffs. The beach is composed of a steep slope (>12 %) 136 

pebble ridge (measured D50 = 5.2 cm) (Figure 2). A subtidal sandy substrate (measured D50 = 0.8 137 

mm) (Soloy et al., 2020) appears on rare occasions when the beach becomes mainly sandy after long 138 

repetitive heavy storm conditions. The beach is crossed by 4 groins installed against the seawall, 139 

which has a mean orientation of 47°N. In the intertidal zone, bedrock emerges at low tide on the 140 

sides of the bay. The tidal range varies from 3.2 m to 9.13 m, with an average of 6.08 m. At low tide, 141 

the beach width can reach 150 m (Table 1). The average wave height is 0.89 m heading 145°N, with a 142 

yearly maximum of 4.44 m for the year 2019. 143 

3. Material and methods 144 

3.1. Nearshore Hydrodynamics 145 

The hydrodynamic parameters of this study were used to serve two different purposes: (1) 146 

estimating the beaches’ 3D morphology using VMS-derived waterlines of known elevation (water 147 

level), and (2) comparing morphodynamics with hydrodynamics (wave energy, tidal currents, tidal 148 

ranges). 149 

For measuring the morphology (georeferencing the waterlines) in Hautot-sur-Mer, water level data 150 

was provided by the tide gauge ran by the French Naval Hydrographic and Oceanographic Service 151 

(Service Hydrographique et Oceanographique de la Marine, SHOM) and located in the harbor of 152 

Dieppe (49° 55' 45.0114"N, 1° 5' 4.1634"E), 4.2 km North East from the VMS (https://doi.org/ 153 

10.17183/REFMAR#24). Unfortunately, there exist no other hydrodynamics observation station near 154 

the study sites. Hence, other hydrodynamic parameters were extracted from hindcast model 155 

outputs. 156 

As there is no tidal gauge anywhere near Etretat, water levels (tide and surge) used for estimating 157 

the morphology of the beach were provided by the Hycom2D model (Chassignet et al., 2007). The 158 

model’s output is given on a curvilinear grid with a resolution ranging from 2 km far from the coast to 159 

500 m close to the coasts. The time series was extracted from the point of coordinates 160 

49° 42' 45.7194"N, 0° 11' 34.4394"E. The maximum error on the water elevation is expected to 161 

happen during high surge with an underestimation of 10 cm, while the tidal phase difference 162 



uncertainty is 12 min (Pasquet et al., 2014). A comparison between Hycom2D and the water level 163 

gauge in Dieppe shows an RMSE of 0.26 m and an R² of 0.98 (0.13 m and 0.53 for surge alone). Figure 164 

3a presents the time series of water elevations in Etretat used in this study. Elevations are centered 165 

around zero and vary from ± 2 m to ±5 m during the tidal cycle, with a maximum amplitude of 166 

9.13 m. It is worth mentioning that setup elevations are not considered by Hycom2D. Consequently, 167 

morphological data are projected with a bias that tends reduce their elevation by an order of 168 

magnitude of a few centimeters.  169 

Wave data were provided by the implementation of the WaveWatch 3 model (Tolman, 2009) by 170 

Ifremer (French Research Institute for Exploitation of the Sea) over the English channel called 171 

PREVIMER_WW3-NORGAS-UG (Dumas et al., 2014). The output is given on an unstructured grid with 172 

a resolution varying from 2 minutes of arc off the shore to 200 m near the coast. Data were extracted 173 

at the point 49° 42' 53.7114"N, 0° 10' 58.35"E for Etretat (depth h = 21 m), and at the point 174 

49° 56' 55.5936"N, 1° 1' 2.7042" for Hautot-sur-Mer (depth h = 17.5 m). This model has been 175 

extensively validated with data from buoys and satellite altimeters (Michaud et al., 2015) showing 176 

Root Mean Square Errors (RMSE) of 25 cm and coefficients of determination (��) of 0.94 on the sea 177 

surface wave significant height parameter (Hs) (Castelle et al., 2020). Output parameters used in this 178 

study include Hs and wave direction, from July 2018 to November 2020.  179 

Figures 3b and c present the wave significant height and period respectively in Etretat, as used in the 180 

present study. During the period 2018 – 2020, the average Hs was 0.88 m with a maximum of 4.44 m, 181 

and the average peak period was 7.0 s with a maximum of 18.2 s. Both parameters show a 182 

seasonality with higher values during winter (October to April) and lower values during summer 183 

(April to October). Energetic events take place mainly during winter seasons like the storm Ciara 184 

recorded on 10th of February 2020 when waves reached 4.44 m in height. 185 

Wave roses presented in Figures 3e and f show that there are two main incoming wave directions: 186 

West and North. During winter, 71.6 % of waves are coming from the Western sector (250°N - 187 

310°N), and especially 50.0 % come from directions ranging between 270°N and 290°N, with a 188 

maximum height of 4.44 m. The Northern sector (0°N - 30°N) hosts 14.0 % of the waves with a 189 

maximum wave height of 2.76 m. On the other hand, summer waves are coming from the Western 190 

sector 59.6 % of the time, 49.3% of the waves being concentrated between directions 270°N to 191 



290°N, with a maximum wave height of 3.30 m. The Northern sector hosts 26.1 % of the waves with a 192 

maximum height of 3.16 m. 193 

For each site, wave characteristics were used to calculate the energy flux ��. 194 

�� = � × �� 195 

Where �� is the total wave energy determined using � = 	

 × � × � × 
��, and �� is the wave group 196 

velocity given by �� = �
� �1 + ���

���������, ℎ is the water depth, � is the wave number � = ��
� , � is the 197 

wavelength, and   is the wave celerity in transitional water  = �!
�� tanh��ℎ�, g is the acceleration of 198 

gravity of 9.81 m/s, and T is the wave period. 199 

This allows us to project �� along the cross-shore and longshore local axis of the beach:  200 

��& = �� × cos�*� 201 

��� = �� × sin�*� 202 

Where ��&  and ��� represent the cross-shore and the longshore projections respectively, and * is 203 

the angle between the incoming waves and the beach orientation. 204 

3.2. Shoreline Variability 205 

Video Monitoring Systems (VMS) were installed in June and December of 2018 respectively in Etretat 206 

and Hautot-sur-Mer. The VMS implementation and operational processing are presented and 207 

discussed in detail in a dedicated article (Soloy et al., 2021). For each site, 3 video cameras cover a 208 

panoramic view of the beaches (Figure 4), recording time-averaged images (timex) every 10 minutes 209 

and over 10 minutes during daylight. A Mask R-CNN segmentation model (He et al., 2017) is used to 210 

automatically delineate the waterline on images. Produced lines are then georeferenced and 211 

clustered per tidal cycle in order to generate daily intertidal point-clouds. RMSE values show a 212 

vertical elevation mean uncertainty of 22 cm in Etretat and 29 cm in Hautot-sur-Mer, which are 213 

within the range of values calculated by authors for other sites (Plant et al., 2007; Uunk et al., 2010). 214 

On both sites, the morphological variability of the beach was evaluated through the analysis of three 215 

morphological indices: the beach width (BW), the beach slope (BS) and the beach orientation angle 216 

(BOA). These indices were extracted from our VMS-derived point clouds datasets.  217 



