
1. Introduction
Over the last few years, research efforts to understand and predict shoreline evolution have increased be-
cause of the increased threat posed by climatic changes, including changes in sea levels as well as changes 
in storm magnitude and frequency. Sediment exchange across the beach occurs over different time-scales, 
and many uncertainties in the beach/dune response to different drivers still exist on scales ranging from 
storms to the overall wave climate. The processes involved are further complicated by the stochastic nature 
of the forcing and the inherent nonlinear interactions and feedbacks operating over multiple temporal and 
spatial scales (Hapke et al., 2016; Larson & Kraus, 1995).

It is becoming increasingly clear that due to climatic changes coastal erosion is likely to be exacerbated. 
Sea-level rise (SLR) has been the focus of the attention of the beach community in the last couple of decades 
(Le Cozannet et al., 2019; Nicholls & Cazenave, 2010), but it is becoming evident that shoreline erosion is 

Abstract Understanding the interactions between dune systems and beaches is critical to 
determining the short-term shoreline response and the long-term resilience. In this study, almost 15 years 
of monthly beach/dune measurements were analyzed for three different profiles at Vougot Beach, 
France to understand and predict shoreline changes from intra-annual to multi-annual time-scales. 
Four migration modes: advance/retreat (translation modes) and steepening/flattening (rotation modes) 
were identified through a centroid analysis. The analysis showed that translation and rotation can occur 
simultaneously, with long-term trends of beach retreat and profile steepening (lower beach retreating and 
upper beach advancing), which was interrupted by two energetic wave events causing profile flattening 
(lower beach advancing and upper beach retreating). These two observations are evidence of how the 
sediment contribution resulting from the dune erosion events temporarily caused a large advance in 
the shoreline position. A recent modeling approach that accounts for different time-scales is applied to 
predict the shoreline changes, showing significant improvements in comparison to a traditional shoreline 
equilibrium model when time-scales related with the dune erosion and recovery are considered. The 
results showed that the dune system affects the beach profile evolution both spatially, with different 
impacts at different elevations along the cross-shore profile, and temporally, by periodically redistributing 
the sediment in the system.

Plain Language Summary Changes in the shoreline position are the result of a delicate 
balance between hydrodynamic (e.g., waves, currents, and water levels) and morphology (e.g., dunes, 
beachface). Dunes are a natural barrier to storms and much of their ability to stand erosive events is 
related to their recovery after a storm. At the same time, the beachface often responds to incoming waves 
by either changing its slope (rotation mode) or by advancing/retreating (translation mode). Using 15 years 
of profile measurements at Vougot beach, France, we identified the different modes and observed if, when 
and how they occur. Our analysis shows that the evolution of the beach system was controlled by the 
sediment exchanges and redistribution between the dune and the intertidal beach. Different elevations 
of the intertidal beach profile showed distinct behavior and different time-scales of change. Our work 
provides evidence that a multi-temporal scale approach is necessary to predict sediment redistribution 
along the beach profile.
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not only affected by SLR but also by changes in the (storm) wave climate (Masselink, Castelle, et al., 2016). 
For example, Barnard et al. (2015) found that El Niño and La Niña events in the Pacific Ocean basin might 
lead to extreme coastal erosion and flooding, independent of SLR. The importance of storms was also re-
ported along the Atlantic Coast of Europe during the 2013/2014 winter, which was the most energetic 
winter since 1948 (Masselink, Scott, et al., 2016; Matthews et al., 2014) causing unprecedented dune and 
beach erosion on Northern European Atlantic beaches (Blaise et al., 2015; Burvingt et al., 2018; Castelle 
et al., 2015; Dissanayake et al., 2015; Masselink, Scott, et al., 2016; Pérez-Alberti & Trenhaile, 2015). There-
fore, models that can accurately predict shoreline changes over both short (storm) and mid horizons (wave 
climate) are required. D'Anna et al. (2020) studied the uncertainty associated with different variables using 
a cross-shore-only version of the LX-Shore shoreline change model (Robinet et al., 2018) where SLR effects 
are included using the Bruun Rule. When applied to reproduce 20 years of shoreline evolution at Truc Vert 
beach, France, they found that the free parameters (response rate, linear trend, and beach memory) used to 
model intra to multi-annual time-scales resulted in larger contributions to the overall uncertainty than the 
SLR or depth of closure (used in applying the Bruun Rule). This highlighted a major problem in long-term 
predictions, since climate change may significantly impact the wave climate and the extremes, complicating 
the use of model parameters calibrated using past data (D'Anna et al., 2020).

During storms, the shoreline typically moves landward (erosion), while during calm periods the shoreline 
typically moves seaward (accretion). Shoreline changes occurring over much larger time-scales (decadal to 
centennial) may be the result of other factors such as longshore sediment transport, changes in sediment 
supply, anthropogenic interventions, SLR, and changes in the wave climate, amongst others (Bruun, 1988; 
Hanson, 1989; Vitousek et al., 2017). Generally, cross-shore sediment transport is considered to be the main 
control of shoreline evolution at seasonal and inter-annual time-scales (Kriebel & Dean, 1985; Miller & 
Dean,  2004), whilst longshore processes (specifically on open coastlines) become dominant over much 
longer time-scales (decadal to centennial; Ashton et al., 2001; Hanson, 1989; Hurst et al., 2015). Nonetheless, 
factors such as chronological order of storms (Callaghan et al., 2008; Coco et al., 2014; Senechal et al., 2015), 
phase of the tide (Castelle et al., 2014; Lemos et al., 2018), and variable water levels (Ruggiero et al., 2001; 
Serafin & Ruggiero, 2014) may also have an important role in interpreting dune/beach coupled dynamics. In 
addition, the antecedent morphological conditions, such as, shoreline orientation and exposure to incoming 
waves, bar morphology among others, may also have significant impacts on the shoreline response (Blossier 
et al., 2017; Castelle et al., 2010; Davidson et al., 2013; Miller & Dean, 2004; Yates et al., 2009).

Uncertainties in the prediction of dune/beach system changes are still large due to limited knowledge of the 
interactions between the physical drivers and the system response, which occur over a range of time-scales. 
For instance, short-term dune/beach erosion during storms may cause abrupt changes to the coastal system 
with long-lasting effects. Drivers that control dune/beach erosion and subsequent recovery are likely to be 
different, and therefore the time-scales associated with such processes will also be different. For example, 
erosion is usually fast and episodic (hours to days), while recovery is often slow and long-term (months to 
years), and the physical processes and therefore time-scales are different for dunes and beaches (Burvingt 
et al., 2018; Dodet et al., 2019). Recently, Conlin et al. (2020) used hybrid Surface Empirical Orthogonal 
Functions to show that storm impacts can generate persistent topographic features that remain visible for 
months to years, generating a feedback that influences the response to future storms along different por-
tions of the elevation profile as well as the alongshore variability. This can overwhelm the seasonal topo-
graphic signal associated with seasonality in water levels and storminess.

Dune erosion has been found to be a result of wave and water level action mobilizing and removing sedi-
ment from the dune/berm and depositing it offshore. Nonetheless, Cohn et al. (2018) found that high water 
levels, along with wind-induced sediment transport, may also contribute to dune growth. Erosion along 
the upper beach has been attributed mainly to interactions between the impacts of incident waves and the 
antecedent morphology of the sub-aerial and subaqueous beach (Coco et al., 2014; Splinter et al., 2014). In 
addition, dune recovery by wind-blown sand occurs over significantly longer time-scales compared to the 
recovery of the upper beach (Morton et al., 1994; Phillips et al., 2019).

