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Abstract: Projected future sea level rise and marine storminess is a serious threat for beaches as they induce beach flooding and 
erosion. Among other factors, wave runup play an important role in beach evolution and must be robustly assessed. However, little 
attention has been paid to the uncertainties associated to its characterization and how do they compare to other sources of uncer-
tainty.  As a first step towards this goal, we have quantified the impact of several sources of error in the estimation of wave runup 
on sandy beaches. Understanding what factors are more influential in the quality of the results will help to determine the main 
sources of uncertainty in beach flooding projections. To reach that goal, a calibrated state-of-the-art numerical modelling system 
has been setup for two beaches in the Mallorca islands (NW Mediterranean). The system has been forced with the best available 
information of nearshore incoming waves and has been validated against observations to define the benchmark quality. To deter-
mine the key factors affecting the quality of the system’s results, different systems configurations have been tested with different 
degrees of complexity. Our results show that using the most sophisticated modelling system with the best information on boundary 
conditions, bottom bathymetry, and submerged vegetation leads to a swash RMSE comparable to the standard deviation of the 
observed swash. We have also found that the choice of lateral boundary conditions (i.e., source of information for the incoming 
waves) can double the RMSE and induce large biases. Our results also show that using a simple empirical approach usually under-
estimates the wave runup. However, in locations with vegetated seabed there is a compensation error, and the empirical approach 
can lead to acceptable results if forced by nearshore waves. In addition, we have compared the error estimates obtained with un-
certainties associated to projected sea level rise. Our findings suggest that the uncertainty associated with wave runup modelling 
should be considered in the assessment of the total uncertainty of future beach flooding, since the analysis performed indicates that 
this uncertainty can account for between 16% to 60% of the uncertainties linked to mean sea level projections.  

Keywords: wave runup; uncertainty; numerical modeling; empirical equation; sandy beaches 
 

1. Introduction  

Sandy beaches provide a natural barrier for coastal protection against marine storms. Also, they are a key asset for 
coastal tourism and socioeconomic system of many countries ( Di Luccio et al., 2018). Particularly, the Mediterranean 
coastal zone is severely impacted by extreme climatic events (e.g., storm surges and high waves) coupled with human-
induced pressures (e.g., uncontrolled coastal urbanization), resulting in a growing vulnerability (Mejjad et al., 2022; 
Satta et al., 2017). In consequence, assessing how climate change, and in particular, the projected changes of sea level 
and wind waves can affect the sandy beaches is of paramount importance.  

The magnitude of beach flooding depends on the total water level at the coast. In turn, this depends on the astro-
nomical tidal level, changes in the mean sea level, the storm surge and the wave runup (Holman and Guza, 1984). 
Regarding the later, as waves approach the coast, part of the energy dissipates due to wave-breaking in the surf zone 
and the remaining energy reaches the beach and drives oscillations of the water edge over the foreshore (Gomes da 
Silva et al., 2018). The vertical value of this oscillations is called runup, composed of a steady super elevation called 
setup, and a fluctuating component called swash (Holman and Guza, 1984; Stockdon et al., 2006). In regions with small 
tidal range and relatively mild storm surges, like the Mediterranean Sea (Amores et al., 2020; Marcos and Tsimplis, 
2007; Tsimplis et al., 1995), the wave runup can represent the main contributor of the total water level under extreme 
wave conditions (Agulles et al., 2021). 

In the last decades, great efforts have been done to develop wave runup empirical equations based on field obser-
vations (Gomes da Silva et al., 2020). Among them, Stockdon et al. (2006) have developed an empirical formulation that 
has become a standard in runup computations. Based on the work of  Holman, (1986) and gathering the information 
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obtained in ten field experiments,  Stockdon et al. (2006; hereinafter S2006) fitted runup observations from video 
cameras to beach slope and incident wave parameters. They have obtained a formulation for the setup and swash that 
has been widely used with reliable results in many different contexts (e.g: Atkinson et al., 2017; Di Luccio et al., 2018). 
A foreseen problem with this formulation is that it does not take into account the modification of wave parameters by 
refraction, diffraction, bottom friction and breaking, among other effects, that take place when the waves approach the 
coast. Alternatively, the use of wave phase-resolving numerical models capable to simulate the wave runup in the swash 
zone has increased in the last years thanks to the increase of computational power (Enríquez et al., 2019; Roelvink et al., 
2018; Zijlema et al., 2011). While numerical models offer greater flexibility and are capable of simulating complex coast-
lines and bathymetries, they entail a much higher computational cost compared to using empirical equations. Addi-
tionally, the calibration of numerical models requires suitable data, which can add to the complexity and cost of their 
implementation. Both approaches, the empirical and the numerical, have been applied to a broad variety of situations. 
In particular, projections of future beach flooding due to global warming have been implemented using empirical ap-
proaches (Didier et al., 2015; Vousdoukas et al., 2020), numerical ones (Agulles et al., 2021; Enríquez et al., 2019; 
Orejarena-Rondón et al., 2019)  or mixed ones (Stockdon et al., 2014).  