BW is obtained by measuring the cross-shore distance separating waterlines to a predefined baseline 218 

along cross-shore transects (Figure 5). In total, the beaches are segmented into 211 and 114 219 

transects for Etretat and Hautot-sur-Mer, respectively. Each transect starts from a perpendicular 220 

baseline located along the beach’s seawall where it is separated by 2 m from its neighbors. Transects 221 

are all 100 m long while heading towards the sea and do not cross each other. BW is the horizontal 222 

distance separating the baseline to a point of fixed elevation along each transect. Target elevations 223 

range from -2 m to +3 m in Etretat (0 m being the local mean water level), and from +1 m to +3 m in 224 

Hautot-sur-Mer, and are vertically separated by 1 m. When no waterline was recorded at the exact 225 

target elevation, an interpolated value between the neighbor waterlines was used. Elevation limits 226 

indicated below were constrained by data availability throughout the tidal cycle. The lower number 227 

of elevations in Hautot-sur-Mer is due to the difficulty of identifying a clearly contrasted shoreline on 228 

the lower part of the composite system (z < +1 m). 229 

BS was computed as the slope 
,-
,. along each transect, and between neighboring target elevation. 230 

BOA is calculated by approximating the shoreline to a parabola. The orientation angle is then 231 

calculated as the angle between the seawall and the parabola’s tangent of a selected transect. On 232 

both sites, the transects located at the center between two groins were chosen to compute the BOA: 233 

P050 in Etretat and P075 in Hautot-sur-Mer. 234 

For all parameters, values were averaged at a daily time scale, and gaps were filled with linearly 235 

interpolated ones. On both sites a malfunction disabled the right-side camera in November 2019 in 236 

Etretat and in June 2020 in Hautot-sur-Mer. Consequently, the lateral extension of the beach being 237 

monitored changed through time. Thus, our analysis will focus only on the profiles that remained in 238 

the left and center camera frames in Etretat, i.e., transects from P20 to P114 (from July 2018 to June 239 

2020), and only take into account the dates at which the right camera was still working in Hautot-sur-240 

Mer, i.e., from December 2018 to June 2020 (with transects from P20 to P99), in order to maximize 241 

both the duration and beach lateral extension being analyzed.  242 

This approach allows the study of one beach cell bounded with two groins on the sides and the sea 243 

wall at the back for the two sites, which is here considered a local morphological unit whose 244 

evolution remains a good approximate to the one of the larger scale coastal system. In Hautot-sur-245 



Mer, the available data covers the halves of two different boxes siding the groin located at P50 246 

instead of a full one. Assuming that morphodynamics can be considered consistent from one box to 247 

its direct neighbors as long as they remain similar in size, shape, composition and orientation, it is 248 

assumed that results are representative of a full unit. The studied beach cell length is 188 m long in 249 

Etretat and are 100 and 140 m long in Hautot-sur-Mer for both the West and the East cells, 250 

respectively. 251 

3.3. Grain Size Mapping 252 

The spatial variability of the sediment size was measured using the methodology developed by Soloy 253 

et al. (2020). This method relies on the use of the Mask R-CNN algorithm to automatically detect and 254 

classify the non-overlapping clasts visible on an image at the pixel scale. The size of the detected 255 

clasts can then be measured along the long and short axis of the ellipse that fits the best to their 256 

contour. Using georeferenced ortho-imagery, it is possible to map the spatial spread of sediment size 257 

over large areas (typically a few tens of thousands of square meters), at the scale of single clasts. 258 

Measurements provided by this method were validated with R² = 0.98 and RMSE = 3.9 mm using 259 

pebbles from Hautot-sur-Mer.  260 

Ortho-images were produced using Structure from Motion (SfM) techniques applied on UAV data 261 

(Westoby et al., 2012). The UAV measurement campaigns took place on 2020/06/10 in Etretat, and 262 

on 2019/04/09, 2019/06/04 and 2020/06/09 in Hautot-sur-Mer. The maps used for this study were 263 

produced by averaging the sediment long axis size using a grid of resolution 1 m x 1 m. 264 

3.4. Statistical approaches 265 

The analysis of the evolution of the beaches’ morphology was performed using Empirical Orthogonal 266 

Functions (EOF). This statistical method was proven relevant to extract spatio-temporal variability 267 

patterns in time series of shoreline position (Aubrey, 1979; Medina et al., 1994, 1993; Turki et al., 268 

2013; Winant et al., 1975).  269 

The objective of this approach is to extract variability modes along both spatial and temporal 270 

dimensions, and to quantify their dependance from the original time series of 2D shoreline positions 271 

/�0, 2�. To do so, a map of linear regressions and correlations is calculated, the axis of maximum 272 

amplitudes determines the first spatial and temporal eigenfunctions, �	�2� and �	�0�, respectively. 273 



The first functions’ variability is then subtracted from the time series, and the same procedure is 274 

applied again to define the second eigenfunctions along an orthogonal axis. The methodology is 275 

iteratively repeated from � = 1 to � = 3, where n is reached when the cumulative variance 276 

explained by all eigenfunctions reaches a previously defined threshold. Therefore /�0, 2� can be 277 

described as a series of linear combinations of both spatial and temporal eigenfunctions.  278 

/�0, 2� = 5 ��
6

�7	
�0� ⋅ ���2� 279 

 280 

Along with the EOF, the correlation factor 9 was often used in this paper to evaluate the linear links 281 

between different parameters.  282 

9 = �:;�<, /�
=> × =?

 283 

Where �:;�<, /� is the covariance between two vectors < and /, as calculated by �:;�<, /� =284 

�@�< − <B� × �/ − /B�C. 285 

9 values can range from -1 to 1. However, as there was no need to discriminate negative from 286 

positive correlations along this study, 9 here refers as the absolute correlation value, therefore 287 

varying from 0 to 1. Correlation values 9 superior to 0.5 were considered significant.  288 

The temporal evolution of signals was also investigated using a wavelet analysis. The wavelet 289 

transform is a high-resolution frequency analysis technique that consists of decomposing a signal in 290 

both time and frequency in order to describe both periodic and non-periodic changes. 291 

A wavelet transform is used to decompose the signal based on children wavelet, which correspond to 292 

scaled and translated versions of a reference parent wavelet. Each wavelet has a finite length (a 293 

scale) and is localized in time. The parent wavelet includes two parameters for time-frequency 294 

exploration: a scale parameter D and a temporal localization parameter E. 295 

ΨG,H�0� = 1
√D ΨJ K0 − E

D L 296 

The parameterization in scales and the translation of the children wavelet allows the detection of the 297 

different frequencies composing the signal. The continuous wavelet transform of a signal S(t) 298 



produces a local wavelet spectrum, as defined by ��D, E� = M 2�0�. ΨG,H�0�. O0PQ
RQ . The local wavelet 299 

spectrum allows a description and visualization of the power distribution (color axis) along the 300 

different frequencies/periods (y axis) over time (x axis). 301 

The wavelet power can then be averaged at each period to obtain the global wavelet spectrum 302 

(GWS), which highlights the periods (modes) of variability present in the signal. 303 

4. Results and discussions 304 

4.1. Morphological changes in shoreline position 305 

The spatial and temporal variability of the shoreline position of Etretat and Hautot-sur-Mer beaches 306 

was investigated using 2 years of daily observations. The shoreline position at elevations ranging -2 m 307 

to +3 m (1 m step) from mid-2018 to late 2020 in Etretat, and at elevations +1 m to +3 m from early 308 

