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Key Points: 9 

• Initial morphology governs the eroded volume and controls the final berm width for 10 

moderate events and dune retreat for energetic events.  11 

• Storm duration has a limited effect on berm erosion but it can determine the occurrence 12 

of dune breaching for very energetic events. 13 

• Early warning systems must consider the variability of the initial beach morphology and 14 

storm duration for more reliable predictions. 15 
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Abstract 18 

Early warning systems (EWSs) for coastal erosion are highly cost-effective instruments for 19 

disaster risk reduction. Among other aspects, an adequate pre-storm beach morphology and the 20 

storm characteristic definition are relevant in determining EWSs prediction reliability. Here, 21 

XBeach simulations were used to investigate the beach-dune response to different storm events 22 

with varying duration and pre-storm morphologies. Severity was defined using wave height 23 

return periods (from 5 to 50 years) and duration variability was established by confidence 24 

intervals after an adjustment with wave height. Beach morphology variability included different 25 

berm morphologies, including erosional and accretional conditions. Three erosion indicators 26 

were used: remaining berm width, dune retreat, and eroded volume. Regarding the pre-storm 27 

morphology variability: i) pre-storm conditions highly determined the final berm width for the 5- 28 

and 10-year events; ii) antecedent morphology affected dune retreat variability mostly for the 50-29 

year events, and; iii) eroded volume depended on the pre-storm conditions, but the percentage of 30 

the eroded volume, relative to the initial conditions, was similar regardless of the morphology.  31 

Regarding the storm duration effect: i) this variable had a limited impact on the remaining berm 32 

width for the 5-year event; ii) storm duration influenced dune retreat mainly for the 50-year 33 

event, determining dune breaching occurrence, and; iii) eroded volume response to changes in 34 

duration was similar regardless of storm intensity, except for the 50-year event. According to the 35 

obtained results, the implementation of reliable EWSs for coastal erosion needs to assess the 36 

uncertainties related to initial/forcing conditions, namely pre-storm morphology and storm 37 

duration.   38 

Plain Language Summary 39 

Large sea storms generate high waves that can erode or remove sand from the coast, damaging 40 

recreational infrastructures and even building foundations. Under these dramatic situations, early 41 

warning systems (EWSs) are helpful instruments to alert communities about the risks of the 42 

incoming storms. EWSs normally use computational models to calculate sand removal based on 43 

the shape of the beach before the arrival of the storm (so-called pre-storm profile) and storm 44 

characteristics. The pre-storm profile is not fixed but evolves along the year as the response to 45 

the incoming waves. However, updated measurements of the pre-storm profile are not always 46 

available. Regarding the storm characteristics affecting coastal erosion, we investigated the 47 

importance of the period of time in which high waves are reaching the beach (so-called storm 48 

duration). The computational model results display that the pre-storm profile used by this model 49 

must be close to reality to obtain reliable predictions of the beach and dune erosion. While less 50 

impactful to produce accurate beach and dune change predictions, storm duration should be also 51 

considered in the model. This research highlights the importance of knowing the pre-storm 52 

profile and storm duration to develop EWSs providing reliable predictions to reduce damages in 53 

coastal communities. 54 

1 Introduction 55 

Many coastal zones are heavily populated and host highly relevant socioeconomic activities (e.g. 56 

recreation and tourism). Among the different coastline typologies, sandy beaches and dunes 57 

occupy 30% of the global coastline (Luijendijk et al., 2018). These features represent the 58 

interface between land and ocean and protect many coastal communities against flooding and 59 

erosion. However, an important portion of these sandy environments is currently suffering from 60 



 

 

long-term structural erosion or landward shoreline migration (Mentaschi et al., 2018). On a 61 

shorter temporal scale, beaches can be subject to the impact of severe coastal storms inducing 62 

catastrophic morphological changes, exacerbated if the sediment budget is limited, and 63 

consequently, compromising the protected urbanized areas. Some examples of the recent storms 64 

causing devastating erosive episodes are Hurricane Sandy 2012 (Smallegan et al., 2016), Storm 65 

Hercules 2014 (Castelle et al., 2015), Storm June 2016 (Harley et al., 2017), Storm Emma 2018 66 

(Ferreira et al., 2019), or Storm Gloria 2020 (Amores et al., 2020). Moreover, beach erosion will 67 

be enhanced in a climate change scenario, with rising sea levels and changes in storminess 68 

(Ranasinghe, 2016; Vousdoukas et al., 2020). 69 

Under this threat, the implementation of effective disaster risk reduction (DRR) plans is vital for 70 

minimizing damages in occupied areas (Lavell et al., 2012).  A key aspect in the effectiveness of 71 

the DRR measures is community preparedness allowing, for example, timely site evacuation or 72 

effective intervention prior to the approaching storm. In this regard, early warning systems 73 

(EWSs) play an important role by combining timely and accurate hazard predictions with the 74 

associated risk levels for specific coastal receptors (Harley et al., 2016a; Lavell et al., 2012).  75 

The successful implementation of EWSs is one of the most cost-effective and efficient measures 76 

for disaster risk reduction and the saving of lives (Ciavola et al., 2014). However, these systems 77 

do not form part of many integrated strategies for coastal risk reduction, and specifically warning 78 

systems dealing with storm-induced erosion hazards.   79 

Two types of modeling approaches have been implemented in operational and early warning 80 

systems to predict beach-dune profile changes: descriptive conceptual models (e.g. Sallenger, 81 

2000) and process-based models (e.g. Roelvink et al., 2009) - authors are not aware of the 82 

integration of the equilibrium profile theory-based models such as the convolution model 83 

developed by Kriebel & Dean (1993) in EWSs. For instance, the ‘Total Water Level and Coastal 84 

Change Forecast Viewer’ managed by the US Geological Survey, predicts the timing and 85 

magnitude of water levels at the shoreline and the potential impacts to coastal dunes. The 86 

empirical wave runup parameterization given by Stockdon et al. (2006) provides inputs for the 87 

storm impact scale model proposed by Sallenger (2000), which determines the coastal response. 88 

This efficient forecast system covers coastal regions from the entire US East Coast and certain 89 

areas of the Gulf of Mexico. A similar approach was implemented in an EWS developed in the 90 

French Aquitaine Coast resulting in general information of the most exposed coastal sectors at 91 

the regional scale and impact intensity at a smaller scale (Lerma et al., 2018). While this is a 92 

rapid and simple method of determining the likely effects of storms on dune systems, if a more 93 

accurate and detailed-scale prediction of the storm impacts is required, more complex models 94 

and coastal information should be considered.  95 

Regarding the process-based modeling approach for the development of an EWS, a few studies 96 

are found in the literature (Barnard et al., 2014; Harley et al., 2016a; Plomaritis et al., 2018; 97 