Uncertainties associated to climate projections are an important information that must be provided to stakeholders 
(Cobb et al., 2021). Those uncertainties come from several sources like future greenhouse gas emissions (GHG), natural 
variability or model limitations (Giorgi, 2010; Hawkins and Sutton, 2009; Horton et al., 2020; Oddo et al., 2020). The first 
two sources are commonly addressed by running ensembles of model simulations under different GHG scenarios 
(Hawkins and Sutton, 2009). The third one, however, requires from specific studies that consider the particularities of 
the modelling system, defined hereinafter as the model itself, as well as its particular configuration and the boundary 
conditions used to force it. In the case of beach flooding some studies have quantified the quality of the model results 
during short periods of time corresponding to field experiments on a specific beach (Di Luccio et al., 2018; Gomes da 
Silva et al., 2018; Xie et al., 2019). However, up to our knowledge there has not been a detailed comparison on how 
different elements of the modelling system impact on the accuracy of the wave runup estimates for an extended period 
of time.  

The goal of this paper is to quantify the errors associated with estimates of wave runup on sandy beaches, and to 
assess how these errors vary depending on the choices adopted in the modelling setup. The strategy followed has been 
to implement several modelling approaches based on empirical and numerical models with different degrees of com-
plexity (1D and 2D) and to compare their results with a long time series of observations in two different sandy beaches 
which are representative of Mediterranean beach typology. This quantification of the error sources can help to assess 
the relative impact of model limitations in the uncertainties associated to projections of future wave runup. 

The work is organized as follows. In Section 2, data and site description are presented along with the methodology 
of the experimental protocol proposed to obtain the wave runup uncertainties. Results of the different methodologies 
proposed are shown in section 3.  To conclude, discussion and conclusions are presented in sections 4 and 5.  

2. Data and methods 

2.1. Study Sites 

In this work we analyse two microtidal sandy beaches located in the Mallorca Island (Western Mediterranean Sea, 
see Figure 1). These beaches can be considered representative of a large fraction of Mediterranean sandy beaches. Spe-
cifically, the Playa de Palma beach (hereinafter, PDP) located on the South of the island and Cala Millor beach (herein-
after, CLM) located on the East. PDP is a large beach of ~4.5 km alongshore by ~30-50 m wide with fine grain size (0.20-
0.25mm of D50) and relatively low slope of ~0.027 with dissipative conditions (Figure 1a). CLM is ~1.7 km alongshore 
by 35-40 m wide, with a mixed rock and sand bed and a small cliff at the southernmost sector of the beach. It has a 
medium grain size (0.35-0.40mm of D50) with a mean beach slope ~0.044 and slightly reflective conditions (Figure 1b). 
The two beaches are included in the beach monitoring programme of the Balearic Islands Coastal Observing and Fore-
casting System (SOCIB) since 2011. This programme includes periodic topography and bathymetry surveys, continuous 
video monitoring of the shoreline position and in situ measurements of nearshore waves and currents, among others 
(Tintoré et al., 2013). 
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Figure 1. Left panel, location of the study sites with the position of the onshore wave observations 
(orange dots), SIMAR points (yellow dots) and SWAN grids (gray dashed rectangles). (a) Detailed 
view of Playa de Palma beach (PDP) with the transects considered to obtain a representative beach 
profile (yellow dashed lines), (b) the same for Cala Millor Beach (CLM). A sketch of the modelling 
approach is presented in the right panel. 