2019 to mid-2020 in Hautot-sur-Mer, are presented in Figure 6a and 6b, respectively. Time series of 309 

the average BW at each elevation are shown in Figure 6c and 6d, as well as the average planform 310 

shape of the shoreline in Figure 6e and 6f. 311 

As a first observation, the shorelines’ planform shapes visible on Figure 6a, b, e, and f differ from one 312 

site to the other. In Etretat, the shoreline adopts the shape of a parabola with a center part being 313 

closer to the seawall than both of its ends near Groins 1 and 2. The shape is more linear in Hautot-314 

sur-Mer where the right side of a cell (left side of groins) is on average farther from the seawall than 315 

the left one (right side of groins). Regarding cross-shore slopes, Figure 6e shows the increasing slope 316 

with height, from around 0.14 between -2 m and -1 m, to 0.25 between +2 and +3 m. The small 317 

bump visible at each elevation on a diagonal from P70 at -2 m to P80 at +3 m corresponds to a small 318 

discrepancy in camera alignments that is also visible on Figure 6a. In Hautot-sur-Mer (Figure 6f), the 319 

average slope is 0.10 between +1 m and +2 m, and 0.12 between +2 m and +3 m. Although the 320 

smaller number of elevations does not allow for the lower profile to be evaluated here, a slope of 321 

0.013 was measured on the sandy substrate by Soloy et al. (2020). 322 

On Figure 6a and 6b, the succession of reddish and blueish colors corresponds to a series of advance 323 

and retreat movements. Changes are differently manifested along the beach, especially in Hautot-324 

sur-Mer where the wide side changes from west to east through time. This variation is likely 325 

associated with a beach planform rotation around a pivotal point generated by the wave diffraction 326 



near the groins and its obliquity responsible for a longshore transport. Figure 6b suggests a 327 

seasonality in the rotation mechanism with an alternance between two main beach orientations: (1) 328 

a wider side to the left of the beach cell (beach facing NE) from April to August, and (2) a wider side 329 

to the right (beach facing NW) throughout the rest of the year. 330 

In Etretat, the time series of average BW Figure 6c do not show any clear seasonal pattern. The +3 m 331 

beach width consistently retreats from 30 m in July 2018 to 20 m in December 2019. It then suddenly 332 

reaches its low around 12 m where it remains from December to April 2020 before advancing to 30 333 

m again by April – May, where it remained until the end of the series. The period of retreated 334 

shoreline observed from December to April 2020 corresponds to a series of severe winter storms. 335 

During this series of storms, an old groin that is usually covered by sediment emerged around P60 in 336 

Etretat, thanks to erosion, and the top of the beach even became sandy for a few weeks. At the 337 

bottom of the beach, the -2 m beach width consistently remained around 60 m, with no significant 338 

change during winter 2020, but advancing towards 63 m on average at the end of the storm period.   339 

In Hautot-sur-Mer, a subtle seasonality pattern is visible in the time series of beach width with values 340 

evolving from 25 m in December to 30 m in July, at +3 m of elevation and from 33 to 38 m at 0 m at 341 

the same dates. The amplitude of daily changes also evolves with 2 to 3 m on average during summer 342 

seasons up to 7 to 8 m during winter ones. However, the early 2020 series of storm events did not 343 

provoke a period of minimum beach width similar to the one in Etretat, although large variations are 344 

visible during this period.  345 

Despite their proximity, both sites present significant morphodynamical differences. The difference 346 

in shoreline planform shapes is first explained by the difference in openness between both 347 

coastlines: embayed/enclosed beaches like Etretat naturally adopt a concave shape while open 348 

beaches are more linear at a large scale. At the scale of the beach cell, groin structures also play a 349 

role in the shoreline shape by accumulating the alongshore-drifted sediment on one side while 350 

creating a deficit on the other side. The effect of groins on the shoreline planform shape was 351 

modeled by Leont’yev (2018, 2007), who showed that the planform shape consecutive to the 352 

presence of groins can be summarized as a linear function for the accumulative side of the groin, and 353 

as a sinusoid for the erosive one. The extent of the groin’s influence zone depends on both groin 354 

characteristics (size, elevation, spacing, etc.) and the alongshore sediment flux characteristics 355 



(discharge, channel size, etc). If the inter-groin distance is lower than the one-sided extent of their 356 

influence given a certain sediment flux, the erosive side of a groin will interact with the accumulative 357 

side of its neighbor. This interaction limits the development of a sinusoid pattern, resulting on a more 358 

linear shoreline such as what can be observed in in Hautot-sur-Mer. The average left facing planform 359 

shoreline orientation also suggest an asymmetric longshore drift in a West to East direction, which is 360 

confirmed by the observations of Costa et al. (2015). The location of Etretat near the Cape of Antifer 361 

where the sediment alongshore drift asymmetry lower (Costa et al., 2015) allows the average inter-362 

groin planform shoreline to be more parabolic, thanks to the more even permutations between 363 

accumulative and erosive sides of groins (Leont’yev, 2018). 364 

Etretat seems to be more sensitive to the impact of storms than Hautot-sur-Mer, and especially 365 

clustered ones. The influence of storm clustering on the eroded sediment volume was shown by 366 

Karunarathna et al. (2014) to be largely higher on than the one of individual storms on sandy 367 

beaches. Assuming that the same phenomenon happens with coarser sediment, it could explain the 368 

observed retreat in Etretat. The reason why Hautot-sur-Mer does not experience the same retreat is 369 

probably due to the protection offered by the dissipative low tide terrace. Indeed, Almeida et al. 370 

(2014) were able to compare the offshore significant wave height to the onshore one on different 371 

types of beaches and showed that storm wave height was reduced by a factor of 2 to 2.5 on 372 

composite beaches due to the low tide terrace dissipative effect, while wave height was not reduced 373 

and even be slightly increased on purely gravel beaches.  374 

The transition from gravel to sand by erosion in Etretat during the storm period changed the 375 

properties of the fabric exposed to the waves, likely lowering its permeability (Krumbein and Monk, 376 

1943) while still offering a reflective profile to incoming waves, although more gently slopped. Hay et 377 

al. (2014) reported similar observations on a mixed sand gravel beach of Canada, with a decrease in 378 

surficial sediment median diameter when the wave energy was increasing. The consecutive relative 379 

stability of the +2 m and +3 m beach width at this period while lower elevations present a higher 380 

variability is a phenomenon observed by Karunarathna et al. (2012), who explained that composite 381 

beaches may become unstable during storms due to the cutback of the upper beach during a 382 

previous storm. Although Etretat’s beach is considered purely gravel, this transition from gravel to 383 

sand makes it somewhat comparable to a composite one. Our hypothesis is that the gravel sediment 384 



eroded from the top of the beach was deposited at the subtidal bottom, unmonitored, thus building 385 

the beach step and providing a focus point to stabilize the runup extent and the swash to lower 386 

elevations, thus protecting the upper beach, as already evidenced on a gravel beach by Poate et al. 387 

(2013). 388 

4.2. Principal Components of Variability 389 

EOF were calculated using time series of average beach width at the various selected elevations with 390 

the aim of extracting principal components (PC) of morphological variability to characterize the 391 

beaches’ spatiotemporal morphodynamics. Each PC describes a percentage of the shoreline’s total 392 

variability through space and time between -2 m and +3 m in Etretat (Figure 7), and from +1 m to +3 393 

m in Hautot-sur-Mer (Figure 8). Linear correlation coefficients were then calculated between 394 

different components and morphological parameters (BW, BS, BOA and PCs), and with 395 

hydrodynamical ones (wave energy, current speed, and tidal range). The result correlation matrices 396 

are presented in Figure 9. In all cases, the significance threshold is set to 0.5 which is the 397 

conventional value for rejection of the null hypothesis (absence of correlation). Figure 10 presents a 398 

conceptual model describing how and to which spatial extent is each PC related to one or several 399 

mechanisms. 400 

Table 2 presents the percentage of the total variability explained by each PC. Results show that up to 401 

six PCs are necessary to explain at least 90% of the total variability of Etretat’s shoreline position. In 402 