Poelhekke et al., 2016; Seok & Suh, 2018; Valchev et al., 2014, 2016; Vousdoukas et al., 98 

2012b). In all these systems, the coastal erosion component is operated by XBeach, a depth-99 

averaged (2DH) morphodynamical model solving cross-shore and alongshore equations for wave 100 

propagation, flow, sediment transport, and bed-level changes (Roelvink et al., 2009). Infragravity 101 

wave motions and the related wave bore eroding the dune face during storm events are simulated 102 

as well (Roelvink et al., 2009). This process-based model is more flexible, robust, and complex 103 

than conceptual models; however, it necessitates more data for model setup, must be calibrated, 104 

and is widely more time-consuming. The latter aspect might represent a major limitation for 105 



 

 

operational systems as the computational time of the online simulations is limited to the short 106 

period between the release of successive meteo-marine forecasts (Poelhekke et al., 2016). In 107 

order to overcome this limitation, some of the previously mentioned EWSs are based on a system 108 

trained with pre-computed or offline process-based model simulations (e.g. Poelhekke et al., 109 

2016). The main advantage of these systems is that the computational time is not limited within 110 

that short period and still preserves the capabilities and robustness of a process-based model. 111 

Then, for forecast purposes, the offline simulations-based EWSs can be conditioned with wave-112 

surge operational systems to predict instantaneously coastal storm impacts. 113 

These characteristics make this approach suitable for a real-time prediction system (Van 114 

Dongeren et al., 2014). Nevertheless, the pre-computed or offline simulation procedure has some 115 

limitations. Firstly, for operational purposes, the fundamental variables describing a storm event 116 

must be known beforehand to condition the offline simulations-based EWS. While storm 117 

duration can span from few hours to more than one week (Arnoux et al., 2021; Castelle et al., 118 

2015; Ferreira et al., 2019; Mendoza et al., 2011), depending on the synoptic history of the 119 

storm, many oceanographic prediction systems that can be used to condition those EWSs only 120 

deliver forecasts for 72 hours. Hence, the prediction systems might capture the peak of the storm, 121 

but the duration of some severe storms might not be available, increasing the uncertainty of the 122 

predicted erosion. In fact, as Kriebel & Dean (1993) demonstrated with their time-dependent 123 

beach profile model, shorter storms having the same wave height peak result in less beach 124 

erosion. In line with that study, several authors (Beuzen et al., 2019; Callaghan et al., 2008; 125 

Poelhekke et al., 2016; Santos et al., 2019; Sanuy et al., 2018) included storm duration among 126 

the variables when creating the training dataset for estimating coastal erosion. Secondly, pre-127 

computed simulations cannot incorporate changes in the topography/bathymetry profile (only by 128 

adding new training data). While this limitation would only apply to the offline approach, in 129 

reality, most of the online operational simulations are performed by using a static initial topo-130 

bathymetry due to the difficulties and costs of continuously updating sea bottom information 131 

(Harley et al., 2016a) and the subsequent integration of this information into the models. The 132 

pre-storm or antecedent profile can also determine the response of a beach-dune system to 133 

coastal storms (Beuzen et al., 2019; Crapoulet et al., 2017; Splinter et al., 2018), and 134 

consequently, damages in developed areas. Ferreira et al. (2019) demonstrated that a wide berm 135 

contributed to minimizing erosion-induced risks for a severe storm in a barrier island system. 136 

Moreover, differences in the modeled initial profile can be relevant when the beach is impacted 137 

by a storm clustering and full recovery is not possible within the storm sequence. 138 

In this study, the relevance of these two limitations of the EWSs (previously unknown storm 139 

duration and static initial beach morphology) will be investigated. The variability of the coastal 140 

erosion induced by different storm durations will be quantified along with the system response 141 

sensitivity to the pre-storm beach morphology. This research aims to evaluate the coastal erosion 142 

uncertainty related to these variables, and ultimately, contributing to building more reliable 143 

EWSs. To achieve this objective, a new methodology will be developed that will enable the 144 

assessment of the importance of different variables in an EWS. The numerical experiments were 145 

designed based on hydrodynamic data and topo-bathymetry information collected in Praia de 146 

Faro, southern coast of Portugal (Figure 1 a), selected as a demonstration site for this study.   147 



 

 

2 Materials and Methods 148 

2.1 Study area 149 

This numerical study was conducted in Praia de Faro, an open sandy beach located in the Ancão 150 

Peninsula (Figure 1 b-c), in the western flank of the Ria Formosa barrier island system. The area 151 

presents a steep and narrow beach-face with a single or double berm, depending on the storm 152 

intensity and recovery conditions, that range from 15 m to 40 m ( Ferreira et al., 2016; Martins et 153 

al., 1996). The depth of closure is approximately 10 m below mean sea level MSL (Almeida et 154 

al., 2011b). The urbanized area is protected with buried rocks/walls or a natural beach/dune 155 

system. This dune varies alongshore with higher volume and elevation at the western and eastern 156 

sectors of Praia de Faro, while at the central part, the dune is lower and more fragmented. 157 

Sediments are medium to very coarse sand with d50~0.5 mm (Vousdoukas et al., 2012b). 158 

Astronomical tides are semi-diurnal, with an average range of 2.8 m during spring tides and 1.3 159 

m for neap tides, while the storm surge levels are relatively low (< 1 m) (Almeida et al., 2012). 160 

Therefore, tide conditions are more important in influencing the maximum water level than the 161 

surge itself (Fortunato et al., 2016). The wave climate has an average annual offshore significant 162 

wave height (Hs) of 0.92 m, with the 70% of the waves traveling from W–SW (71%) and the 163 

23% from E–SE (Costa et al., 2001). Due to the cuspate shape of the Ria Formosa, the site is 164 

exposed to the W–SW dominant conditions, whereas it is relatively protected from E–SE 165 

conditions.  166 

 167 
Figure 1. Location map. a) The Iberian Peninsula with the red polygon highlighting 168 

the southern coast of Portugal. b) The location of the Ancão Peninsula (red 169 

polygon). c) Demonstration site: Praia de Faro. The polygon highlights the location 170 

where the topographical measurements described in section 2.3 were taken.     171 

2.2 Synthetic events at Praia de Faro 172 

The sensibility of the beach-dune system response to storm duration and the pre-storm beach 173 

morphology was investigated by quantifying the erosion caused by storms with different wave 174 

height return periods TR (<1, 5, 10, 25, and 50 years). The expression presented in Pires (1998) 175 

for SW events was used to compute the wave height associated with those return periods (Table 176 