The wave conditions in both sites are showed in Figure 2. The mean conditions of the two locations are similar 
with significant wave height (Hs) around 0.5-1.0 m and a peak period (Tp) of around 5-6 s. PDP is exposed to offshore 
wave conditions from the SSW to SW (dominant direction ~200º) and this dominant direction is kept as the waves refract 
and approach the shoaling zone (Figure 2a). In contrast, in CLM there are large differences between offshore and on-
shore wave conditions, both for the mean and extreme waves (Figure 2b). The offshore waves arrive from NNE to SSE 
(directions from ~30º to 150º) while the nearshore mean direction is around E (~100 º) due to diffraction.  
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Figure 2. Wave maritime climate conditions for (a) Playa de Palma Beach and (b) Cala Millor Beach. 
The panels represent a scatter plot of Hs (in m) vs Tp (in s), left column, and Hs (in m) vs Direction 
(º), right column. The offshore conditions are represented by the grey dots while the observed near-
shore conditions are represented by the coloured dots, with the colour representing the frequency 
of occurrence. 

An important characteristic of Mediterranean coasts is the presence of vegetation in seabed. Seagrass meadows are 
commonly  present at shallow depths in the whole basin and therefore along the coast in our study region (Cebrián et 
al., 1996; Ruiz et al., 2015; Telesca et al., 2015). In particular, the presence of seagrass is constant from depths between 5 
and 40 m both in PDP and CLM (Figure 3). This fact determines the magnitude of the bottom friction and has been 
carefully considered in the model configuration (see Section 2.6.2).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 March 2023                   doi:10.20944/preprints202303.0302.v1

https://doi.org/10.20944/preprints202303.0302.v1


 5 of 21 
 

 

 

Figure 3. Beach profile at PDP (red) and CLM (green). Seasonal profiles (dashed lines) and annual 
mean profile (continuous lines). Green patches represent the presence of seagrass meadows. 

2.2. Topo-Bathymetric Surveys 

Bathymetry surveys were conducted by SOCIB (Tintoré et al., 2013), using a single-beam echo sounder, BioSonics 
DT/DE Series Digital Echosounder, in the CLM beach and a multi-beam echo sounder, R2Sonic2020, in PDP. The final 
spatial resolution is 1 m x 1 m. These measurements were complemented with topographies of the aerial beach obtained 
using a survey-grade RTK-GPS (Real Time Kinematic Global Position System). The surveys were conducted under calm 
conditions and more information can be found in https://medclic.es/en/instrumentos/monitorizacion-de-playas/. 

The characteristic cross-shore profile of each beach is obtained by averaging the transects located in the middle of 
the beach (area limited by yellow dashed lines in Fig. 1a and b). Winter and summer profile are available for CLM while 
only summer profile is available for PDP (Fig. 3). The beach slope (𝛽𝛽𝑓𝑓) is calculated as the average slope over the swash 
zone. This zone has been delimited from the observed horizontal swash variability (see video imagery section).  

2.3. Wave Data 

Nearshore waves observations at hourly resolution are obtained from directional Acoustic Waves and Currents 
(AWACs) sensors located at ~20 m water depth at the two studied beaches (Figure 1, orange dots), covering a period 
from 2012 to 2017 at PDP beach and from 2011 to 2019 at CLM beach. Data have been downloaded from 
http://thredds.socib.es/thredds/catalog.html, and the wave parameters for each beach are presented in Figure 2.  

Offshore waves conditions were retrieved from the SIMAR database developed and maintained by Puertos del 
Estado (Pilar et al., 2008). SIMAR is a 62-year wave reanalysis generated with the WAM model (Hasselmann et al., 1988) 
from 1958 to 2020. It covers part of the Atlantic ocean and the Western Mediterranean (Longitude -12º to 8º and Latitude 
34º to 48º) with a spatial resolution of ~3 Km and hourly temporal resolution (see yellow dots Fig. 1 for locations, and 
in Fig 2). Data can be obtained throughout the Puertos del Estado dataserver at https://www.puertos.es/es-es/oceano-
grafia/Paginas/portus.aspx.  
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2.4. Video Imagery 

Timestack images cover the period from 2012 to 2017 in PDP and from 2011 to 2018 in CLM. Those images has been 
provided by the SOCIB beach monitoring facility (Alvarez-ellacuria et al., 2011). Timestack shows a cross-shore tran-
sects of pixel intensity sampled at 7.5 Hz over 10 minutes every hour (Simarro et al., 2017). This created timestack of 
pixel intensity, on which wave runup and rundown are showed as a black edge moving back and forth in the swash 
zone (Fig. 4). A quality control was applied to keep only those images clear enough to extract information on the wave 
runup. As a result, 2015 images were kept for PDP and 1909 images for CLM.  