Hautot-Mer, the number of PCs required to reach the same threshold is 14, thus showing higher 403 

complexity. Therefore, the threshold of cumulated explained variability was lowered to 80% for this 404 

site, although it still includes up to 7 PCs. However, PC6 in Etretat and PC5 to 7 in Hautot-sur-Mer are 405 

considered residual in further discussion as their behavior is erratic and their relative variability 406 

remains low. For both sites, the first PC explains around half of the total variability, with 62.4% in 407 

Etretat and 46.1% in Hautot-sur-Mer. Further PCs account for significantly lower amounts, although 408 

similar from site to site. 409 

Figure 7 presents the results of the EOF in Etretat. Both spatial (���2� × ���S�) and temporal (���0�) 410 

eigenfunctions are presented at the top and at the bottom of each PC’s subfigure, respectively. 411 

Elevations are displayed on an inversed axis to make the figure’s top correspond to the sea side, 412 

while the bottom is the land side. Dashed black lines locate the position of groin structures, and the 413 



black line represents the stability line (i.e., line of zero variability). The red line on figures of ���0� is 414 

the equivalent stability through time.  415 

4.2.1. Etretat 416 

PC 1 – Cross-shore migration  417 

On Figure 7a, �	�2� × �	�S� shows consistent positive values with no crossing of the stability line, 418 

which indicates that the entire region moves all together in the same direction, either seaward or 419 

landward.  The magnitude of variability is larger towards the high elevation left side than the low 420 

right side. Therefore, PC1 depicts a cross-shore migration mechanism, with an alternation between 421 

advances and retreats. McCarroll et al. (2019) observed that cross-shore mechanisms tend to 422 

become significant on embayed beaches longer than 1 km, which agrees with our observation. 423 

However, the subtle longshore gradient indicating slightly larger magnitudes on the left side than the 424 

right one suggests that the observed migration could be a related to a rotation mechanism at the 425 

scale of the entire beach. A small drop is visible around the buried groin at the highest elevations, 426 

which tends to show the structure’s ability to lower the cross-shore variability.  427 

Although �	�0� does not show a specific seasonal variability, it resembles the time series of BW 428 

(Figure 6c), including a period of significantly lower values between December 2019 and April 2020, 429 

which corresponds to the storm period mentioned in section 4.1. Positive values correspond to 430 

advanced shoreline positions while negative ones reflect a retreated state.  431 

PC1 is primarily correlated to BW with values ranging from 0.72 to 0.96 (Figure 7a), and to a lower 432 

extent is also correlated to BOA with values from 0.52 to 0.56 (except for elevation -2 m with 9 = 0.38 433 

and 0.36, respectively). The link observed between PC1 and BOA remains difficult to explain with our 434 

data alone, although it could be the manifestation of an alongshore gradient in the cross-shore wave 435 

energy such as the one observed by Harley et al. (2015). 436 

Regarding hydrodynamics (Figure 7c), none of Etretat’s PCs is significantly correlated to any of the 437 

considered parameters at the 0.5 threshold. It is generally accepted that hydrodynamics alone are 438 

not enough information to the shoreline position change of gravel systems, and that the spatial 439 

dispersion of gravel sizes and shapes and their temporal variability are necessary to be considered 440 



(Buscombe and Masselink, 2006), therefore low correlation values between hydro- and 441 

morphodynamical parameters is not surprising.   442 

PC 2 – Rollover 443 

Figure 7b presents PC2, which describes an alternation between states of advanced shorelines at low 444 

elevations while high elevations shorelines are retreated, and the opposite. This would correspond to 445 

a mechanism of beach rollover (Buscombe and Masselink, 2006) affecting the beach slope, whose 446 

axis of rotation would be located around elevations 0 m and +1 m, according to the alongshore-447 

extended stability line’s location on the ���2� × ���S� subfigure. To the authors’ knowledge, it is the 448 

first time that a rollover mechanism is identified using an EOF analysis applied on a shoreline position 449 

dataset, although this process is important especially for gravel beaches (Austin and Masselink, 2006; 450 

Buscombe and Masselink, 2006), and was often described in the literature (e.g. Isla and Bujalesky 451 

(2000); Odezulu et al. (2018); Talavera et al. (2018)).  452 

���0� shows a negative trend that could be interpreted as a decreasing tendency of the beach slope 453 

throughout the two years of monitoring.  Positive values translate a steep slope and negative values 454 

correspond to a gentle slope. Buscombe and Masselink (2006) described the rollover process as a 455 

response to storms, which seems to be the case on  ���0�, for instance with the storm of January 456 

2020 that significantly lowered the slope. But ���0� variability appears to be more complex, 457 

especially considering the negative trend, and it is likely that other factors might be responsible for a 458 

significant part of it such as climate parameters (e.g. Sea Level Pressure, see Montaño et al., 2020), 459 

intrinsic characteristics (e.g. granulometry, permeability, etc.), or larger scale mechanisms (e.g. global 460 

rotation).  461 

Regarding correlations to morphological parameters, PC2 is expectedly well correlated to BS (9 = 462 

0.82). However, it also shows significant correlations with BW at -1 m and -2 m (9 = 0.6 and 0.83, 463 

respectively), while these elevations were the ones presenting the lowest correlations between BW 464 

and PC1. This observation shows that the lower the elevation, the lesser the response of the 465 

shoreline to cross-shore migration processes, and the larger its link with rollover processes.  466 

PC 3 – Breathing  467 

Figure 7c presents PC3, a breathing mechanism, first described by Ratliff and Murray (2014), and 468 

defined as “changes in shoreline curvature as [sediment] move from the middle of the [beach cell] to 469 



the edges, and back”. Indeed, �T�2� × �T�S� draws two stability lines developed in the alongshore 470 

direction and separating the site into 3 alongshore extended regions: high (z > +1 m), intermediate (-471 

1 < z < +1 m), and low elevations (z < -1 m). When both high and low elevations’ shorelines are 472 

retreated, intermediate ones are advanced, and vice versa. The “eye” shape of this pattern tends to 473 

show that the lowest stability line could be extended further to the left towards elevations lower 474 

than -2 m, although not monitored here.  475 

Interestingly, PC3 shows a cross-shore curvature simultaneous to the alongshore one, but with an 476 

even higher magnitude of variability. To the authors’ knowledge, this type of cross-shore component 477 

in a breathing mechanism was not yet described in the literature. This shows that sediment mostly 478 

moves along the cross-shore direction, from low and high elevations towards intermediate ones (i.e., 479 

around the mean sea level) and back.  480 

Regarding �T�0�, positive values of correspond to a “deflated” state (i.e., concave cross-shore 481 

profile), negative values represent an “inflated” state. The time series presents a seasonal dynamic 482 

with on average deflated states during winter and inflated ones during summer. The daily variability 483 

is also higher during the winter season. Similar variability was observed in breathing mechanisms by 484 