Although the external drivers that control dune and beach erosion and subsequent recovery may vary, feed-
backs between both parts of the dune/beach system play an important role. For dunes to recover, a sediment 
supply source is needed. This requires that the beach recovers, through the onshore migration and welding 
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of nearshore bars, which is in turn followed by accretion along the backshore to generate a sediment source 
for dune recovery (Houser, 2009; Larson et al., 2016). On the other hand, dune erosion is controlled not only 
by the duration of time that wave run-up reaches the dune toe, but also by the width of the beach imme-
diately fronting the dune, since the berm reduces the wave energy reaching the dune (Beuzen et al., 2019; 
Houser, 2009; Plant & Stockdon, 2012).

In recent decades, data availability has increased, with long time-series from camera systems (Montaño, 
Blossier, et al., 2020; Phillips et al., 2017), LiDAR measurements (Phillips et al., 2019), advances in satellite 
remote-sensing (Luijendijk et al., 2018; Vos et al., 2019), or longer time span topo-bathymetric measure-
ments (Ludka et al., 2019; Turner et al., 2016) encouraging the development of shoreline change models 
using data-driven approaches. For instance, equilibrium models (Davidson et al., 2013; Yates et al., 2009), 
also called Hybrid models (Montaño, Blossier, et al., 2020), have become popular due to their simplicity, low 
computational cost, and good performance in predicting shoreline changes at intra-annual to multi-annual 
time-scales. This type of model is based on the dis-equilibrium concept (Wright et al., 1985), in which the 
shoreline position rate of change is governed by the difference between present and equilibrium wave and/
or morphological conditions (Davidson et al., 2013; Miller & Dean, 2004; Yates et al., 2009). This type of mod-
el relies heavily on data to search for and optimize the model free parameters (Splinter et al., 2013). As one 
might expect, the performance of these cross-shore models is poor at locations where the driver of shoreline 
changes is long-shore sediment transport (Dodet et al., 2019). To fill this gap, Vitousek et al. (2017) added 
a new term to the cross-shore model based on Yates et al. (2009). The new term accounts for long-shore 
processes through a “one-line” model approach (US Army Corps of Engineers, 1984). The authors also add-
ed a term that accounts for SLR-induced shoreline recession based on the “Bruun rule” (Bruun, 1962), in 
addition to a long-term trend term taking into account unresolved processes. Robinet et al. (2018) followed 
a similar approach and proposed a model integrating the cross-shore component based on the ShoreFor 
model of Davidson et al. (2013), which also includes a long-term trend term, and an alongshore component 
similar to Ashton et al. (2001). A more recent improvement to the this type of model was introduced by 
Antolínez et al. (2019), which included the contribution of foredune erosion, in addition to the cross- and 
long-shore changes. Despite the level of complexity of the model, the berm profile was fixed, and dune 
recovery was neglected. Other types of more complex process-based models calculating 2D or 3D sediment 
transport processes have been proposed to simulate dune/beach changes from intra-annual to multi-annual 
temporal scales (Hanson et al., 2010; Larson et al., 2016; Palalane et al., 2016). However, their applicability 
remains to be tested, and in some cases, process-based models have not shown better performance than 
simpler equilibrium-based hybrid models (Splinter & Palmsten, 2012).

Hapke et al. (2016) found that shoreline change patterns representing responses to different oceanographic 
forcing factors can often be separated, and shoreline response can be resolved on time-scales ranging from 
storm events to decadal variations. Montaño et al.  (2021) presented a different approach to equilibrium 
models in which shoreline changes are predicted by isolating and associating time-scales in the drivers 
and the shoreline response. The method hypothesizes that shoreline changes at a specific time-scale can 
be predicted using the drivers at the same temporal scale. For instance, seasonal shoreline changes might 
be predicted using only seasonal oscillations in the drivers while the total shoreline change results from 
the summation of different time-scales (e.g., seasonal, annual, bi-annual, and decadal). As in equilibrium 
models, this approach heavily relies on data to identify the important time-scales and to calculate the free 
coefficients that link drivers and shoreline response at different time-scales. This model approach also uses 
the sea-level pressure (SLP) fields and gradients to predict the shoreline changes, since SLP might contain 
information not present in the bulk waves parameters  , ,s pE H T  , such as, mean water level fluctuations, 
wave generation areas, and information of large atmospheric anomalies.

Models of shoreline evolution often struggle to link observed changes to the incident wave field. We hy-
pothesize that because of the many timescales involved, shoreline evolution models fail to capture the dy-
namic form of the beach (which reflect stored mass, or enhanced dissipation) and, in particular, the role 
of dune-beach interactions in the profile response to specific events. The aim of the present study is to 
analyze dune-beach behavior in the context of shoreline modeling, using almost 15 years of observations 
of monthly subaerial beach/dune profiles collected in a macro-tidal beach, Vougot, France (Suanez, Blaise, 
Cariolet, et  al.,  2016; Section  2.1). To do so, the SPADS (Shoreline Prediction At Different time-Scales) 
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model ( Montaño et al., 2021) is used to analyse the dominant time-scales of observed changes at different 
elevations along the intertidal profile and predict shoreline changes (Section  2.2). The beach migration 
modes (steepening, flattening, advance, and retreat) were identified through a profile centroid analysis 
(Section 2.3). Results of both the analysis and the shoreline predictions using SPADS are presented and 
discussed in Sections 3 and 4, where the influence of dune events on shoreline changes and the implications 
for the shoreline modelling are also discussed. Finally, the key findings and conclusions are summarized 
in Section 5.

2. Methods
2.1. Study Area

Vougot is a ∼2 km long beach located on the north coast of Finistère in Brittany (France) in the municipality 
of Guissèny (Figure 1a). The beach is characterized by a macro-tidal range, reaching 8.5 m (referring to as-
tronomic tide), which can expose more than 400 m of the intertidal profile at low tide. The beach is backed 
by an extensive dune system that varies from 200 to 400 m wide, with a dune sediment size D

50
0 20 . mm , 

which becomes coarser on the beach ( 50 0.25 – 0.315E D mm ). The beach is fronted by a rocky shore plat-
form with the presence of islets and reefs that shelter the coast, giving the dune system a convex curved 
shape (Suanez et al., 2012).

Monthly sand level observations of the sub-aerial beach/dune profile (Figure  1f) from nearly 15  years 
(2004/07/05 to 2018/12/11) were collected using a DGPS Trimble 5800/5700 and a Topcon HYPER-II, in 
RTK mode with errors reaching up to ±5 cm in x, y, and ±2 cm in z. Data were analyzed for three profiles 
located in the eastern part of the beach, near the jetty of Curnic, which connects the Enez Croaz-Hent is-
let to the coast (Figure 1b, red lines). Although the shoreline is generally defined as the physical interface 
between land and water (Boak & Turner, 2005), on macro-tidal beaches where the cross-shore length is of 
the order of hundreds of meters, an exact shoreline definition is difficult to obtain (Castelle et al., 2014). In 
this study, different elevations are used as a proxy for the shoreline cross-shore position (S = f(z)) where 
z represents the different elevations. Temporal changes in contour elevations “shoreline”, each 0.5 m are 
displayed in Figure 1f, left panels.