The wave runup is composed by a steady super elevation called setup (< η >) and a fluctuating component called 
swash (𝑆𝑆) (Holman and Guza, 1984). In order to extract the setup from images, it would be necessary to know where 
exactly the coastline in calm conditions is located for each of the timestacks. Unfortunately, this is challenging because 
the coastline has been modified either by natural causes or by human intervention (e.g., beach nourishment) during the 
time covered by the images (i.e., 5 years at PDP and almost 8 years at CLM). Consequently, direct observations of wave 
setup were unavailable to validate the model results. Nevertheless, in order to have an idea about how crucial that 
could be for the goal of this work, we have compared the relative importance of setup and swash contributions to the 
total wave runup (see figure SI1).  The setup component has been computed using the S2006 formulation and XBEACH 
simulations fed with nearshore waves from AWACs, while the swash has been infered from the images. The results 
show that setup is ~25-30% of the wave runup, so eventual unaccuracies in their estimates may be considered of second 
order of importance with regard to the goal of this study. 

Therefore, we have decided to remove the mean value of the runup computed from each timestack, and thus ob-
taining only observations of the swash. In particular, the swash component is estimated as the 98% quantile of the 
water/land transition time series (Figure 4 yellow line, bottom panel) respect to the mean value (Figure 4 white dashed 
line, bottom panel). Thereby the swash 2% is retrieved from each timestack. Once the swash observations are obtained, 
it is necessary to transfer the horizontal swash to the vertical component using the beach slope (, 𝛽𝛽𝑓𝑓). Following previ-
ous works  (Stockdon et al., 2006; Vousdoukas et al., 2012) , 𝛽𝛽𝑓𝑓 is defined as the average slope over a region ±2*STD 
around the swash zone, where STD is the standard deviation of the horizontal swash variability. Thus for PDP 𝛽𝛽𝑓𝑓 is 
0.027 and for CLM is 0.044. The standard deviation of the resulting vertical swash in PDP is 0.06 m and 0.12 m in CLM. 

 

Figure 4. (Top) Runup timestack generated with the time sequence of cross-shore pixels for day 7th 
of January 2016. (Bottom) Zoom of the swash zone limited by the dashed red line in the top panel. 
Runup and rundown are showed as a black edge moving back and forth in the swash zone. The 
98% quantile of the swash (yellow line) and swash mean value (white dashed line) are also plotted. 

2.5. Empirical Runup Estimates 
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In this work we use the S2006 formulation as it is one of the most widespread empirical approaches used to estimate 
wave runup.  The expression for 𝑅𝑅2 (i.e.,  the wave runup elevation which is exceeded by 2% of the incident waves) 
is composed by two terms, the setup (< η >) and the swash (𝑆𝑆): 𝑅𝑅2 = 1.1(< η > +

𝑆𝑆
2

) 
(1) 

< η > = 0.35β𝑓𝑓(𝐻𝐻𝑂𝑂𝐿𝐿𝑂𝑂)
12 

 

(2) 

𝑆𝑆 =  (𝐻𝐻𝑂𝑂𝐿𝐿𝑂𝑂(0.563β𝑓𝑓2 + 0.004))
12 

(3) 

where β𝑓𝑓 represent the beach slope at the swash zone, 𝐻𝐻𝑂𝑂 the significant wave height and 𝐿𝐿𝑂𝑂the wavelength. 

2.6. Numerical Approach 

2.6.1. Nearshore Wave Climate 

The SWAN numerical model (Booij and Holthuijsen, 1987) is used to propagate the offshore maritime climate up 
to the coast. SWAN is a third-generation wave model that solves the spectral action balance equation for the propagation 
of wave spectra (http://swanmodel.sourceforge.net/). This model allows an accurate and computationally feasible sim-
ulation of waves in relatively large areas (Camus et al., 2013; Enríquez et al., 2017; Orejarena-Rondón et al., 2019). SWAN 
simulations are performed in a stationary mode over a regular 200 x 200 m grid (see gray dashed rectangles in Figure 
1). The boundary conditions to drive the model have been extracted from the closest SIMAR point located in deep 
waters (Figure 1, yellow dots). The propagated sea states have been the same than those occurring in the period covered 
by the observations (Figure SI2 black dots). The model outputs in terms of Hs, Tp and mean direction have been ex-
tracted from the simulations at the same depths where AWACs are installed (~20 m depth). A comparison between the 
modelled nearshore waves and the waves recorded by the AWACs in PDP and CLM is shown in Figure SI3. A high 
agreement is found between observed and modelled nearshore waves with a root mean square error (RMSE) of 0.24 m 
and 0.22 m and a correlation of 0.86 and 0.86 for PDP and CLM, respectively. 