Ratliff and Murray (2014) and Robinet et al. (2020) on embayed beaches, and by Blossier et al. (2017) 485 

on a barline. Concerning correlations, �T�0� presents no significant correlation with any of the tested 486 

parameters.  487 

PC 4 – Large scale rotation  488 

PC4 shown in figure 7d is the first mainly longshore mechanism. It is evidenced by the presence of a 489 

cross-shore oriented stability line separating two compartments on �U�2� × �U�S�, the left one of 490 

which is retreated when the right one is advanced, and vice versa. This can be understood as a 491 

mechanism of rotation, which generally takes place around a pivotal point and defines retreat 492 

movements at one end and advance ones at the other end. The pivotal point was defined by Short et 493 

al. (2000) as the point of minimal variability along the beach which here corresponds to the stability 494 

line. On present results, the stability line is formed by the succession of pivotal points forms at 495 

different elevations.  496 

The stability line starts from P90 at the top of the beach (+3 m) and goes towards the left to P50 at 0 497 

m, and then goes back towards the right to P80 at -2 m, although one would expect it to be vertical. 498 



The change in direction of the stability line at elevation 0 m highlights the existence of a symmetrical 499 

process centered on 0 m, with a wider variability at the lowest elevations. These observations 500 

indicate that this specific rotation mechanism is likely related to the effect of tides. Indeed, Masselink 501 

and Short (1993) showed that tides shift horizontally and vertically the position where processes 502 

such as shoaling, surf and swash happen and dissipate the wave energy. Moreover, authors explain 503 

that the relative amount of time that the profile is impacted by each process also depends on the 504 

tidal range and phasis: Swash has two maximums at both turns of tides. Hence the lowest and 505 

highest regions being more variable than the center one. In addition, the oblique stability line could 506 

be the result of a change in relative the relative influence of the longshore projection of the swash, 507 

due to the same effect. The position of groins does not seem related to any pattern on �U�2� ×508 

�U�S�, the rotation mechanism described by PC4 thus probably describes a mechanism of larger 509 

spatial scale than one of the beach cell.  510 

Regarding �U�0�, positive values along �U�0� correspond to a clockwise orientation, negative ones 511 

reflect a counterclockwise orientation. The variability is higher during the winter season although 512 

there is no clear seasonal pattern: the beach was on average oriented towards opposite directions 513 

between January and July of 2019 than between the same period of 2020. In terms of correlations, 514 

PC4 is only corelated to BOA at -2 m and -1 m (9 = 0.54 and 0.52, respectively), correlation values 515 

then decrease with the elevation, under the significance threshold of 0.5, which confirms our 516 

previous observations. 517 

PC 5 – Beach cell rotation  518 

PC5, Figure 7e, represents another longshore mechanism of rotation, this time influenced by the 519 

presence of groin structures. Indeed, the left beach cell - bounded by Groins 1 and 2 - is divided into 520 

mainly two lateral compartments, the left one of which follows the dynamics of the area located on 521 

the right side of Groin 2 (i.e., the left side of the unmonitored beach cell at the right extremity).  522 

The stability line adopts the same shape as the one of PC4, except that instead of connecting both 523 

cross-shore sides, it connects between the two beach cells and forms a thin string of warmer colors 524 

at elevation -1 m. This string translates the presence of a local change in the slope at the lowest 525 

elevations provoked by a difference of cross-shore migration rates between elevations -1 m and -2 526 

m. This phenomenon is thought to be the result of sediment by passing Groin 2, which is rarely 527 



exposed to water under 0 m, contrary to Groin 1. In addition, the stability line follows the direction of 528 

Groin 2, which once more highlights the influence of groins on the sediment dynamics. Similar 529 

observations on a beach of North Carolina, USA were made by Miller and Dean (2007).  530 

Considering the temporal evolution, �V�0� present a periodic variability with cycles from a few weeks 531 

up to 3 months, that do not correspond to the ones of the larger scale rotation �U�0�. Positive values 532 

correspond to a clockwise orientation, while negative ones are relative to a counterclockwise 533 

orientation. �V�0� is correlated with BOA at +1 m, +2 m and +3 m which is the opposite of PC4 and 534 

confirms that rotation is affected by the presence of groin structures, hence the need for 2 modes to 535 

describe this mechanism while including or excluding groins.  536 

4.2.2. Hautot-sur-Mer 537 

PC 1 – Right centered beach cell rotation  538 

Figure 8 presents the results of the previous methodology applied to Hautot-sur-Mer. �	�2� × �	�S�, 539 

displayed in Figure 8a, opposes both left and right sides of the beach cells with a quasi-vertical 540 

stability line located towards the right and a maximum of variability to the left. PC1 is therefore 541 

characterizing a longshore rotation mechanism with a stability/pivot line located around transects 542 

P90 and P30 for the right and left beach cells, respectively. Another cross-shore oriented stability line 543 

can be seen at the position of Groin 2, which shows that this rotation mechanism is limited to the 544 

beach cell spatial scale. 545 

�	�0� shows a very clear seasonality pattern with negative values from April to September, and 546 

positive ones from September to April, following a near binary evolution with values averaging either 547 

+50 or -50, and rarely others. This situation translates the presence of two main stable shoreline 548 

orientations: counterclockwise when �	�0� values are negative, and clockwise when they are 549 

positive, while most states in between seem to be transitory.  550 

Regarding correlations (Figure 9), PC1 shows high correlations with both BW and BOA, the first of 551 

which increases with height (9 = 0.72, 0.83 and 0.87 for +1 m, +2 m, and +3 m, respectively) when the 552 

second decreases (9 = 0.88, 0.86 and 0.84 for +1 m, +2 m, and +3 m, respectively). The reason for 553 

such high correlation values with BW being related to a beach rotation mode is the unbalance in size 554 

and relative variability between both sides of the cell. With a higher magnitude of variability to the 555 



left and a wider region where this variability applies, losses in the left side are not fully compensated 556 

by right side’s gains, resulting in a rotation-induced cross-shore migration: an overall advance/retreat 557 

that will be simultaneous to the rotation event (Figure 10).  558 

When compared with morphodynamics, BW is the only parameter to show any significant 559 

correlation, with 9 = 0.53 and 0.5 for elevations +3 m and +2 m, respectively. Regarding 560 

hydrodynamics, correlation with the longshore wave energy (9 = 0.45) and both the cross-shore and 561 

total wave energy (9 = 0.39) remain relatively high compared with other parameters despite being 562 

bellow the significance threshold of 0.5. This tends to indicate that PC1 and more specifically its 563 

cross-shore migration aspect is likely linked to wave dissipation processes.  564 

PC 2 – Left centered beach cell rotation  565 

���2� × ���S� in Figure 8b exhibit a very similar spatial variability as PC1 although this time, the 566 

stability line present at +3 m and +2 m does not go all the way down to +1 m and stops when 567 

reaching the groin and is located towards the left of the beach cells with a maximum of variability to 568 

the right. We interpret PC2 as the expression of a second mode of beach cell rotation mechanism, 569 

less influential than PC1, especially acting at high elevations, and with a stability/pivotal line to the 570 

left around P70 and P20 for the right and left beach cells, respectively. At +1 m, the shoreline 571 

essentially migrates a cross-shore movement with higher magnitudes of variability towards the left of 572 

the beach cells.  573 

In ���0�, positive values correspond to a clockwise orientation, and negative values represent a 574 

counterclockwise one. The time series does not present any remarkable pattern such as seasonality 575 

or opposed binary states similar to the ones observed with PC1. When calculating correlation values 576 

(Figure 9), PC2 does not show any significant relationship with the tested parameters. 577 