In recent decades, the dune system experienced significant retreat, especially along the eastern part of Vou-
got beach, with most of the material transported to the west, contributing to building up the western section 
of the beach (Suanez et al., 2010, 2012). This erosion has been attributed to the construction of the jetty of 
Curnic in 1974, which modified the local hydrodynamics, interrupting the westward sand drift and induc-
ing a scarcity of sediment over the eastern, downdrift part of the Vougot beach/dune system. In addition, 
the beach is characterized by a rocky platform in the tidal zone, with relief in form of small islets and reefs 
that cause wave diffraction and complex current patterns, especially impacting longshore currents (Suanez 
et al., 2010, 2012). Along the three analyzed profiles, the presence of different types of “hard bottom” (red 
lines, Figure 1f, right panels), for example, periglacial deposits (clay), rocky or peat outcrops, or Pleistocene/
Holocene gravel accumulation, limits sand availability. During some periods of the year, these hard surfaces 
are no longer covered by sand, especially along the lower part of the profiles.

Suanez et al. (2012) carried out a detailed analysis of the dune recovery after the storm “Johanna” hit the 
French Atlantic coast on March 10, 2008, which caused severe dune erosion (Figure 1c; Suanez & Cario-
let, 2010). The subsequent phase of dune recovery, which lasted from 2008 to 2013 (Figure 1d) was char-
acterized by the growth of vegetation and the construction of “secondary” embryo dunes, which reduced 
the impact of the storm surge. Another severe dune erosion event occurred during the 2013/2014 winter 
(Figure 1e), considered one of the most energetic winters along the Atlantic coast of Europe since 1948 
(Masselink, Scott, et al., 2016). Three energetic winter storms (January, February, and March) coincided 
with large spring high tides, augmenting the effects of the storm surge, with important implications for the 
dune-beach system (Blaise et al., 2015; Masselink, Scott, et al., 2016; Suanez, Blaise, Cancouët, et al., 2016). 
The current study evaluates both dune erosion events and the subsequent recovery phases.
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Figure 1. Study site. (a) Location of Vougot beach, France, with the location of the modeled waves (wave rose; blue dot); (b) Detail of Vougot beach identifying 
the three profiles (red lines) analyzed in this study; (c) Dune erosion event: March 12, 2008; (d) Dune recovery: October 18, 2012; (e) Dune erosion event: 
February 04, 2014. (f) Contour elevation position time series (left panels) for elevations ranging from lower intertidal zone to over upper intertidal zone and 
dune. Beach profile evolution during the study period (2004–2018) along the intertidal zone (right panels) for Profile 1 (P1), Profile 2 (P2), and Profile 3 (P3). 
Red lines represent the hard bottom (clay and/or rocky and/or peat outcrops). Dashed dark blue lines represent the Highest Astronomic Tide (HAT), Mean 
High Spring (MHWS), and Mean High Water Neap (MHWN), respectively. Dashed light blue lines represent the Mean Sea Level (MSL). Images a and b Institut 
National de l'Information Géographique.
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2.2. The SPADS Model

Montaño et al. (2021) introduced and tested a new model for Shoreline Prediction At Different time-Scales 
(SPADS) based on identifying the time-scales of drivers and shoreline change using the Complete Ensemble 
Empirical Mode Decomposition (CEEMD) method (Huang et al., 1998; Torres et al., 2011), and then linking 
the resulting time-scales with calibrated parameters. The model showed good performance compared with 
a traditional equilibrium model when tested at two cross-shore dominated beaches (Narrabeen, Australia 
and Tairua, New Zealand). CEEMD is a noise-assisted data analysis approach based on the empirical mode 
decomposition (EMD) introduced by Huang et al. (1998). EMD-based methods were designed to identify 
nonlinear and non-stationary oscillations in data, assuming that simple oscillatory modes of significantly 
different superimposed frequencies coexist (Huang et al., 1998). EMD decomposes time series into a finite 
set of “intrinsic mode functions” (IMFs), representing different time-scales with varying amplitudes and 
frequencies (the last IMF is considered to be the trend). CEEMD improves on EMD, by assisting the IMF 
separation through the addition of Gaussian white noise to the signal and the true IMF is calculated as the 
mean of an ensemble (100 realizations in our study).

Modeling with SPADS consists of a number of steps, starting with the decomposition of the time-series of 
shorelines and drivers using the CEEMD method. Then, a statistical test (Wu & Huang, 2004) is applied to 
identify the significant IMFs obtained using the CEEMD approach (only the IMFs that satisfied a signifi-
cance level higher than 95% were selected for further analysis). The reconstruction of the shoreline changes 
at each individual time-scale is performed through an optimization analysis to find the coefficients that 
link driver and shoreline changes by maximizing the Mielke's modification index λ (Duveiller et al., 2016). 
The total shoreline position is reconstructed as the summation of the different time-scales. The CEEMD 
method needs to be run multiple times with different white noise initializations (we used white noise am-
plitudes between 0.1 and 0.5 of the signal standard deviation). The final shoreline position is the average of 
the shoreline positions obtained with the different levels of white noise. The SPADS model uses two type 
of drivers: large-scale two-dimensional SLP fields and gradients from Climate Forecast System Reanalysis 
(CFSR), and wave bulk parameters. The first step to obtain the SLP information is to find the influence area 
with the ESTELA (Evaluating the Source and Travel time of the wave Energy reaching a Local Area) method 
(Pérez et al., 2014). This method evaluates the source and travel time of waves reaching a given location 
based on the geographic criteria and the two-dimensional wave spectra (see Rascle & Ardhuin, 2013). In 
order to account for the travel time of swell waves in the analysis, the SLP information is modified according 
to the isochrones of the average travel time as in Hegermiller et al. (2017) (Figure 2a). After the SLP field 
and gradients is modified with the ESTELA method, a principal component analysis (PCA), a statistical 
technique widely used in climatology to identify dominant variability patterns and reduce dimensionality 
(Camus, Menendez, Izaguirre, et al., 2014; Rueda et al., 2019) is performed.

The PCA projects the original data on a new space, searching for the maximum variance of the sample 
data. The dominant spatial variability patterns, called empirical orthogonal functions or EOFs (Figures 2b 
and 2c), and temporal coefficients, that is, principal components or PCs (Figures 2d and 2e), are used to 
reconstruct the original predictor X(x, t) with a linear combination of EOFs and PCs, where N is the is the 
number of selected EOFs:

                1 1 2 2, …i i i N N iX x t EOF x PC t EOF x PC t EOF x PC t (1)