2.6.2. Wave Runup  

The wave propagation until the swash zone and the wave runup on the beach are simulated using the  XBEACH 
model (Roelvink et al., 2015). XBEACH is an open-source numerical model which originally was developed to simulate 
hydrodynamic and morphodynamic processes and impacts on sandy beaches. The model solves the phase-averaged 
coupled equations for cross-shore and longshore hydrodynamics and morphodynamics. XBEACH has been 
implemented and validated in many situations (e.g: Harley et al., 2011; Roelvink et al., 2018; Vousdoukas et al., 2012b) 
becoming a standard faithfully tool for runup computations  provided the model parameters were previously 
calibrated. The model is forced by observed or simulated nearshore waves (Figure 1, orange dots) and has been 
implemented in 1D and 2D modes. The 1D runs were carried out without directonal spreading and assuming the waves 
to be perpendicular to the coastline orientation, with a cross-shore spatial resolution (dx) of 1 m and 20 minutes of 
Jonswap espectra mode. The 2D runs were implemented with a spatial resolution of 2 m in the cross-shore direction 
and 10m in the alongshore direction with the same set up  of the 1D simulations.  

The most important transformation in the wave characteristics occurs in the shoaling and breaking zones where 
the energy is considerably reduced. Moreover, in this critical zone, the bottom friction plays a paramount role in the 
wave dissipation, specially over vegetation grounds (Beck et al., 2018; Duarte et al., 2013; Menéndez et al., 2020). As we 
pointed out in section 2.1,  the seagrass meadows are commonly  present at shallow depths along the Mediterranean 
coasts and therefore in our study region (Cebrián et al., 1996; Ruiz et al., 2015; Telesca et al., 2015). In particular, the 
presence of seagrass is almost constant from depths between 5 and 40 m both in PDP and CLM (Fig. 3). Consequently,  
the vegetation module in XBEACH has been activated in the simulations. This module includes wave damping and 
wave breaking over vegetation fields at variable depths. Based on nonlinear formulation of the drag force, either 
irregular or monochromatic waves can be modelled considering geometric and physical characteristics of the vegetation 
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field (Mendez and Losada, 2004; van Rooijen et al., 2015). In particular, the vegetation stem diameter (Bv), the mean 
shoot length (Ah), the vegetation density (N) and the drag coefficient (𝐶𝐶𝐷𝐷) are parameters affecting the wave evolution 
and are included in the vegetation module. The first three parameters were set to the observed values in the region (Bv= 
0.02 m, Ah = 0.35 m and N= 615 shoots/m2 , de los Santos et al., 2019; Infantes et al., 2012). 

In order to calibrate the drag coefficient, wave observations from another field experiment (Infantes et al., 2012) 
have been used. In that experiment, the wave height was measured along a cross-shore transect in CLM beach during 
the period from 7 to 23 July 2009 (see Figure SI4). In that beach, seagrass was present up to a depth of 6 m and the 
nearshore wave height observed during the experiment ranged from 0.3 to 1.2 m when a moderate storm hit the area. 
The wave propagation during the same period was simulated using XBEACH testing different values for the drag co-
efficient.  The optimal value found was to use CD = 0.05, leading to a good agreement between the modelled and ob-
served cross-shore wave transformation (see Figure SI4). 

Simulating with XBEACH all the sea states corresponding to the available timestack observations (3924 cases in 
total for PDP and CLM) would require a highly computational effort. To overcome this, a clustering technique has been 
used to select a statistically representative set of sea states following two steps. First, sea states with directions out of 
±30º with respect to the cross-shore direction and periods shorter than 4s have been discarded. Then, among the re-
maining ones, 100 sea states were selected using the k-means algorithm (Fig. SI2 green dots). Those 100 states have been 
simulated to obtain the corresponding wave runup.  Finally, the complete time series of wave runup has been recon-
structed through the analogues identification method (see Camus et al., (2011) for the details of the methodology). 