PC 3 – Large scale rotation  578 

�T�2� × �T�S� (Figure 8c) presents an opposition between the left and right sides of the monitored 579 

region, with a large near zero variability area around Groin 2, which is shown by the apparent chaotic 580 

behavior of the stability line, although it overall separates both left and right compartments. It 581 

therefore translates a third mode of rotation mechanism, at a larger spatial scale than the previous 582 

ones.  583 



�T�0� does not seem to show any significant seasonality or opposed binary states either. Positive 584 

values refer to a counterclockwise orientation while negative ones are relative to a clockwise one. In 585 

terms of correlation, no significant link was found between PC3 and any of the tested parameters. 586 

PC 4 – Rollover  587 

PC4 presented in Figure 8d highlights a mainly cross-shore gradient of variability although the 588 

stability line shown on �U�2� × �U�S� is not straight. This means that PC4 encapsulates information 589 

about the slope and thus translates a mechanism of rollover, whose variability varies in the 590 

alongshore direction, in this case within a center of rotation located at lower elevation near the 591 

groins and at higher elevation around the middle of the beach cell.  592 

�U�0� shows a slight seasonal alternation of negative values (gentle/dissipative slope) between May 593 

and October (i.e., summer), and positive (steep/reflective slope) the rest of the time. However, the 594 

minimum (most gentle slope) is reached in January 2020, i.e., during the storm period. Regarding 595 

correlations, PC4 is significantly correlated with BS, which confirms our interpretation of this mode 596 

being a characterization of a rollover mechanism. 597 

4.3. Periods of variability and morphological response to hydrodynamic conditions 598 

The temporal variability of the different shoreline’s morphological parameters (BW, BOA and BS) was 599 

assessed using a wavelet analysis. For each elevation, the wavelet power was temporally averaged 600 

(GWS), thus highlighting the period(s) carrying the most variability. Due to the limited length of the 601 

time series, only shorter periods than approximately 6 months in Hautot-sur-Mer and 8 months in 602 

Etretat fell within the wavelet’s cone of influence, which are therefore the longest periods to be 603 

analyzed. Results are presented in Figure 11a to f. For comparison, the same analysis was performed 604 

using time series of different hydrodynamic parameters including wave energy, current speeds, and 605 

tidal range (Figure 11e to j). Table 3 summarizes the main periods of variability identified on Figure 606 

11.  607 

For both sites, most of the variability is located towards the longest periods (6 to 8 months), 608 

regardless of the parameter or the elevation. Morphological variability is also depending on the 609 

elevation, especially for longer periods than 5 months (Figure 11). This corresponds to the 610 

observations made by multiple authors (Lemos et al., 2018; Reeve et al., 2007) although 611 



investigations are usually carried out over longer timeframes (typically decades using monthly 612 

measurements). Interestingly, the magnitude of BOA’s variability in Etretat is not proportional to the 613 

absolute elevation but rather to the relative elevation compared to the mean sea level. This 614 

observation suggests that the amplitude of beach rotation is minimal towards z = 0 m and increases 615 

at both higher and lower elevations, which was not reported in the literature, to the authors’ 616 

knowledge. 617 

In Etretat, identified periods of morphological variability include 2, 3, 5 and 8+ months, all 618 

parameters and elevations considered (Figure 11, Table 3). In Hautot-sur-Mer, periods were 619 

identified at 2 and 6 months for all parameters, with an additional period at 3 months for BS alone. 620 

The observed periods correspond to medium-scales components of variability, which are usually 621 

related to seasonal or near-seasonal hydrodynamic processes (Loureiro and Ferreira, 2020). More 622 

specifically, the wave exposure and the occurrence of storms are often documented as the main 623 

process responsible for medium-term morphological changes (McCarroll et al., 2019; Ruiz de Alegria-624 

Arzaburu and Masselink, 2010; Turki et al., 2013). Hydrodynamics’ spectral patterns remain very 625 

similar from one site to the other. The wave energy spectrum presents two main periods at 2 and 8+ 626 

months in Etretat, and at 2 and 6 months in Hautot-sur-Mer. The tidal range spectrum shows two 627 

main periods at 1 month and 2 weeks, the latter also being the only period identified on the current 628 

speed spectrum. These periods respectively correspond to the monthly lunar (Mm, T = 27.5 d) and 629 

the fortnightly lunar (Mf, T = 13.6 d) tidal components. Although tidal ranges play an essential role in 630 

distributing the wave energy along beach profiles (Masselink and Short, 1993), and tidal energy 631 

converted into currents is proportional to the tidal amplitude squared (Hammons, 1993), 632 

investigated tidal processes do not modulate a significant part of the beaches’ morphodynamical 633 

variability for shorter periods than 6 to 8 months. Thus, the wave energy is the only parameter to 634 

show common periods of variability with morphodynamics, meaning that wave processes are in good 635 

part responsible for temporal changes of BW, BOA and BS signals. These results tend to agree with 636 

findings from Stark and Hay (2016), who showed that the bottom stress of tidal currents in a mega-637 

tidal context was too low to significantly move single gravel. 638 

These results provide insights regarding the processes responsible for the observed beach 639 

morphodynamics but remain limited by the length and nature of available time series. Indeed, wave 640 



breaking and swash were specifically shown to be linked with morphological processes especially for 641 

gravel beaches (Guest and Hay, 2021) although their variability is expected to be more significant at 642 

longer time scales (Almeida et al., 2014; Buscombe and Masselink, 2006; Karunarathna et al., 2012; 643 

Poate et al., 2013; Ratliff and Murray, 2014). 644 

4.4. Spatio-temporal variability of the surficial gravel size 645 

Gravel beaches’ ability to dissipate wave energy through infiltration was shown to be a function of 646 

the permeability associated with the local size distribution of the gravel fabric (McCall et al., 2012, 647 

2015). Other studies reported results suggesting that the surface roughness is also and maybe even 648 

more important than permeability as a controlling factor of the wave energy dissipation and 649 

reflection, and thus of the beaches’ response to hydrodynamics (Jennings and Shulmeister, 2002; 650 

Mason et al., 1997; Powell, 1990). Moreover, at each instant the mobilizable gravels on a beach are 651 

expected to be the surficial ones, as they are the ones receiving most of the drag force due to waves 652 

while remaining relatively free to move, which can be summarized by the concept of entrainment 653 

threshold (Brayne et al., 2020; Lorang, 2000). Surficial gravels tend to get sorted by size and shape, 654 

thus forming a patchwork of so called clast assemblages, each of which corresponds to a “discrete 655 

population of gravel clasts which is characterized by textural unity” (Bluck, 1999). The presence of 656 

assemblages on the beach face highlights the spatial variability of surface roughness (Stark et al., 657 

2014). Position, orientation, size, shape, and composition of assemblages are the result of 658 

antecedent conditions of sediment supply availability, and sediment sorting processes (Buscombe 659 

and Masselink, 2006). Their temporal variability could potentially be used as a proxy of surface 660 

sediment transport processes, as was demonstrated by Guest and Hay (2021) using remote sensing 661 

techniques applied on 14 days of high frequency video images, over a 2.7 m longshore span.  662 

In this section, we aim to characterize some components of spatial and temporal variability of 663 

surficial grain size at the scale of the beach cell, and to associate them with morphodynamics given a 664 

relatively limited dataset composed of one map of mean grain size in Etretat (2020/06/10, Figure 665 