1). The rest of the variables defining the storm such as peak period (Tp), storm duration, and 177 

storm surge were estimated by using deterministic formulations derived from data collected in 178 

the Faro Buoy, placed at 93 m depth near Praia de Faro, and a 60-km distant tidal gage (Huelva, 179 



 

 

Spain). Previous studies have stated the dependence between wave height and those variables for 180 

this coastal area (Almeida et al., 2012; Poelhekke et al., 2016; Rodrigues et al., 2012). The data 181 

used to build the expression relating wave height and peak period were collected between 1993 182 

and 2019 and includes only W-SW storm events (Hs > 2.5m, according to Almeida et al. 2012) 183 

with at least 3 h of duration. Thus, wave height, and the associated peak period data, were 184 

clustered in 0.5 m wave height bins. Subsequently, the mode of the values of Hs and Tp within 185 

each bin was calculated. Following previous works that found an exponential relation between 186 

Hs and Tp (Mangor et al., 2017), a power expression as a function of the wave height was 187 

adjusted to the mode data (Figure 2). 188 

 189 

Figure 2. Relationship between Hs and Tp for W-SW storm waves (grey circles) and the 190 

statistical skills of the fit (red line) to the mode data (black circles): root-mean-square-error 191 

and R-square. 192 

Regarding the estimation of storm duration, Poelhekke et al. (2016) fitted marginal distributions 193 

of observations measured at the Faro Buoy, and in combination with copulas describing the Hs-194 

duration pair, generated multiple synthetic pairs of these variables. Copulas are mathematical 195 

tools that can be used to construct distributions while preserving the natural variability of the 196 

observations (Poelhekke et al., 2016). Following this approach, one hundred synthetic pairs of 197 

Hs-duration were generated. The data revealed a strong correlation between these two variables 198 

(R2 = 0.81) and a p-value lower than 0.05 denoting a statistical significance (Figure 3). This 199 

correlation allowed to obtain a linear relationship that described the storm duration as a function 200 

of the wave height. Also, to cover the possible range of storm durations for each specific wave 201 

height, the 95% confidence bands were estimated (Figure 3). Thus, for each return period and 202 

associated wave height, three storm durations were considered: low (duration 1) and high 203 

(duration 3) corresponding to the respective confidence boundaries, and the intermediate 204 

(duration 2) from the adjusted fit expression (Table 1). 205 

Total water levels were computed as the combination of astronomical tide and storm surges. For 206 

the former, typical spring tide time-series extracted from Plomaritis et al. (2018) were selected 207 

while for the latter, the relationship between Hs and surge established by Rodrigues et al. (2012) 208 

was used. Peak periods, significant wave heights, and surges are subject to evolution over the 209 

course of an event. This unknown evolution in the synthetic events was schematized by a linear 210 

increase, until reaching the peak of the storm at half of the storm duration, with the subsequent 211 

symmetric decrease of the wave height and the corresponding surge level (Santos et al., 2019). 212 



 

 

This is called triangular shape simplification (Duo et al., 2020). The peak period evolution was 213 

computed by assuming constant wave steepness (Plomaritis et al., 2018; Poelhekke et al., 2016). 214 

A summary of the main variables representing each storm event is displayed in Table 1.  215 

216 

Figure 3. One hundred synthetic events created by the methodology developed in 217 

Poelhekke et al. (2016). The solid line represents the linear adjustment between wave 218 

height and storm duration and the dashed lines the 95% confidence bounds.  219 

Table 1. Modeled events characteristics 220 

 Return Period (year) 

 < 1 5 10 25 50 

Max Hs (m) 3 5.7 6.4 7.4 8.1 

Max Tp (s) 9 11.63 12.18 12.91 13.39 

Mean direction (deg) 232 232 232 232 232 

Max Surge (m) 0.16 0.46 0.54 0.65 0.72 

Tide* Spring tide  Spring tide  Spring tide  Spring tide  Spring tide  

Duration 1/2/3 (hour) -/3/27 50/81/112 68/102/135 95/130/166 113/151/188 

*Tide level #3 at Plomaritis et al., 2018. Maximum tidal range 2.42m  

2.3 One-dimensional profile definition 221 

Beach topography and bathymetry, oceanic conditions, and sediment sampling have been 222 

collected since the 1990s in the study site. Thus, previous authors have classified the site based 223 

on the conceptual model of Masselink & Short (1993) as reflective to intermediate (e.g. Almeida, 224 

2007; Ferreira et al., 1997; Haerens, 2009). The beach state at Praia de Faro is highly dependent 225 

on the tidal cycle; at high tide, when the beach face is attacked by the waves, the beach is 226 

reflective, and during low tide, the beach usually exhibits an intermediate state (Ferreira et al., 227 

1997; Haerens, 2009; Martins et al., 1996). The dominant beach morphologies are mainly Low 228 

Tide Terrace + Rip (LTT) and Longshore Bar Trough (LBT), as defined by Masselink & Short 229 

(1993) associated with changes in the energy conditions (Almeida, 2007; Ferreira et al., 1997; 230 

Haerens, 2009; Martins et al., 1996). The LTT profile is the predominant profile but the type of 231 



 

 

the profile depends on the combination of the pre- and post-storm wave conditions, the profile 232 

status, and the seasonal variation in the wave climate (Martins et al., 1996). The longshore 233 

submerged bar is built under high-energy conditions. Then, under less energetic wave conditions, 234 

sediment from the bar is landward transported building a berm or a terrace (Almeida et al., 235 

2011b). If the wave energy is very low, the bar-trough system stays in position, limiting the 236 

recovery of the berm or terrace as observed by Almeida (2007) and Haerens (2009). Therefore, 237 

sediment lost from the beach face is gained by the sub-tidal terrace, and vice-versa, depending on 238 

wave energy (Almeida et al., 2011b). Both the LTT and the LBT features are situated below -1m 239 

MSL (Haerens, 2009). 240 

The emerged profile at the site is characterized by the presence of well-developed beach cusps 241 

which induce some variability to the beach profile (Balouin et al., 2000; Vousdoukas, 2012a). 242 

The beach recovery response is very active after high energy events, with the rapid creation of 243 

berms or the widening of the existing ones (Malvarez et al., 2021; Sá-Pires et al., 2006). The 244 

average beach face slope (tan β) observed by various authors varies between 0.11 (Ferreira et al., 245 