Following Montaño et al. (2021), we only used the first 10 PCs (i.e., N = 10), which explain up to 54% of 
the overall variance. As discussed in Montaño et al. (2021), this analysis including the use of SLP and its 
gradients allows tracking wave information from a large generation area, avoiding reducing the large-scale 
variability to a single bulk wave parameter, which would ignore the complexities of the wave spectra. For 
example, it would ignore wave bi-modality which has been found important in different coastal process-
es, such as run-up and beach rotation (Montaño, Blossier, et al., 2020; Wiggins et al., 2020). On the other 
hand, the wave information considers bathymetric effects that are not captured by SLP. Thus, in this study 
both drivers are used to predict shoreline changes. As discussed in Montaño et al. (2021), the model allows 
inclusion of any driver relevant for shoreline prediction (e.g., waves, winds, and water levels) at both local 
and regional scales. More information about the model development can be found in Montaño et al. (2021).
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Wave parameters in 43 m water depth (Figure 1a) were obtained using the numerical model WaveWatch3 
run by the Ifremer (Boudière et al., 2013) (Figures 2g–2i). As can be seen in Figure 1a, waves arrive prin-
cipally from the northwest (2004–2019). The beach is partially sheltered from the direct impact of Atlantic 
swell, and relatively well protected from waves originating in the west to northwest by an offshore platform 
scattered with islets and reefs that emerge at low tide (Masselink, Scott, et al., 2016; Suanez et al., 2012). 
Since dune erosion events are important at Vougot, the total water level (TWL) is also included in the 
analysis, with tide measurements from the Roscoff tide gauge station located about 30 km to the east of 
the survey area (Suanez et  al.,  2012). The maximum wave run-up R

max  was computed using an exist-
ing formula provided by Cariolet and Suanez (2013) and Suanez et al. (2015), which has been calibrated 

Figure 2. Model Drivers. (a) mean energy flux for all possible source points (calculated using ESTELA). The travel 
time (in days) is represented by the black lines (3-day increments) and gray lines (1-day increments). Red dotted lines 
represent the great circles; (b) and (c) are examples of the first and third empirical orthogonal functions (EOFs) of the 
SLP fields and gradients. Shaded areas represent SLP gradients, while the contours represent SLP fields; (d) and (e) are 
examples of the corresponding principal components (PCs) for (b) and (c) used as drivers for the CEEMD model; (f) 
total water levels (TWLs) and (g)–(i) bulk wave bulk parameters used for the analysis  , ,s pE H T  .
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using field measurements for Vougot Beach as, R H
max

. 0 68
0 0
  , with  

0 0

0

 tan / H
L

 , where 0E H  and 

0E L  are the offshore wave height and wave length, and the beach slope β corresponds to the active section of  
the upper part of the beach, which in macro-tidal environments was found to estimate more accurately run-
up predictions (Cariolet & Suanez, 2013).

To analyze the influence of the different time-scales on shoreline prediction, we compared the SPADS mod-
el with the ShoreFor model (Davidson et al., 2013). ShoreFor is one of the most widely applied shoreline 
models due to its simplicity and high performance (Dodet et al., 2019; Montaño, Coco, et al., 2020; Splinter 
et al., 2014). The model is based on the equilibrium concept so that cross-shore changes in the shoreline 
position are proportional to the incident wave power and the degree of disequilibrium. For wave conditions 
more energetic than equilibrium the beach is eroded and vice-versa. The model has two free parameters: a 
disequilibrium term that depends on the “memory decay” of the beach (related with the dominant time-
scale) and a linear trend term that accounts for additional processes not directly included in the model 
formulation (e.g., longshore sediment transport). Detailed information about the ShoreFor model can be 
found in Davidson et al. (2013)

2.3. Centroid Analysis of Beach Profile Changes

In general, four principal modes of adjustment can be identified for any beach profile: flattening and steep-
ening (cross-shore beach profile rotation around a pivot point, Figure 3a quadrants I and III), and advancing 
and retreating (cross-shore beach profile translation, Figure 3a, quadrants II and IV). These principal modes 
can also be combined to give more complex modes of rotation and translation, as observed on many coasts 
(Soulsby et al., 1999; Townend et al., 1990).

In the rotation modes, the cross-shore profile does not retreat or advance as an equilibrium profile but 
evolves toward a flatter or steeper profile around a pivot point (nodal point). The flattening mode consists in 
upper beach erosion and lower beach accretion causing a decrease in the beach slope, while the steepening 
mode displays the opposite behavior (upper beach accretion and lower beach erosion, causing an increase 
in the beach slope). In the translation modes, the beach profile response is vertically uniform, and no piv-
ot point is observed (see the schematic in Figure  3a). In addition, steepening/flattening can occur with 
no net change in profile volume, whereas retreat/advance implies a change in volume within the control 
volume. Although migration modes generally have been computed using beach volumes (e.g., Burvingt 
et al., 2017), a volumetric centroid analysis was used here to estimate beach migration modes following 
Taylor et al. (2004) and Villamarin (2017).

The centroids, here defined as a measure of the volumetric center of the profile, were computed using the 
CoastalTools package (Townend, 2018). Cross-shore variations of the centroid (X horizontal axis) and ver-
tical centroid variations (Z vertical axis) are computed from the first moments calculated using the cross 
sectional control area defined by a rectangle (Figure 3b). Inside the control area, the following parameters 
are calculated:

 Volume:V z dx (2)

Horizontal centroid: X x z dx V    / (3)

Vertical centroid Z x z dz V    / (4)

where E x  and E z  are the horizontal and vertical distance from the origin ( xmin , zmin
) of the control area 

(Figure 3b):
        x x x x z z z zmin min; ;0 0and (5)

The total beach and dune volumes were computed using the defined control area ( TE V  , black dashed square 
and DE V  , red dashed square, Figure 3b). These areas were based on the lower limits of the survey data, with 
x m

T , min
 0  for the three profiles, and with z m

T ,
.

min
 0 5  for Profile 1 and z m

T , min
 0  for Profiles 2 and 3. 

The intertidal volumes considered here are likely to be less than the total sediment volume out to the closure 
depth and may not represent the total nearshore sediment volume. For the dune control area, we assumed 
that the dune toe elevation remained fixed based on the field observation for the initial measurement (red 
dot, Figure 3b). Then, x

D, min
 0  m for the computation of the dune volumes at the three profiles, while 
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Figure 3.
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z m x m
D,

, ( )
min

 5 18   for Profiles 1 and 2, and zD , min
. 5 6  m, (x = 21 m) for Profile 3 based on the dune 

toe location in the initial measurements.

With the aim of comparing directly different profiles, the non-dimensional centroid coordinates 1E x  , 1E z  are 
computed as:

Non-dimensional volume: m z dx
0
    (6)

Non-dimensional horizontal centroid: x x z dx m
1 0
    / (7)

Non-dimensional vertical centroid z x z dz m
1 0
    / (8)

where E x  and E z  are defined as:
 

  and
x z

x zx z
L L (9)

with   maxxE L x  and   maxzE L z

3. Results
3.1. Dune Influence on Shoreline Behavior

Through the non-dimensional centroid maps, three “clusters” were identified for the three profiles when 
the entire beach control area  TE V  is used (color dots, Figures 3c–3e). We use the word cluster to indicate 
periods in time when the beach adjustment is associated with a particular trend (steepening interval), dis-
tinct from the translation (net erosion) that occurs between clusters. Each cluster has numbered events 
of notable change that represent the date when the cluster initially appeared, the most extreme migration 
event, and the date of the last observation before the system shifted to a different cluster (Figures 3c–3e). 
By analyzing the overall alignment of the clusters and the steps between each cluster (Figures 3c–3e, left 
panels), the behavior of the beach can be interpreted based on the modes defined in panel (a). Only profile 
changes (Figures 4 and 5) for Profiles 1 and 3 are shown, since the centroid analysis displayed different 
chronologies (Figures 3c–3e, right panels) and beach behavior for the Profiles 1 and 2 are characterized by 
very similar dynamics. Figures 3c and 3d (left panels) show that all three profiles never return to an earlier 
cluster (steepening interval), but rather shift diagonally toward quadrant IV (i.e., retreat), indicating that 
whole profile is losing sediment. This separation between clusters in the direction of the quadrant IV was 
more evident for Profile 3, which experienced the largest loss of sediments (Figure 6).