12a) and three in Hautot-sur-Mer (2019/04/09, 2019/06/04 and 2020/06/09, Figures 12b, c and d, 666 

respectively). Importantly, although variability of gravel shapes is thought to play an important role 667 

in gravel system’s dynamics (Buscombe and Masselink, 2006), shapes are not investigated in this 668 



study. In Table 4, the commonly used grain size values related to each campaign are presented (D16, 669 

D50, D84, mean size and std) along with other statistical factors.  670 

4.4.1. Mean grain size 671 

The mean grain size is lower in Etretat (5.6 cm ± 1.7) than Hautot-sur-Mer (7.2 cm ± 2.8 to 8.2 672 

cm ± 2.9). Indeed, Etretat’s pebbles are resupplied less often due to the lower erosion rate of its 673 

chalk cliffs (source of the flint supply), while being kept trapped on an embayed beach without the 674 

protection of dissipative low tide terrace like in Hautot-sur-Mer (Costa et al., 2015). Therefore, 675 

Etretat’s pebble tend to shrink down through abrasion to a lower diameter that is more at the 676 

equilibrium with the local conditions of higher wave energy, lower alongshore mobility and lower 677 

resupply fluxes (Bertoni et al., 2012). 678 

In Hautot-sur-Mer, the mean sediment size varies between 8.2 cm ± 0.29 on 2019/04/09 and 7.2 cm 679 

± 2.6, on 2019/06/04. This temporal variability corresponds to 32% change of volume in 2 months 680 

(considering spheres with a diameter equivalent to the averaged measured clast’ surface). A 681 

temporal decrease in gravel size on beaches was documented by Bertoni et al. (2016), who measured 682 

an average weight loss of almost 20% after an 8- to 10-month period, and 60% after 13 months on 683 

240 retrieved marked marble pebbles, at Pisa’s beach, in Italy. Considering these results, 32% of 684 

volume difference due to abrasion in only two spring months seems high, especially with flint 685 

material. Another explanation could be the occurrence of a local size sorting mechanism such as 686 

rotation (measured rotation of 5° clockwise between the two dates) and mixing. In addition, the 687 

occurrence of percolation through the oscillatory forcing of swash could have a segmentary effect by 688 

burying/uncovering selected size ranges of clasts (“Brazil Nut Effect” (BNE) and “Reverse BNE” 689 

(RBNE)(Nadler, 2012; Ulrich et al., 2007)).  690 

4.4.2. Sedimentary patterns  691 

On Figure 12, in general, the average clast length tends to increase from higher to lower elevations. 692 

Two main types of sedimentary patterns can be identified on the maps, namely clast assemblages 693 

and cusps, with spatial and temporal variabilities in the order of one to several centimeters. 694 

Assemblages are textural zonation that can be located anywhere on the beach face and extend in any 695 

direction, with a typical scale of several tens of meters. For example, a 50 m long assemblage 696 

(Average size > 10 cm, surrounding size < 8 cm) can be seen at the bottom of the beach face in 697 



Hautot-sur-Mer on 2020/06/09 (Figure 12d) and a similar one (Average size > 7 cm, surrounding size 698 

< 6 cm) at the northeast side of Etretat’s beach cell (Figure 12a), one day later. Such patterns, located 699 

bellow the elevation of the last tide, were likely formed (at least partly) within hours to days, 700 

depending on the antecedent conditions of wave energy. Higher elevation patterns such as the 701 

accumulations at the top east corner of the beach cells of Hautot-sur-Mer are likely due to older 702 

events. Groin structures seem to attract larger thus clasts forming groin assemblages at various 703 

elevations, generally asymmetrically. Interestingly, assemblages in Hautot-sur-Mer are in general 704 

periodic from beach cell to beach cell, which suggests that their conditions of formation are 705 

influenced by the presence of groins, even at the beach cell’s center. 706 

Gravel cusps are described by Buscombe and Masselink (2006) as quasi-periodic topographic 707 

oscillations of the shoreline provoked by swash flows, forming cross-shore extended horns with 708 

coarser clasts and bays with smaller ones. Although no cusp is observed in Etretat, they are present 709 

at every measured date in Hautot-sur-Mer with varying wavelengths and amplitude. Their presence 710 

and characteristics seem to be largely responsible for the quality of size sorting: the more developed 711 

the cusps, the poorer the sorting at the scale of the beach cell. However, despite being supposedly 712 

well correlated to the swash energy (Guest and Hay, 2019; Jennings and Shulmeister, 2002), our 713 

limited dataset doesn’t allow to draw a strict relationship between the characteristics of cusps and 714 

simultaneous incoming waves.  715 

The similarity in size sorting between both sites in June 2020 (hardly visible to no visible cusps, 50 m 716 

long assemblages at the bottom of the beach face) contrasts with the high temporal variability 717 

evidenced in Hautot-sur-Mer. It suggests that similar wave climate led to the appearance of similar 718 

spatial types of sorting patterns between groins, despite the differences in sediment supply 719 

(available volume, gravel size), and general context (embayment, low tide terrace, vertical structure 720 

(e.g., porosity and permeability)).  721 

5. Conclusion 722 

The morphological evolution of two pebble beaches including a purely gravel one in Etretat and a 723 

composite one in Hautot-sur-Mer, was investigated using an Empirical Orthogonal Function (EOF) 724 

analysis applied to 2 years long time series of shoreline positions at different elevations. The EOF’s 725 



Principal Components (PC) highlighted the existence of at least four mechanisms of shoreline change 726 

including rotation, cross-shore migration, rollover and breathing. Despite their relative proximity, the 727 

two beaches present different sets of modes: 88.5% of Etretat’s shoreline position variability is 728 

explained by cross-shore migration (PC1, 62.4%), rollover (PC2, 14.1%), breathing (PC3, 5.8%), large 729 

scale rotation (PC4, 3.9%), and beach cell rotation (2.3%). The first mode could be related to a 730 

rotation at the scale of the entire embayment, whose pivotal point would be located out of the 731 

monitored area. The variability of Hautot-sur-Mer’s shoreline position is explained at 72.2% by right-732 

centered rotation (PC1, 46.1%), left-centered rotation (PC2, 14.8%), large scale rotation (PC3, 7%) 733 

and rollover (PC4, 4.3%). The interpretation of most of the PCs was confirmed when calculating 734 

correlation coefficient between PCs and morphological parameters including beach width (BW), 735 

beach orientation angle (BOA), and beach slope (BS). Moreover, the analysis showed that elevation 736 

plays a significant role on all mechanisms of shoreline position change, and that the influence of 737 

groin structures is more important in Hautot-sur-Mer where it plays a role in every single PC, than in 738 

Etretat where it is only visible in PC5. 739 

Comparison between time series of morphological and hydrodynamic parameters did not show any 740 

significant linear correlation. The hydrodynamic data used in this study were consisting in offshore 741 

waves provided by the WaveWatch 3 model, therefore non-linear nearshore transformations are not 742 

taken into account which significantly limits the observed correlations. Nevertheless, a wavelet 743 

analysis highlighted common temporal periods of variability at a mid-term scale including 2, 3, 5, 6 744 

and 8+ months. Periods of 2, 6 and 8+ months also identified in signals of wave energy, however tidal 745 

range and current speed did not share any common period of variability with the considered 746 

morphodynamical parameters. 747 

Analyzing the granulometric spatial dispersion of surface gravel particles was possible thanks to a 748 

segmentation methodology applied to UAV-derived ortho-imagery. Gravel size was measured once in 749 