1998) and 0.14 (Ciavola et al., 1997). Moreover, differences in beach face slope between seasons 246 

are less than 0.08 (Haerens, 2009). The slope of the low terrace can range from 0.06 (Martins et 247 

al., 1997) to 0.03 (Almeida, 2007). The latter work found that the slope of the longshore bar 248 

trough is about 0.02. Also, pre- and post-storm profiles tend to rotate around a point situated 249 

between +0.5m MSL and -0.5m MSL (Anfuso & Ruiz, 2004; Sá-Pires et al., 2006). Some 250 

portions of the dune line can remain stable at least for events of a 15-year return period (Ferreira 251 

et al., 2019; Garzon et al., 2021a).  252 

To model the system response sensibility to beach morphology, different profiles were designed 253 

exhibiting the main features described above. That was further supported by the information 254 

collected during a monitoring period between 2018 and 2019 that evidences the historically 255 

observed natural beach variability of this site (Figure 4). Post-storm conditions (March 2018) 256 

were not considered to define the initial (pre-storm) profiles. Details on the monitoring program 257 

can be found at Ferreira et al. (2019), Garzon et al. (2020), and Malvarez et al. (2021). 258 

 259 

Figure 4. Example of topographical measurements referred to MSL, conducted in 260 

Praia de Faro between February 2018 and December 2019. 261 

Four profiles illustrating different emerged beach morphologies were implemented in the 262 

numerical model: full high berm, eroded high berm, full low berm, and eroded low berm (Table 263 



 

 

2; Figure 5). The submerged part of the profiles was characterized by alongshore bar and a 264 

trough (LBT) as reported in the literature and also observed in the 2018 bathymetric survey 265 

conducted within the COSMO program (PROGRAMA COSMO, n.d.). Additionally, two other 266 

profiles were evaluated, whose emerged parts represented a full high and low high berm profile, 267 

and the submerged part corresponded to a Low Tide Terrace (Figure 5).  268 

Table 2. Sand volume (m3/m) measured between 3680 m (MSL) and 3740 m (dune), beach 269 

face slope, dune toe elevation (m), and berm characteristics (m). 270 

 Full high berm Eroded high berm Full low berm Eroded low berm 

Subaerial volume 223.3 190.0 197.8 182.9 

Beach face slope 0.16 0.12 0.12 0.11 

Dune toe elevation 5.0 5.0 4.5 4.5 

Berm width 20 10 16 12 

Berm edge height 4.4 4.7 3.6 3.6 

 271 

Figure 5. Morphology of the simulated profiles. 272 



 

 

2.4 Numerical model framework validation 273 

A multi-model framework, SWAN (Booij et al., 1999) coupled with XBeach (surfbeat), was 274 

used to propagate the wave conditions from offshore to the shore and simulate morphological 275 

changes in the beach and dune system (see Garzon et al. [2021b] for details). The 1D XBeach 276 

grid had a variable cross-shore resolution with a minimum node spacing of 2 m in the surfzone 277 

and emerged profile. Model parameters largely impacting the erosion of the steep profiles such 278 

as ‘facua’, and ‘wetslope’ (Cho et al., 2019; Garzon et al., 2021b; Simmons et al., 2019; 279 

Vousdoukas et al., 2012b) were set to 0.15 and 0.45 respectively. Moreover ‘bermslope’ was 280 

activated and set to 0.12. This is a numerical artifact that creates an onshore sediment transport 281 

suitable to simulate erosion in intermediate and reflective sandy beaches (Garzon et al., 2021b; 282 

Roelvink et al., 2019). These three parameters were used to calibrate a similar model for the 283 

study area in Garzon et al. (2021b). The breaker index, ‘gamma’ (Roelvink et al., 2009) was set 284 

to 0.545. This multi-model approach was validated for the erosion caused by storm Emma 285 

(Ferreira et al., 2019) as pre- and post-storm profile measurements were available (Figure 6). The 286 

evaluation metrics namely, Brier Skill Score (BSS), root-mean-square-error (RMSE), and bias 287 

were 0.96, 0.21, and -0.03 respectively, indicating an excellent model performance.  288 

 289 

Figure 6. Initial, measured and simulated profiles used for model validation. 290 

2.5 Erosion indicators 291 

Three erosion indicators that are relevant for coastal erosion warning systems, in line with those 292 

presented by Ferreira et al. (2017), were included in the analysis: 1) eroded volume of the 293 

subaerial region, in absolute and relative terms, computed from MSL (3680 m from origin) to the 294 

backside of the dune system (3740 m); 2) dune retreat, estimated as the horizontal profile retreat 295 

at the elevation of the dune toe (pre-storm conditions), and 3) remaining berm, measured as the 296 

distance between the post-storm berm edge and the dune toe. The sensibility of these indicators 297 

to changes in storm duration and the natural variability of the pre-storm morphology was 298 

investigated. In addition, using the maximum modeled water levels, for the different tested return 299 

periods, and the initial dune/beach morphology, the mechanisms governing dune and berm 300 

evolution were analyzed by applying the storm impact regime developed by Sallenger (2000).  301 

3 Results 302 



 

 

3.1 Sensitivity to beach morphology 303 

The sensitivity to the pre-storm beach morphologies (Figure 5) was evaluated by analyzing the 304 

post-storm profiles simulated using events with duration 2 (see Table 1). For the 5-year event, a 305 

2 m-scarp defining a clear berm was created in those profiles displaying a high berm (Figure 7). 306 

Also, the post-storm berm remained wider for the case of the full high berm profiles (LBT) as 307 

displayed in Figure 7 and LTT profiles (Table 3). Conversely, the berm was fully depleted after 308 

this event on the profiles exhibiting lower berm height (Table 3). For the 10-year event, only the 309 

full high berm profiles (LBT and LTT) maintained a short berm after the storm (Figure 7 and 310 

Table 3). In the eroded high berm profile, the berm was fully depleted after the event, but the 311 

erosion did not reach the dune. On the contrary, dune retreat (1-2 m) was observed in the low 312 

berm profiles, with a slightly higher retreat in the weakest profile (eroded low berm) as displayed 313 

in Figure 7 and Table 3.  314 

For the 25-year event, the berm was completely depleted after the storm for all beach 315 

morphologies. Also, the post-storm dune position was very similar for all profiles. The modeled 316 

dune retreat was approximately 4 m in the full high berm profiles (LBT and LTT), while in the 317 

rest of the profiles the retreat reached 7 m (Figure 7 and Table 3). For the 50-year event, the dune 318 

was severely eroded, but it was not completed dismantled for any of the morphologies. The dune 319 

retreat ranged between 7 and 12 m, with the more robust profiles revealing the lowest retreat.  320 

Moreover, no differences were found between the post-storm full low berm and eroded high 321 

berm profiles for this event (Figure 7 and Table 3). The effect of the submerged morphology in 322 

the berm and dune erosion was not relevant and it can be observed that the LTT and LBT 323 

profiles resulted in a similar post-storm profile (Table 3 and Figure A1).  324 



 