The primarily diagonal movement toward the quadrant I within each cluster indicates the dominance of 
steeping, while the changes from the last date of one cluster to the first date of the following one, mainly 
correspond to steps toward the quadrant III (Profiles 1 and 2), indicating significant flattening events (Fig-
ures 4d and 4g). Nonetheless, during the first large dune erosion event attributed to the March 10, 2008 “Jo-
hanna” storm, Profile 3 showed a movement toward the quadrant IV, indicating beach retreat (Figure 5d).

The first cluster in all three profiles (beige dots) corresponds to the period from the beginning of the meas-
urements (2004/07, see label 0) to the last date before a shift to a different cluster (2008/02, see label 2). 
During this period, the three profiles mainly experience profile steepening (e.g., migration toward quadrant 
I, from label 0 to 1), reaching the maximum steepness (left panels, Figures 3c–3e) for Profiles 1 and 2 in 
2007/11 (Figure 4b) and in 2006/11 for Profile 3 (Figure 5b). Other beach movements within the clusters, 
due to seasonal-annual variations are observed (see dot with label two in Figures 3c–3e, 4c, and 5c), al-
though with less pronounced effects on the beach behavior. On March 10, 2008, the high energy storm Jo-
hanna hit the French Atlantic coast causing significant dune face erosion (Suanez & Cariolet, 2010; Suanez 
et al., 2012), inducing beach changes associated with a new cluster (red dots, Figures 3c–3e, left panels).

Figure 3. Beach migration analysis. (a) Diagram of the four primary modes of beach change inferred from the centroid movement. The dotted black 
line represents the initial beach state (yellow square), while the solid black line represents the subsequent beach state. The four quadrants are used in the 
interpretation to indicate the x-centroid and z-centroid movement between each survey; (b) Control areas for the beach volume and centroid computations: 
Total volume TE V  (black dashed square) and dune volume DE V  (red dashed square), where the red dot represents the initial dune toe, modified from 
Townend (2018); (c)–(e) Centroid analysis for profiles 1, 2, and 3, respectively. Left: Non-dimensional centroid maps in the x'-z' vertical plane. The colors 
represent the three different clusters identified through the centroid analysis. Right: Centroid evolution in time (corresponding dates in right panels).
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A pronounced flattening (quadrant III migration, labels 2–3, Figures 3c and 3d, left panels) was observed for 
Profiles 1 and 2 (Figure 4d), and a retreat (quadrant IV) for Profile 3 (Figures 3e and 5d). However, after the 
storm, the three profiles returned to showing primarily profile steepening (in the quadrant I direction, labels 
3–4). The maximum steepening for Profiles 1 and 2 was observed on 2012/10 (label 4, Figures 3c, 3d, and 4e) 
and on 2011/01 for Profile 3 (label 4, Figures 3e and 5e). As in the first cluster, different migration modes 
such as flattening, are observed before a change to a new cluster (labels 4–5, Figures 3c–3f, 4f, and 5f). Most 
of the flattening was caused by a sequence of storms during the 2013/2014 winter that eroded the lower part 
of the dune, without causing a change in the cluster. From the sequence of storms experienced that winter, 
only the storm on February 1–2, 2014, during which the dune face was strongly eroded, generated a change 
to a new the cluster (yellow dots in left panels, Figures 3c–3e). Behavior within this cluster was different for 
Profile 3, which experienced flattening (labels 6–7, Figures 3d and 5h) and dune face erosion, contrary to 
profiles 1 and 2. It is plausible that profiles 1 and 2 were already highly eroded due to the February storm, 
which did not cause a significant erosion in Profile 3.

The right panels in Figures 3c–3e show the x (red lines) and z (yellow lines) centroid evolution over time. 
The two large erosion events and subsequent recovery of the dune due to the erosion of the intertidal beach 
changed the beach dynamic. As observed in the left panels, profiles 1 and 2 show similar behavior. Whilst 
we highlight distinct phases of beach migration mode for the entire beach ( TVE  ), Figures 3c and 3d, right 

Figure 4. Beach changes in Profile 1 corresponding to the non-dimensional centroid analysis in Figure 3c. (a) Non-dimensional centroid map showing the 
most significant changes only; (b–i) Dune and beach face profiles for each event.
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panels, show that the x and z-centroid, plotted to the same non-dimensional scale, are not always mirrored 
traces of each other. When they are this implies the dominance of steepening or flattening, However, when 
the change of both centroids is positive or negative, this implies advance or retreat, respectively. Results 
show periods of predominant translation modes (retreat/advance) or rotation modes (steepening/flatten-
ing), although there are also times when a translation and a rotation mode occur simultaneously.

The total beach volume (dune and intertidal zone, black line, Figure 6, panels a, c and e) during the meas-
urement period showed a decreasing long-term trend for the three profiles, in agreement with the migration 
between clusters toward the quadrant IV (Figure 3c–3e). Along profiles 1 and 2, the dune had stages of 
complete recovery when compared with the initial profile (as seen by comparing the dashed line and dotted 
line in Figure 4f, and as seen by the dashed gray lines in Figure 6). However, the dune in Profile 3 showed a 
significant loss in volume when compared with the initial profile. Changes in the dune, upper tidal beach, 
and total volumes also show different behavior for Profile 3. For instance, the two large dune erosion events 
(labels 3 and 6) resulted in a slight increase in the total sediment volume for profiles 1 and 2, while Profile 
3 showed a large volume decrease. This might be explained by the importance of cross-shore sediment ex-
changes between the inter-tidal beach and dune (and vice versa) for profiles 1 and 2. A stronger annual cycle 
is observed in Profile 3, although the long-term retreat trend dominated the overall profile change (see Fig-
ure 6e). The long-term trend is likely to be due to the longshore sediment transport toward the west (Suanez 
et al., 2012) due to wave refraction caused by small islands and reefs (see Figure 2b in Suanez et al., 2012).

Figure 5. Same caption as Figure 4 but for Profile 3.
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Also, changes in volume along Profile 3 display a clear erosional trend with a superimposed strong annual 
cycle. Profiles 1 and 2, only showed an annual cycle after the February 1–2, 2014 storm event. The different 
beach migration modes are identified in each time series, showing variable responses as a function of time 
(colors, Figure 6a, 6c, and 6e, with legend in e). The histograms in Figures 6b, 6d, and 6f show that the 
rotation modes, steepening (ST) and flattening (FT), are predominant. However, as explained previously, 
steepening and flattening modes can occur simultaneously with translation modes (advance and retreat), as 
observed at Vougot Beach. The dune volume changes show a large dune recovery (2008–2014) for profiles 1 
and 2, while the volume increase in Profile 3 was smaller (dashed gray line, Figures 6a, 6c, and 6e).