Etretat, and at three different dates in Hautot-sur-Mer, allowing for some first order estimate of 750 

temporal variability to be investigated on the latter site as well, under summer condition. In general, 751 

both sites present different gravel size with D50 values of 5.2 cm in Etretat 7.0 cm in Hautot-sur-Mer 752 

(time averaged). The spatial dispersion generally evidenced the presence of patterns such as a cross-753 

shore gradient, cusps, and clast assemblages whose periodicity from one beach cell to its neighbors 754 



demonstrates the impact of groin structures. The temporal analysis highlighted differences through 755 

time in both the average granulometry and the presence and position of patterns. For instance, an 756 

average difference of -1 cm in all recorded sizes (mean, D16, D50 and D84) was observed between 757 

April and June 2019, while the only significant morphological of the beach was its orientation (5°). 758 

Possible explanations include seasonal abrasion and the presence of physical processes leading to 759 

sorting such as percolation, and processes related to rotation. The influence of cusps variability on 760 

the sediment distribution variability was also highlighted. As the need for a better knowledge and 761 

understanding in the granulometric spatio-temporal variability is widely acknowledged by the 762 

community of coastal scientists, this methodology shows promising results in this matter. However, 763 

the length and sampling frequency of time series need to be improved in order to precisely 764 

characterize the reciprocal relationship existing between hydrodynamics, morphodynamics and 765 

sediment characteristics/transport. 766 
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Figure 1 - Location maps of the study sites (a); Satellite Images of Etretat (b) and Hautot-sur-Mer (c). White frames indicate 

the area of interest on the beaches, the coast orientation is displayed with an arrow. 

 



 

Figure 2 - Conceptual model of the cross-shore composition profile of Etretat and Hautot-sur-Mer's beaches (angles and 

proportions are not to scale). HT = High Tides, LT = Low Tides. 
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Figure 3 - Hydrodynamical parameters in Etretat from July 2018 to December 2020: Water level (datum: mean water level) 

(a) ; Wave Significant Height (b) ; Wave Peak Period (c) ; Roses of Wave Significant Height during Summer (April – October) 

(d) and Winter (October – April) (e) periods 

 



 

Figure 4 - Panoramic composition of the 3 camera views at Hautot-sur-Mer (top) and Etretat (bottom) (modified after Soloy 

et al. 2021) 
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Figure 5 - Cross-shore transects used for discretizing the shoreline position along the beach of Etretat (a) and Hautot-sur-Mer 

(b) 
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Figure 6 - Planform evolution of the +2 m elevation shoreline position at Etretat (a) and Hautot-sur-Mer (b), from July 2018 to 

November 2020. Time series of average beach width between elevations -2 m and +3 m in Etretat (c), and from +1 and +3 m 

in Hautot-sur-Mer (d), with 1 m of span. Average planform shape of the shoreline at the same elevations in Etretat (e) and 

Hautot-sur-Mer (f). The position of groin structures is indicated with black dashed lines. 
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Figure 7 - Results of the EOF analysis applied to Etretat’s shoreline position from elevations -2 m to +3 m. Principal Components 

1 to 5 are presented in frames a to e, respectively. Top surface plots are presenting the spatial eigenfunction ����� × ��2���, 

the Y axis was inversed so the sea side of is towards the figure’s top and the land side is towards the bottom. Groin structures 

were marked with black dashed lines, and the contour of zero variability (i.e. stability line) was drawn as a solid black line. 

Bottom time series show the temporal eigenfunction 	��
� associated with each component, the red line highlights the 

minimum of variability.  
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Figure 8 - Results of the EOF analysis applied to Hautot-sur-Mer’s shoreline position from elevations +1 m to +3 m. Principal 

Components 1 to 4 are presented in frames a to d, respectively. Top surface plots are presenting the spatial eigenfunction 

����� × ��2���, the Y axis was inversed so the sea side of is towards the figure’s top and the land side is towards the bottom. 

Groin structures were marked with black dashed lines, and the contour of zero variability (i.e. stability line) was drawn as a 

solid black line. Bottom time series show the temporal eigenfunction 	��
� associated with each component, the red line 

highlights the minimum of variability. 
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Figure 9 - Correlation matrix between morphodynamical parameters including beach width (BW), beach orientation angle 

(BOA) and beach slope (BS) and the temporal eigenfunction of the principal components (PC) resulting from the EOF analysis 

applied to Etretat’s shoreline position from elevations -2 m to +3 m (a), and to Hautot-sur-Mer from elevations +1 m to +3 m 

(b). c and d present the same operation calculated with hydrodynamic parameters including wave energy, current speed and 

tidal range. 
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Figure 10 - Conceptual model of the isolated mechanisms of morphological variability in Etretat (left) and Hautot-sur-Mer 

(right), associated with their dedicated principal component 
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Figure 11 - Global Wavelet Spectrum (GWS) calculated from beach width (a, b), beach orientation angle (c, d), beach slope 

(e, f), wave energy (g, h), current speed (I, j) and tidal range (k, l) time series in Etretat (left) and Hautot-sur-Mer (right). 
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Figure 12 – Maps of mean clast length measured in Etretat on 2020/06/10 (a) and Hautot-sur-Mer on 2019/04/09 (b), 

2019/06/04 (c) and 2020/06/09 (d). Contour lines of elevation are indicated for each round elevation with a vertical separation 

of 1 m. Hydrodynamic conditions are provided for a 30-day period centered on the UAV measurement campaign including the 

wave significant height (blue line, left y axis) and the wave direction (orange dots, right y axis). 

 



Table 1 - Morphological characteristics of beaches at Etretat and Hautot-sur-Mer 

Sites Etretat Hautot-sur-Mer 

Average tidal range 6.08 m 6.79 m 

Max tidal range 9.13 m 9.86 m 

Min tidal range 3.20 m 2.96 m 

Lowest Water Level 

(LWL) (datum: IGN69) 
-4.80 m -4.45 m 

Beach Length 1000 m 1100 m 

Beach width at LWL 150 m 210 m 

Pebble ridge slope > 12 % > 10 % 

Pebbles D50 60 mm 75 mm 

Sand D50 0.80 mm 0.18 mm 

 



Table 2 - Percentage of the total variability explained by the EOF components in Etretat and Hautot-sur-Mer 

Site Principal Components Total 

1 2 3 4 5 6 7 

Etretat 62.4 14.1 5.8 3.9 2.3 2.0  90.5 

Hautot-sur-Mer 46.1 14.8 7.0 4.3 3.4 3.2 2.4 81.2 

 



Table 3 – Summary of the identified temporal periods of variability in morphological and hydrodynamical signals in Etretat 

and Hautot-sur-Mer 

Periods 

(months) 
<1 2 3 4 5 6 7 >8 

BW  X X  X   X 

E
tre

ta
t 

BOA  X X  X   X 

BS  X X  X   X 

WE  X      X 

CS X        

TR X        

BW  x    X   H
a

u
to

t-su
r-

M
e

r

BOA  X    X   

BS  X X   X   

WE  X    X   

CS X        

TR X        

 



Table 4 - Grain size results in meters for each UAV measurement campaign. 

Site Date D16 D50 D84 Mean Std 

Etretat 2020/06/10 0.042 0.060 0.069 0.056 0.017 

Hautot-

sur-

Mer 

2019/04/09 0.056 0.074 0.108 0.082 0.029 

2019/06/04 0.048 0.067 0.096 0.072 0.026 

2020/06/09 0.051 0.069 0.098 0.075 0.028 

 

 