 

 325 
Figure 7. Simulated maximum water level (light blue line), pre-and post-storm LBT 326 

profiles (black and colored respectively) for the different events with duration 2. 327 

Profiles without a further designation represent LBT morphology. 328 

For the 5 and 10-year events (duration 2), the morphology of the high berm profiles reduced the 329 

maximum elevation reached by the sea surface, and the storm impact regime was swash and 330 

consequently, the dune was not impacted. (Figure 7 and Table 3). Conversely, the flow 331 

propagated further landward in the low berm profiles and the maximum water elevation 332 

exceeded the dune toe height (collision regime) during these events (Figure 7). This caused a full 333 

depletion of the berm (Figure 7 and Table 3). Thus, different storm impact regimes (swash and 334 

collision) were observed depending on the berm elevation for these events, but the collision 335 

regime did not necessarily induce always dune retreat (e.g. 5-year event for full and eroded low 336 

berm LBT profiles). For the 25-year and 50-year events, the maximum water levels vastly 337 

exceeded the dune toe elevation (collision regime) in all beach morphologies causing dune 338 

retreat in all of those profiles (Figure 7 and Table 3). A similar regime (collision) was modeled 339 

for all profiles under these events, but not discriminating the severity of the dune retreat.  340 

Differences in the absolute eroded sediment (above MSL) were observed as a function of the 341 

pre-storm morphology (Table 3). However, the percentage of eroded material was similar for 342 

most profiles/conditions, regardless of the initial morphological conditions. For instance, for the 343 

10-year event and duration 2, the sediment eroded was 61.9, 56.0, 52.1 and 51.7 m3/m for the full 344 

high berm, full low berm, eroded high berm, and eroded low berm profiles (LBT) respectively 345 



 

 

(Table 3), corresponding to 27-28% of the pre-storm volume for all the beach morphologies 346 

(Figure 8). In the case of the 25-year event and duration 2, all beach profiles lost 38-40% of the 347 

beach volume above MSL. The most relevant differences were observed in the 50-year event 348 

with duration 3, as in some of the profiles the dune was dismantled while in others the back of 349 

the dune withstood the storm impact (Figure 8).   350 

Table 3. Change on the erosion indicators for the different tested storm conditions 351 

and beach morphologies. Values for simulations with duration 1/duration 352 

2/duration 3, respectively, and the corresponding Sallenger’s regime. 353 

 Return Period <1-year 

 Sand volume eroded 
(m3/m) 

Remaining berm (m) Dune retreat 
(m) 

Regime 

Full high berm LBT   -  /2.9/12.6  20/20/20 0/0/0 Swash 

Eroded high berm LBT -  /0.7/9.4  10/10/10 0/0/0 Swash 

Full low berm LBT   -  /1.7/10.7  16/16/16 0/0/0 Swash 

Eroded low berm LBT -  /0.7/9.4  12/12/12 0/0/0 Swash 

Full high berm LTT -  /2.7/11.6 20/20/20 0/0/0 Swash 

Full low berm LTT -  /1.6/10.0  16/16/16 0/0/0 Swash 

 
Return Period 5-years 

 Sand volume eroded 
(m3/m) 

Remaining berm (m) Dune retreat (m) Regime 

Full high berm LBT 36.5/49.1/61.5 12/10/8 0/0/0 Swash 

Eroded high berm LBT 28.3/41.2/53.4 6/6/2 0/0/0 Swash 

Full low berm LBT 33.3/46.2/ 57.7 Depleted 0/0/1 Collision 

Eroded low berm LBT 29.0/42.1 53.6 Depleted 0/0/1 Collision 

Full high berm LTT 34.3/44.5/56.1  10/10/8 0/0/0 Swash 

Full low berm LTT 31.0/41.7/52.4 Depleted 0/0/0 Collision 

 Return Period 10-years 

 Sand volume eroded 
(m3/m) 

Remaining berm (m) Dune retreat (m) Regime 

Full high berm LBT 48.7/61.9/72.5 4/4/4 0/0/0 Swash 

Eroded high berm LBT 39.1/52.1/63.2 2/Depleted/Depleted 0/0/1 Swash/Collision/Collision 

Full low berm LBT 43.0/56.0/67.0 Depleted 1/1/2 Collision 

Eroded low berm LBT 39.2/51.7/62.2 Depleted 2/2/3 Collision 

Full high berm LTT 46.1/57.1/67.0 2/2/2 0/0/0 Swash 

Full low berm LTT 40.1/50.9/60.5 Depleted 1/1/2 Collision 

 Return Period 25-years 

 Sand volume eroded 
(m3/m) 

Remaining berm Dune retreat (m) Regime 

Full high berm LBT 69.4/86.9/94.1 Depleted 3/4/5 Collision 

Eroded high berm LBT 57.7/75.6/83.3 Depleted 5/6/7 Collision 



 

 

Full low berm LBT 61.6/79.9/86.8 Depleted 5/7/7 Collision 

Eroded low berm LBT 56.4/74.6/82.2 Depleted 5/7/9 Collision 

Full high berm LTT 63.6/81.2/88.0  Depleted 2/4/4 Collision 

Full low berm LTT 56.7/74.0/80.3 Depleted 5/7/7 Collision 

 Return Period 50-years 

 Sand volume eroded 
(m3/m) 

Remaining berm Dune retreat (m) Regime 

Full high berm LBT 86.8/99.2/115.8 Depleted 6/7/10 Collision 

Eroded high berm LBT 76.4/86.5/116.6 Depleted 8/10/Depleted Collision/Collision/Overwash  

Full low berm LBT 80.4/90.5/120.9 Depleted 9/10/Depleted Collision/Collision/Overwash  

Eroded low berm LBT 75.2/85.2/120.4 Depleted 9/12/Depleted Collision/Collision/Overwash  

Full high berm LTT 84.0/93.6/110.6  Depleted 6/7/9 Collision 

Full low berm LTT 75.4/84.6/112.0 Depleted 9/9/Depleted Collision/Collision/Overwash  

 354 

Figure 8. Percentage of material eroded in respect to the pre-storm volume of the 355 

subaerial region. The upper panel represents the simulations considering duration 356 

1, the middle is for duration 2, and the lower is for duration 3. 357 

3.2 Sensitivity to storm duration 358 

The storm with the lowest return period did not erode the berm for any of the two durations 359 

assessed and for any of the simulated beach morphologies; however, higher sand volume was 360 

eroded with the storm lasting for 27 hours (duration 3) as shown in Table 3. For the 5-year event, 361 



 