The dune control area and volume (red square, Figure 3b) are small when compared with the total beach 
and intertidal volumes. Therefore, the centroid analysis was carried out for the dune and intertidal beach 
separately to better understand their respective dynamics. In this case, the analysis was performed preserv-
ing the dimensions (Equations 2–4), with the aim to observe the magnitude of the centroid displacement 
(see axes Figure 7). The dune displays opposing behavior to the total beach migration modes, that is, when 
the lower dune is eroded (steepening) the centroid analysis for the total beach control area shows flattening 
(Figure 7, middle and left panels). The clusters in Profile 3 shift to the quadrant IV, much the same as the 
total beach, implying net retreat. In contrast, profiles 1 and 2 exhibit a form of recovery over the 3 flatten-
ing/steepening episodes. This is in broad agreement with the volume analysis for the dune observed in 
Figures 4a and 4c (sediment recovery) and Figure 4e (loss of sediment).

Figure 6. Beach/Dune volumes and different migrations modes in time. (a), (c), and (e) Volume changes for the three profiles: total volume (black line), dune 
volume (dashed gray line), and upper intertidal beach volume (solid gray line). The colored dots show the occurrence of different migration modes (identified in 
the legend) over time. (b), (d), and (f) Histograms of the different migration modes for each profile: no change (NC), steepening (ST), advance (AD), flattening 
(FT), and retreat (RT).
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When only the intertidal beach is analysed, the cluster separation is less evident for profiles 1 and 2, dis-
playing mainly steepening (in the direction of the quadrant I). This may be explained by the upper part of 
the intertidal beach gaining sediment from the dune after the two big storm events, as shown in the volume 
analysis (Figures 6a and 6c, solid gray line), while the lower part of the beach loses sediment. In contrast, 
Profile 3 showed clearer cluster separation implying intertidal beach retreat (quadrant IV trend), in agree-
ment with the loss of sediment in this zone after the two large storms (Figure 6e, solid gray line). These 
findings are consistent with Suanez et al. (2012).

3.2. Shoreline Evolution and Time-Scales

The centroid analysis shows a dominant steepening trend of the beach during the studied period, with 
contour elevations retreating strongly along the lower part of the beach and advancing along the upper part 
of the beach (as seen in Figure 1, left panels and Figures 8c and 8f, lower panels). The analysis also showed 

Figure 7. Dimensional centroid maps in the x'-z' vertical plane for (a) Profile one; (b) Profile 2: (c) Profile 3. The colors represent the three different clusters 
identified through the centroid analysis: (left panels) for the total control area ( TE V  ), same as Figures 3c–3e; (middle panels) for the dune control area ( DE V  ); and 
(right panels) for the intertidal beach control area.
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Figure 8.
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that the steepening process was interrupted by a strong flattening process during two large dune erosion 
events in 2008 and 2014, resetting the changes in the shoreline position with a sudden shoreline advance in 
the lower part of the beach and retreat in the upper part of the beach, especially for profiles 1 and 2. With 
the aim of analyzing and predicting shoreline changes at Vougot Beach, a recently developed modeling ap-
proach SPADS (Montaño et al., 2021) was applied. This approach was tested previously at two cross-shore 
dominated beaches where dune face dynamics contributed minimally to shoreline evolution, which is in 
contrast to this site.

For this analysis, the intertidal beaches of profiles 1 and 3 were divided into three sections: lower, mid-
dle (a zone around the nodal/inflection point), and upper, since the three selected areas show distinc-
tive behavior (Figure 1f). Figure 8 shows the shoreline trends and the three primary time-scales (IMFs) 
identified with the CEEMD method (yellow lines, right axis) for both profiles, where the colored dots 
(labels 3 and 6) indicate the two large dune erosion events. The upper part of the beach in Profile 1 
(4.5 m, Figure 8a) is dominated by a long-term accretion trend, which explains up to 49% of the shoreline 
variance. However, the lower part of the beach showed a strong erosion trend with an explained variance 
(E.V) of about 48% (−0.5 m, column Figure 8c). Near the “inflection point” (3 m, column Figure 8b), 
the long-term trend only explained about 9% of the shoreline variance. The behavior of the trend at the 
three elevations is in agreement with the dominant steepening mode revealed by the centroid analysis 
(with significant trends in the upper and lower beach and nearly no trend near the inflection point). In 
the middle part of the beach, a 2005-day oscillation, which is on the order of the period between the two 
large dune erosion events (2,168 days), had the highest E.V (32%). At all three elevations, an oscillation 
of about 3,400 days had an important E.V (12%–28%), in which peaks and valleys are in phase with the 
maxima of shoreline advances/retreat. In the upper and lower parts of the beach, oscillations with simi-
lar time-scales as the duration of the clusters (1,224 days, cluster 1; 1,665 days, cluster 2; and 1,760 days, 
cluster 3) were also found. In the three sections of the beach, the annual time-scale explained only 13%, 
6%, and 10% of the E.V, while the seasonal scale seemed to be important only in the middle part of the 
beach (14% E.V, not shown). An approximately bi-annual time scale was identified with E.V lower than 
10% for all three elevations (not shown).

Conversely to Profile 1, for Profile 3 the upper part of the beach (4 m, Figure 8d) did not show a strong ad-
vancing long-term trend (only 9%), while the middle (2.5 m, Figure 8e) and lower parts (1.5 m, Figure 8f) of 
the beach experience stronger long-term retreating trends compared to Profile 1 (28%, 85% of the E.V). This 
may be explained by the shape of the clusters in Profile 3 (Figure 3e), where the steepening mode (toward 
the quadrant I) was smaller compared with profiles 1 and 2, while the retreat mode to a new cluster (toward 
the quadrant IV) was larger. As in Profile 1, temporal scales with a 3,400-day oscillation corresponding to 
maximum retreat/advance of the shoreline were observed only in the upper and lower parts of the beach. 
For all three sections of the beach, the oscillations with time-scales similar to the length of the clusters had 
E.V of 2%–15%. In the upper part of beach, the annual oscillation showed a significant increase in amplitude 
after 2014, which was also observed for Profile 1. Also similar to Profile 1, the E.V in the middle part of the 
beach (Figure 8e) was distributed more evenly among the different time-scales, with a strong E.V at the 
annual scale (31%).

3.3. Shoreline Modeling

The shoreline change model was applied at the elevations presented in Figure 8 for profiles 1 and 3.

Figure 8. Examples of three dominant shoreline time-scales (top three rows) and the long-term trend (bottom row) identified with the CEEMD analysis for 
three different elevations. Profile 1 (top) columns: (a) upper (4.5 m); (b) middle, near the inflection point (3 m); and (c) lower (−0.5 m) part of the beach; and 
Profile 3 (bottom) columns: (d) upper (4 m); (e) middle (2.5 m); and (f) lower (1.5 m) part of the beach. The black line represents the detrended shoreline data 
(left axis), where small values of the shoreline position represent an eroded state and large values an accreted state. The yellow lines display time oscillations 
of the IMFs (IMF-S, right axis) after noise averaging, showing the approximate period in days of the shoreline oscillation (T) and the percentage of explained 
variance (% E.V). The standard deviation due to different white noise levels is represented by the shaded yellow zone. Numbers in color represent the dates of 
the two large dune erosion events (vertical dashed lines).
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3.3.1. Hindcast

The hindcast results (covering the span of the data time series) for Profile 1 (Figure 9a) and Profile 3 (Fig-
ure 9c) show that the model is capable of reproducing the contour elevation changes, with 2E R  values ranging 
from 0.72 to 0.95. At Profile 1, the ShoreFor model performed poorly ( 2E R  values ranging from 0.1 to 0.53) 
since it only captures the long-term trend, which is not directly related to the wave forcing. At Profile 3, the 
ShoreFor model performs better, especially in the upper and middle part of the beach, capturing some of 
the annual oscillations. However, similar to Profile 1, the model coefficients are primarily controlled by the 
long-term trend. This is more evident in the upper part of the beach for Profile 3 (Figure 9c, upper panel), 
where shoreline advance is observed between the two large dune erosion events, generating a large oscilla-
tion (38% of the E.V, Figure 8d, third panel) that is not captured by the ShoreFor model.