 

differences in berm retreats resulting from the duration 1 and duration 3 simulations were only 362 

relevant in the high berm profiles (LBT), reaching up to 4 m (Table 3). In the low berm profiles, 363 

all storm durations assessed resulted in berm depletion (Table 3 and Figure 9).  The eroded sand 364 

volume was slightly more sensitive to storm duration in the LBT profiles, with eroded volume 365 

differences between duration 3 and duration 1 about 24-25 m3/m against 21-22 m3/m for the LTT 366 

profiles. For the 10-year event, both metrics, the remaining berm and dune retreat were barely 367 

sensitive to storm duration since simulations with duration 1 and duration 3 revealed similar 368 

behavior (Table 3 and Figure 9). Conversely, the eroded volume actively responded to changes 369 

in storm duration and differences were around 24-25 m3/m as well. For the 25-year event, the 370 

berm was depleted in all the morphologies for the three assessed durations. Regarding the dune 371 

erosion, retreat differences between the simulations with duration 1 and 3 were 2 m, except for 372 

the eroded low berm profile where those differences were 4 m (Table 3 and Figure 9). Similar to 373 

the other events, the eroded sand volume was very sensitive to storm duration and eroded volume 374 

differences between the storms with duration 1 and 3 were 24-25 m3/m. For the 50-year event, 375 

dune retreat was very sensitive to storm duration. In the eroded high berm, full low berm, and 376 

eroded low berm profiles, the storm with the longest duration (188 hours) caused dune 377 

dismantling while the others with duration 1 and 2 did not. Dune retreat sensitivity to storm 378 

duration at the full high berm profiles was 4 m (Table 3 and Figure 9). In those profiles where 379 

the dune was dismantled, eroded volume differences between duration 1 and 3 were more 380 

significant than in the other less energetic storm events.  When comparing the eroded volume 381 

sensitivity to storm duration in two highly distant profile morphologies (full high berm and 382 

eroded low berm), it can be concluded that the sensitivity to storm duration in both profiles is 383 

similar, regardless of the storm severity (except for TR = 50 years), as it is shown in Table 3. 384 

Moreover, the dune and berm retreat sensitivity to storm duration was not affected by the 385 

submerged morphology, and LBT and STT profiles exhibited a similar sensitivity range (Table 386 

3). For the eroded volume sensitivity, STT profiles obtained slightly lower differences in eroded 387 

volume (lower sensitivity) than the LBT profiles (Table 3). The storm impact regime was not 388 

very sensitive to storm duration since the peak of the oceanic conditions was identical for the 389 

three durations. However, for the 50-year event, while the maximum water levels did not exceed 390 

the initial dune crest for any of the durations, the longest storm was capable of lowering the dune 391 

crest leading to a shift in the storm impact regime (from collision to overwash). Similarly, the 392 

initial dune toe was not exceeded by the maximum water levels for the 10-year event on the 393 

eroded high berm morphology, but the total erosion of the berm found for the events with 394 

duration 2 and 3 caused the lowering of the due toe leading to a shift from swash to collision 395 

regime. 396 

 397 
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Figure 9. Modeled profiles for different return periods, durations, and initial 399 

morphologies. Profiles without a further designation represent LBT morphologies. 400 

4 Discussion 401 

4.1 Model performance   402 

The impact of storms in Praia de Faro has been previously investigated by numerical 403 

experiments and field observations. Almeida et al. (2011a) implemented the convolution model 404 

(Kriebel & Dean, 1993) along 26 cross-shore profiles to evaluate the vulnerability of this site 405 

under the impact of the 25-year event and they obtained minimum, maximum and average dune 406 

retreats of 2.5, 15, and 8 m respectively. The dune retreats found in the present experiment were 407 

generally lower, for the same return period, ranging between 3 and 9 m. Ferreira et al. (2006) 408 

also applied Kriebel and Dean’s approach to compute the retreat driven by the 50-year event 409 

yielding values of 25 m approximately. This would mean the full dismantling of the dune and 410 

eroding a part of the urbanized area. The retreat found in their study exceeded the one computed 411 

here (Table 3), where dune depletion was only found for the longest storm (188 hours). A larger 412 

retreat provided by the convolution model with respect to the XBeach model was also observed 413 

by Plomaritis et al. (2019). The discrepancies between both models can be the consequence of 414 

the different approaches to compute coastal erosion: analytical against process-based. While top-415 

down models such as the convolution model are computational efficient (Ferreira et al., 2018; 416 

Plomaritis et al., 2019) and thus with a great utility for first assessments, process-based models 417 

are more accurate and robust (Callaghan et al., 2013) and should be used for detailed risk 418 

assessments, including EWS.  419 

Regarding field observation studies, the impact of the storm Emma, a 16-year return event 420 

considering just Hs and more than 20 years if the joint probability between waves and surges is 421 

considered (Ferreira et al., 2019), caused dune retreats up to 3 m along the Praia de Faro (Garzon 422 

et al., 2021a). Considering that the profile before the arrival of the storm can be classified as a 423 

full high berm profile, the observations and the currently used model results agree well.   424 

4.2 Sensitivity to beach morphology   425 

The response of the beach to the 5-year event was conditioned by the berm volume and height. 426 

After the formation of the initial beach scarp, the incoming wave energy caused the undercutting 427 

of the scarp leading to a scarp toe migration upwards and landwards in all beach morphologies. 428 

Then, in the low berm profiles, the lower elevation enabled the maximum water levels to easily 429 

exceed the scarp crest during the course of the storm removing this near-vertical feature, similar 430 

to the process described by van Bemmelen et al. (2020).  Importantly, this occurred before the 431 

peak of the storm was reached and the new-formed gentler slope facilitated the inland 432 

propagation of the flow, extending the maximum water levels close to the dune toe. As the flow 433 

propagated landward, the berm was more intensively eroded. On the other hand, in the high berm 434 

profiles, the maximum water levels did not exceed the scarp crest during the storm. Thus, the 435 

scarp obstructed the uprush, and the flow did not propagate further inland, limiting the erosion to 436 

the seaward side of the scarp. These two different scarp evolutions were also observed by van 437 

Bemmelen et al. (2020) who also declared that beach scarps are prone to be formed in high 438 

platforms elevations and steep initial beach slopes. Also, according to previous formulations that 439 



 

 

relate beach slope and runup (eg., Stockdon et al., 2006),  for beaches with uniform slope, one 440 

might expect that the full high berm profile simulation revealed the highest total water levels as it 441 

had the steepest beach face slope. However, the formation and maintenance of the scarp 442 

determined the maximum water elevation. Therefore, while the pre-storm beach morphology 443 

determined the berm erosion and the overall regime, the topography did not affect the dune 444 

retreat.     445 

For the 10-year event, a scarp was initially created but the maximum water levels rapidly 446 

exceeded the scarp crest leading to its removal in all the morphologies. As the storm continued, 447 

the berm was progressively eroded. The wider and higher berm of the full high berm profile 448 

avoided the total berm depletion, protecting the dune from erosion. Inversely, the low berm 449 

profiles represented a lower sand buffer to protect the dune causing dune retreat. As found in 450 

previous studies, the berm robustness inversely determined the dune erosion (Beuzen et al., 451 