3.3.2. Forecast

A test of the model predictive skill was performed by training the model with 12 years of data, and then 
forecasting the remaining 2.5 years of shoreline evolution (gray area, Figure 9b and 9d). In general, the 
SPADS model showed good performance when predicting the last 2.5 years of shoreline changes (yellow 
lines), except for the lower part of the intertidal zone of Profile 3 (Figure 9d, lower panel), where the model 
underestimated the long-term trend while still following the annual cycle. The ShoreFor model behavior 
performed similarly (orange line) during the forecast and hindcast runs, except for lower part of the inter-
tidal zone of Profile 1 (Figure 9b, lower panel) where, surprisingly, the model captured better the annual 
cycle and the long-term trend in comparison to the hindcast results (Figure 9a, lower panel).

4. Discussion
4.1. Beach Migration Modes

A centroid analysis was carried out considering both the dune and the intertidal beach volumes (scheme 
Figure 3b), allowing the identification of large changes in the dune-beach system. This study showed that 
despite the dominant beach sediment loss trend, the beach experienced different behavior in the upper and 
lower parts of the intertidal zone. During the study period, the beach profile experienced mainly steepening 
(advances in the upper intertidal zone, and retreat in the lower intertidal zone), in which the loss of sedi-
ment in the lower part of the beach was larger than the gain of sediment in the upper part (dune and berm 
recovery, Figure 7), indicating an overall decrease in sediment volume along the intertidal profile. Contour 
elevations along the upper part of the beach showed a long-term advance trend (Figures 8a and 8d, bottom 
panels), in agreement with the dominant steepening mode. The analysis also allowed identifying differ-
ences in beach translation/rotation modes. For instance, the flattening mode only generates changes in the 
steepening interval (cluster) when the dune face and the upper part of the beach are eroded, redistributing 
large amount of sediments along the lower intertidal beach due to storm events (Figures 3–5). Although 
the flattening mode was observed frequently (Figure 6), in general, this was caused by the lower part of the 
dune and berm being eroded, without a large amount of sediment being redistributed in the lower intertidal 
zone. In agreement with Townend and McLaren (1988) and Taylor et al. (2004), our analysis showed that 
the beach might experience steepening/flattening modes in addition to a net profile retreat or advance.

Different studies have addressed beach/dune sediment exchanges based on volume analyses with the 
goal of classifying the beach response during storm and recovery periods (Beuzen et al., 2019; Burvingt 
et al., 2017; Phillips et al., 2019; Taylor et al., 2004). Based on volumetric changes, Burvingt et al. (2017) used 
hierarchical clustering to analyze beach migration modes during extreme storms at 157 beaches in England. 
In contrast to the centroid analysis, the volume computations for the upper and lower parts of the beach re-
quire defining a pivot point (nodal point), which is not always evident and may even change in time, making 
the analysis difficult. Moreover, contributions of the dune system to the beach dynamics were neglected in 
their analysis. Phillips et al. (2019) used a decision tree classification and described four behavioral modes 
of subaerial profile variability during berm recovery. However, they also neglected the dune contributions 
in their study. Using a Bayesian network analysis, Beuzen et al. (2019) indicated that variability in berm and 
dune storm erosion was controlled by morphological conditions such as exposure to incident waves, pre-
storm beach sand volume, and pre-storm beach width. Similar results were found in studies of the impact 
of the 2013/2014 winter storms on the UK coastline, where variability in coastal storm erosion response 
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Figure 9. Model performance at three vertical elevations (same as shown in Figure 7) for Profile 1: (a) hindcast; (b) 
forecast; and Profile 3: (c) hindcast; (d) forecast, showing the shoreline measurements (black lines), the SPADS model 
(yellow lines and metrics), the ShoreFor Model (orange lines and metrics).
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was attributed to the coastline indentation and the associated variability in beach orientation and direction 
of incident wave attack (Burvingt et al., 2018; Masselink, Scott, et al., 2016). In this study, in addition to the 
Curnic jetty influence, the differences in the beach/dune response between profiles 1 and 2 (behaving simi-
larly) and Profile 3 may be attributed to the profile exposure to incoming waves. As can be seen in Figure 1b, 
local refraction and diffraction effects likely cause differences in the nearshore wave field, which may also 
explain the more evident annual volume changes observed at Profile 3 (Figure 6).

4.2. Implications for Shoreline Modeling

In macro-tidal environments, the wave conditions, hydrodynamic processes, and duration of exposure to 
these conditions depend on the elevation in the intertidal zone (Masselink & Short,  1993). Equilibrium 
models have been tested previously at macro and meso-tidal beaches displaying different behavior across 
the intertidal zone (Castelle et al., 2014; Lemos et al., 2018). Sediment eroded from the upper intertidal zone 
is expected to be transported to the lower intertidal zone, much like the redistribution of sediment along 
the full profile of micro-tidal beaches (e.g., Winant et al., 1975; Yates et al., 2009). This study shows that 
when shoreline oscillations are analyzed in terms of their dominant time-scales, temporal oscillations in the 
upper (Figure 8a) and lower (Figure 8c) part of the beach are observed to be out of phase for Profile 1. This 
is in agreement with the predominant steepening/flattening processes observed for this profile. This was 
not as evident at intra-annual time-scales for Profile 3. Waves at Vougot Beach are characterized by a strong 
seasonal-annual signal (Figures  2g and  2h). Nonetheless, previous studies at Vougot Beach have found 
that there is no correlation between wave conditions and beach volume changes (Dodet et al., 2019). The 
authors argued that the beach–dune system continually lost sediment, independent of the wave conditions, 
due to the construction of the Curnic jetty preventing the sediment fluxes coming from the east (Suanez 
et al., 2010). Therefore, the long-term trend of chronic erosion is not directly related to wave forcing, but to 
sediment scarcity, and the longshore current dynamics. However, in the short term, a significant cross-cor-
relation was observed between beach volume changes and extreme water levels (Suanez et al., 2015). How-
ever, Figure 6c shows that volume changes along Profile 3 display a strong annual cycle, and even profiles 1 
and 2 also display a strong annual cycle after the highly energetic 2013/2014 winter. The analysis presented 
here also allowed identifying the different time-scales of shoreline changes and the drivers that dominate 
the observed changes, showing that the annual scale has an important role in explaining changes at certain 
cross-shore elevations (Figure 8). This could explain why the ShoreFor model had a better performance in 
the profiles where the annual scale was important.