2019; Crapoulet et al., 2017; Fairley et al., 2020). Moreover, the new-formed gentler slope of the 452 

low berm profiles also contributed to farther extend inland the maximum water level, and along 453 

with the lower dune toe elevation, allowed the total water levels to exceed the dune toe (collision 454 

regime). When waves exceeded the dune toe, the incoming energy collided with the dune 455 

resulting in dune erosion. Beuzen et al. (2019) stated that the dune erosion is equally affected by 456 

the exceedance of the total water levels above the dune toe and the width of the berm 457 

immediately fronting the dune, with wider beaches resulting in reduced dune erosion. For the 10-458 

year event, the pre-storm morphology lost influence in berm erosion and gained some relevance, 459 

around 2 m, in dune retreat in comparison with the former event. These 2 m can be considered 460 

within the model uncertainties.  461 

For the 25- and 50-year events and all morphologies, the total water levels largely exceeded the 462 

dune toe elevation and waves collided with the dune. On these highly energetic events, the dune 463 

retreat was mainly controlled by the sand volume with the full high berm profile (150 m3/m) 464 

reducing the dune retreat in respect to the rest of the profiles. Also, for the eroded high berm and 465 

full low berm profiles, exhibiting similar volume (117 and 115 m3/m), the final post-storm 466 

position was very similar after those very energetic events, while the eroded low berm profile, 467 

with the lowest sediment volume (100 m3/m), was the most eroded one. This demonstrated the 468 

importance of the antecedent sand volume (beach face and backshore) in affecting the response 469 

of the beach/dune system, in line with other works (Garzon et al., 2021a; Guisado-Pintado & 470 

Jackson, 2018). However, if the profiles maintain approximately the same sand volume, even for 471 

different morphologies, the post-storm profile is very similar, especially for very high energetic 472 

events, as stated by Garzon et al. (2021b). Therefore, when increasing storm severity, the 473 

influence of the pre-storm beach morphology, especially the beach volume, raised as well. On 474 

the other hand, the LBT and LTT typology did not alter the erosion indicators for any of the 475 

events. 476 

In terms of berm volume eroded, profiles with a more robust berm lost more sediment. This was 477 

also reported by Harley et al. (2016b), Scott et al. (2016), and Beuzen et al. (2019) who stated 478 

that the pre-storm profile was fundamental to determine the berm erosion, with more accreted 479 

berms facing larger erosion. However, the percentage of the eroded volume of the subaerial 480 

region was not affected by the pre-storm morphology, and for each specific storm, this 481 

percentage was very similar across the profiles (Figure 8). This agrees partially with Harley et al. 482 

(2016b) observations of berm erosion along a 3500 m coastal stretch after two virtually identical 483 



 

 

storms. The authors declared that the beach response, in terms of berm erosion, as the percentage 484 

of the pre-storm berm volume, was very similar in these two events. In this study, the percentage 485 

of the berm eroded volume (measured from the MSL to the dune toe) varied across the profiles 486 

(not shown); however, the percentage of the eroded volume computed in the entire subaerial 487 

region (above MSL) of the beach at those profiles was very similar. Moreover, the percentage of 488 

eroded volume and wave height return period can be fitted by a power-law expression, as 489 

illustrated in Figure 8, similarly to previously suggested by other authors (e.g., Ferreira, 2005; 490 

Eichentopf et al., 2019). Likewise, Splinter et al. (2014) used a power-law relationship to 491 

represent wave energy density and eroded dry beach volume.   492 

The effect of storm sequences rather than individual storms has been also actively investigated in 493 

the literature. Some authors have reported an enhanced beach erosion caused by storm sequences 494 

with respect to the impact of individual storms with similar return periods (Baldock et al., 2021; 495 

Ferreira, 2005). Assuming an equilibrium-type beach response, beach erosion for a given storm 496 

within a cluster depends on the oceanic conditions and the antecedent beach morphology. In this 497 

study, the eroded high berm profile would be representative of a post-storm profile after the 498 

impact of an approximately 5-year event, while the full high berm morphology can represent a 499 

pre-storm profile. Thus, the impact of the 5- and 10-year events in the eroded high berm profile 500 

can be considered as a storm cluster formed by 2 storms with the absence of beach recovery. The 501 

more eroded berm found after these events in the eroded high berm profile in regards to the full 502 

high berm profile (Figure 7) would suggest that storm sequences, within these energy conditions, 503 

induced a cumulative effect. When the wave energy highly increases (25-and 50-year events), 504 

this pattern was not so evident. Thus, the similar post-storm profiles obtained for all 505 

morphologies (it does not necessarily mean the same dune retreat) indicated that an extreme 506 

event can generate an almost similar beach profile regardless of storm chronology, as it was 507 

stated by Gravois et al. (2016). It is important to remark that the nearshore bar dynamics effect 508 

was not considered.  509 

4.3 Sensitivity to storm duration 510 

The effect of the storm duration on the remaining berm and dune retreat indicators was different 511 

based on the storm severity and beach morphology. In the 5-year event, the storm duration had 512 

an impact on the remaining berm width of the high berm profiles, but not for the other beach 513 

morphologies (on these profiles the berm was completely eroded regardless of the duration). On 514 

the other hand, the remaining berm and dune retreat were not sensitive to storm duration in the 515 

10-year event for any of the morphologies. In the 25- and 50-year events, the dune retreat 516 

response to variability in storm duration was more sensitive. This is especially remarkable for the 517 

50-year event, where the storm duration regulated the dune capacity to endure. Thus, with the 518 

longest storm, some of the profiles reached a tipping point in which the dune was dismantled and 519 

a possible positive feedback mechanism can be initiated leading to breaching and possible 520 

inundation regimes.  521 

The importance of the storm duration on coastal erosion is widely accepted, but previous studies 522 

have mainly focused on its effect in eroded volume and less intensively in other coastal erosion 523 

indicators such as berm and dune retreat. For instance, based on field observations, Cohn et al. 524 

(2019) found an increase in dune eroded volume with increasing storm durations. Similarly, 525 

Beuzen et al. (2019) declared that if the dune toe were exposed to the wave action during longer 526 



 

 

periods, the dune eroded volume, and dune retreat also increased. Using numerical models, 527 

Sánchez-Arcilla et al. (2009) calculated eroded volume variability by estimating the difference 528 

between computations for a given height with varying duration. As the present experiment, a 529 

linear relationship was adjusted between Hs and duration, and the 95% limits of the 530 

corresponding confidence intervals. They found that these differences were higher with higher 531 

wave heights. The results presented here displayed another pattern, and the differences in eroded 532 

volume resulting from the 5-, 10- and 25-year events with varying storm duration were almost 533 

constant. A similar range of durations for all events, ±30 hours (Table 1), can be the reason for 534 

this model's response to storm duration. However, other indicators such as dune retreat became 535 

more sensitive to storm duration with increasing storm severity. 536 

In the numerical study conducted by Plomaritis et al. (2018) in Praia de Faro (using a full berm 537 

profile morphology) the authors concluded that the storm duration did not provide additional 538 

information to their probabilistic model and that this variable did not succeed in predicting 539 

hazard or no-hazard storm situations. They argued that the copula method used in the study to 540 

relate wave height and duration correctly reproduced this association. Also, they found that this 541 

approach contributed to limit the number of boundary conditions to be included in their study, 542 

highly reducing the training dataset. In the present study, storm duration did not determine the 543 

occurrence of dune retreat, but it had an impact on the dune retreat variability, especially for the 544 

most energetic event.  545 

4.4 Implications for an EWS 546 

Most of the EWSs (based on online and offline simulations) consider static pre-storm conditions. 547 

The present results suggest that the uncertainty associated with the pre-storm morphology is 548 

relevant for correctly identifying tipping point conditions such as berm depletion or dune 549 

dismantling. Even for moderate events (5- and 10-year events), the antecedent beach profile 550 

seems to be highly relevant to totally (or not) eroded the berm. This indicates that if the EWS 551 

focuses on coastal receptors such as recreational activities and beach user facilities located at the 552 

backshore (as found in many sites, e.g., Armaroli et al. [2013]), the risk uncertainties related to 553 

the selection of the pre-storm conditions are very high, implying possible large underestimations 554 

or overestimations of the risks. This is of particular relevance in this study area where beach 555 

cusps can induce a reasonable alongshore variability of the beach profile (partially corresponding 556 

to the high/low berm morphologies used in this study). On the other hand, if the receptors are 557 

located in the dune, the uncertainties caused by the initial beach morphology are lower (e.g., 2-4 558 

m for the 25-year return period). However, the impact of the initial morphological conditions is 559 

also remarkable on dune retreat driven by more energetic events (i.e. 50-year return period), 560 

since the variability associated with this parameter can go from a 9 m-retreat to the total dune 561 

depletion (see Table 1), leading to dune breaching and the starting of overwash to the inner areas. 562 

Taking into account this variability can be highly relevant to define levels of protection and risk 563 

reduction actions.  564 

While in theory, an online-based EWS would be more flexible to incorporate the variability of 565 

the antecedent beach morphology and thus reduce some uncertainties of its predictions, in the 566 

practice, data acquisition, processing, and implementation in the numerical model made this 567 

objective highly complicated. Conversely, the incorporation of such data in an offline-based 568 

EWS can be achieved by the simple addition of a new training dataset covering different beach 569 



 

 

morphologies in a non-operational time window. This EWS can be used for a better risk 570 

prediction but also uncertainty analysis of a given event under different morphological 571 

conditions. 572 

The uncertainty on the simulated berm and dune retreats related to storm duration is generally 573 

lower than that associated with the antecedent beach morphology for moderate events. Only 574 

when storm severity largely increased, storm duration is relevant and even determined the 575 

occurrence of dune breaching. This would indicate that in an EWS based on offline simulations, 576 

the variable storm duration might not be essential to condition the prediction system and still 577 

obtain accurate beach erosion predictions for moderate events, but modelers should be aware of 578 

the limitations for very energetic events. This way the training dataset supporting the offline-579 

based simulations EWS can be highly reduced. However, it is important to remark that when 580 

creating the synthetic storms, the copula method or other statistical techniques must be employed 581 

to take into account the dependence between the random variables describing the storm and their 582 

natural variability. 583 

5 Conclusions 584 

Multiple one-dimensional XBeach simulations were performed to improve the understanding of 585 

the beach/dune system response to storm events with varying severity and duration, and 586 

antecedent beach morphologies, and ultimately to obtain more reliable operational coastal 587 

hazards prediction systems. The severity of the storm was defined based on different return 588 

periods (<1, 5, 10, 25, and 50 years) and the duration was established based on a linear 589 

adjustment with the Hs (derived from field data) and the upper and lower confidence levels. The 590 

beach morphologies implemented in the model covered the natural variability of this 591 

demonstration site reported by previous studies, with varying berm characteristics (height and 592 

width), and consequently subaerial beach volume, and submerged profile. Three morphological 593 

indicators were used: remaining berm width, dune retreat, and eroded volume. Regarding the 594 

impact of the pre-storm beach morphology variability in those indicators, it was observed that: i) 595 

initial beach conditions highly determined the post-storm berm width for the 5- and 10-year 596 

events; ii) antecedent morphology played a significant role in dune retreat mainly for the most 597 

severe event (50-year events); iii) the eroded volume highly depended on the pre-storm 598 

morphological conditions, but the percentage of the eroded volume relative to the initial 599 

conditions was very similar across those profile morphologies (except when dune dismantling 600 

was noticed), and; iv) the emerged morphology (LBT and LTT) did not remarkably impact any 601 

of these indicators.  Regarding the storm duration effect, the results revealed that: i) when 602 

estimating the remaining berm width, this variable was only relevant for moderate events (5-year 603 

event); ii) storm duration mainly had importance in dune retreat on the 50-year event, in which it 604 

governed the occurrence of dune breaching, and; iii) the eroded volume response to changes in 605 

storm duration was similar regardless of the storm intensity, except for the 50-year event. These 606 

findings highlight that the pre-storm beach morphology and storm duration are very relevant 607 

aspects in determining the response of the coastal systems, and consequently, they should be 608 

included in EWSs devoted to coastal hazards. Also, the characteristics (location) of the coastal 609 

receptors increase the level of uncertainty of these variables. 610 

While these findings are primarily applicable to similar sites to the demonstration site, the 611 

methodology developed here can be used as a benchmark test to assess and quantify the impact 612 



 

 

of these variables in other coastal erosion prediction systems worldwide. Therefore, this study 613 

will help to reduce uncertainties and provide solid and scientific-based knowledge that can be 614 

useful for the implementation of more reliable coastal erosion EWSs (on- and offline-based 615 

simulations) and subsequent risk reduction measures. 616 
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Figure A1. Simulated post-storm profiles for the events with duration 2. 639 
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