Observations of large sediment exchanges between the beach and the dune showed that dune contributions 
play an important role in shoreline evolution. In particular, most beach-only shoreline change models pre-
dict shoreline retreat during large storm events, while the opposite may be true if dune erosion contributes 
sediment to the beach, causing shoreline advance. The developed method showed that some of the oscilla-
tions with higher explained variance than the annual time-scale were related to dune morphodynamics and 
accounted for both the erosion events and the subsequent dune recovery phase (T ∼ 3,400 days), which was 
associated with a period when no extreme storms and water levels occurred, allowing the upper beach and 
dune to recover. We notice that the oscillations at this time-scale are entirely dependent on the occurrence 
of major storms and likely vary for different sites based on the overall wave and/or atmospheric climate. 
This highlights the importance of linking dune and beach interactions to improve shoreline predictions. 
The relevance of this time-scale was different among the different profiles and contour elevations, in par-
ticular having a more important role along the upper part of the beach. Although the proposed modeling 
approach does not directly consider dune processes, it is able to reproduce shoreline changes related to dune 
sediment contributions. The model makes use of the SLP field and gradients, which contain information 
about the mean sea level fluctuations and large atmospheric patterns (Montaño et al., 2021; Camus, Me-
nendez, Mendez, Izaguirre, et al., 2004; Camus, Menéndez, Méndez, Losada, et al., 2004) such as the North 
Atlantic Oscillation index, which have been related to dune erosion/accretion events at Vougot (Suanez 
et al., 2015) and the West Europe Pressure Anomaly (Castelle et al., 2017) which have been found to control 
beach evolution in the latitudes of Brittany and southern England (Dodet et al., 2019; Scott et al., 2020). 
Therefore, including SPL fields and their gradient as drivers in the model becomes a surrogate for processes 
that cause dune erosion.
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The majority of shoreline change models (excluding detailed process-based models such as XBeach) are 
not able to take into account the beach/dune sediment exchanges. For example, the ShoreFor model does 
not account for these interactions, so the observed poor skill on beach where interactions with dunes are 
important is not surprising. Interestingly, ShoreFor demonstrates better performance during the forecast 
period than when the whole dataset was used for calibration for Profile 1 (Figure 8b, bottom panel). The 
reduced skill during the hindcast is likely due to the shoreline being characterized by an E.V that is distrib-
uted similarly among the different IMFs (Figure 8c). Overall, ShoreFor tries to optimize a single parameter 
to account for all time-scales (and their interactions), whereas the newly proposed approach treats each 
time-scale separately and is hence able to reproduce better different physical processes acting on shorter 
and longer time-scales.

A variety of models have been proposed to predict dune and beach evolution, but only a limited number 
of them predict the effects of beach and dune interactions on multiple time-scales (Antolínez et al., 2019; 
Hanson et al., 2010; Larson et al., 2016; Palalane et al., 2016). One of the limitations of these models is that 
they are based on assuming a schematized profile shape, usually with a fixed berm, neglecting seasonal 
changes. In addition, in some of these models, sediments transported to the beach from dune erosion are 
redistributed throughout the whole profile instantaneously, neglecting lags in the distribution to the lower 
parts of the shoreface profile (Antolínez et al., 2019; Suanez et al., 2012). The analysis presented here indi-
cates that the shoreline response due to sediment contributions from dunes is strongly dependent on the 
contour elevation (Figure 8), a feature that numerical models will need to address.

Another complication for modeling dune-beach interactions is that different drivers control both the spa-
tial extent and temporal response of the beach (Morton et al., 1994; Phillips et al., 2019). The upper part 
of the beach is mainly controlled by wave action and the antecedent morphology (Davidson et al., 2013; 
Yates et al., 2009) while dune erosion has been found to be the combined result of wave action and TWLs 
(Kriebel & Dean, 1985; Larson et al., 2004; Vellinga, 1982). Furthermore, patterns of berm crest formation 
and vertical growth were found to be primarily governed by neap-spring tide variations in TWLs (Phillips 
et al., 2019). The current model suggests that the sediment contribution to shoreline changes due to dune 
erosion events (e.g., T ∼ 3,400 days), which accounts for the 28% and 38% of the E.V in the upper part of the 
intertidal zone for profiles 1 and 3, are indirectly taken into account.

5. Conclusions
Almost 15 years of intertidal beach/dune profile measurements at Vougot Beach were analyzed to study the 
influence of the dune system on shoreline changes and the implications for shoreline modeling and predic-
tion. Three different cross-shore profiles that display long-term erosion were first analyzed using a centroid 
analysis. The separation between the three identified clusters in the quadrant IV direction as a result of 
retreat was more evident for Profile 3. The centroid analysis also identified differences in the beach response 
for the upper and lower parts of the beach, showing long-term steepening trends (in the direction of quad-
rant I). Nonetheless, two large dune erosion events had significant impacts on each profile (migration from 
one cluster to the other) by flattening the beach, temporarily slowing down the retreat.

The CEEMD analysis allowed identifying the main time-scales of the observed shoreline changes, showing 
that a large percentage of the explained variance along the upper intertidal beach was related to time-scales 
associated with the two large dune erosion events and the subsequent recovery phases. In contrast, the low-
er part of the beach was dominated by a long-term erosion trend. For the profile least influenced by the jetty 
(Profile 3) the annual scale contributed significantly to the shoreline explained variance. However, the other 
two profiles (profiles 1 and 2) also showed an increase in the importance of the annual cycle signal after the 
2013/2014 stormy winter, showing the importance of models that are able to capture the non-stationarity 
of shoreline evolution processes. These findings provide useful insight to understand that in addition to the 
expected seasonal-annual shoreline changes caused by incident wave variability or long-term changes as-
sociated with longshore sediment transport, other time-scales of changes may co-exist and have significant 
impacts on shoreline changes. As a result, this modeling approach was able to reproduce well shoreline 
changes at Vougot Beach, including interactions with the dunes, where traditional equilibrium models have 
displayed poor skill. By taking into account the dune-beach interaction, the model is able to reproduce the 
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time-scales related to the erosion and recovery of the dunes with a commensurate adjustment (e.g., rotation 
or translation) in the beach profile. The dune-beach interaction is critical for understanding the behavior 
of the beach system and the impact of the dunes on the shoreline position. We therefore contend that cap-
turing the dominant time-scales in the forcing events and subsequent responses and mapping these using 
a centroid analysis provide sufficient insight to enable the observed changes to be satisfactorily explained. 
Overall, this methodology helps to improve understanding of beach-dune interactions, and even more gen-
erally, prediction horizons at beaches where a variety of processes operate, and traditional approaches fail.

Data Availability Statement
Vougot profile data are available via the INDIGEO WEB platform (https://commons.datacite.org/doi.
org/10.35110/c120a3fe-9341-4bb3-b58b-1be6ba1deb99). Suanez, Blaise, Cancouët, et  al.  (2016). Données 
pluri-décennales de suivi de profils de la plage/dune du Vougot à Guissény (Finistère, France). Roscoff tide 
gauge records are available at REFMAR-data-SHOM (http://refmar.shom.fr/fr/donnees-refmar-sur-data.
shom.fr/acces-aux-donnees). Wave information used in this analysis can be obtained from HOMERE data-
base (http://doi.org/10.12770/cf47e08d-1455-4254-955e-d66225c9dc90).
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