2.7. Experimental Protocol  

In this study we aim at assessing the relative importance of different sources of error in the swash and setup 
computation. To do so, a series of complementary simulations have been performed with different configurations of 
the models (Table 1). First, the calibrated XBEACH model is run in its 2D version and forced with observed bathymetry, 
seagrass coverage and nearshore waves from the AWAC. This simulation NUM2D-OBS will be considered as the 
benchmark run. Then, several simplifications of the system are considered. First, XBEACH is run with the same forcing 
but in its 1D version (NUM1D-OBS run). Next, the empirical formulation is utilized, based on the observed bathymetric 
slope and forced with nearshore waves,  (EMP-OBS run). Then, instead of using observed nearshore waves, the 
empirical formulation is forced with simulated nearshore waves (EMP-ON run). Finally, the simplest approach is to use 
the empirical formulation using offshore waves from SIMAR (EMP-OFF run). This is the easiest most common approach 
since information on open sea waves is usually available from wave hindcasts.  

Table 1. List of simulations performed with the model, bathymetry and the wave forcing used. 

RUN MODEL WAVE FORCING BATHYMETRY 

1. EMP-OFF Empirical – S2006 Offshore Modelled 

(SIMAR) 

Observed Slope 

2. EMP-ON Empirical – S2006 Onshore Modelled 

(SWAN) 

Observed Slope 

3. EMP-OBS Empirical – S2006 Onshore 

observations 

(AWAC) 

Observed Slope 

4.NUM1D-

OBS 

Numerical 

XBEACH-1D 

Onshore 

observations 

(AWAC) 

Observed Profile 
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5.NUM2D-

OBS 

Numerical 

XBEACH-2D 

Onshore 

observations 

(AWAC) 

Observed 2D bathymetry 

6. BATHY Empirical – S2006 Onshore 

observations 

(AWAC) 

Varying Slope 

7. FRIC Numerical 

XBEACH-1D 

Onshore 

observations 

(AWAC) 

Varying vegetation 

Complementary, a set of sensitivity experiments have been also performed to estimate the impact of uncertainties 
in the bathymetric characteristics. In particular, the EMP-OBS experiment is repeated but varying the slope of the 
bathymetry (β𝑓𝑓 ) from 0.025 to 0.075 to have a broader view of how the selected slope may affect the results (BATHY 
runs). In addition, the NUM1D-OBS experiment has been repeated using several bottom drag coefficients representative 
of the potential uncertainties associated to the representation of vegetation (FRIC runs). In particular the wave-seagrass 
bottom friction (Cd) has been set to 0.05 (like in NUM1D-OBS), 0.1, 0.2 and 0 (absence of vegetation). Finally, the 
sensitivity of the wave setup characterization has been estimated by comparing the setup component from runs EMP-
OFF, EMP-NEAR, EMP-OBS and NUM1D-OBS.  

All the simulations have been run for the two beaches and for the whole period when observations were available 
in each beach. Then, the quality of the model outputs have been assessed in terms of the RMS error, the bias and the 
correlation with respect to the observations.  

3. Results 

3.1. Impact of the Representation of the Incoming Waves 

The comparison of the EMP-OFF, EMP-NEAR and EMP-OBS simulations shows that the source of information 
used to feed the empirical formulation has a significant impact on the swash results (Figure 5 and Table 2). Using ob-
served nearshore waves, the RMSE is 0.07 m and 0.11 m for PDP and CLM, respectively. Using modelled nearshore 
waves, the RMSE increases to 0.09 m in PDP and 0.13 m in CLM. When offshore waves are considered the RMSE reach 
a maximum value of 0.13 m in PDP and 0.25 m in CLM. Moreover, the representation of the incoming waves also affects 
the bias (Table 2). Using observed nearshore waves (either observed or modelled), the bias is almost negligible in both 
locations. However, if offshore waves are used there is an overestimation of the swash (i.e., the bias reaches 0.07 m in 
PDP and 0.16 m in CLM). 
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Figure 5. Scatter plot of swash observations versus swash estimated using the S2006 formulation 
with different wave forcings in the Playa de Palma (left) and Cala Millor (right). The offshore waves 
(EMP-OFF run, yellow dots), nearshore modelled waves (EMP-NEAR run, green dots) and near-
shore observed waves (EMP-OBS run, black dots) have been used. 

Table 2. Validation of the swash obtained from different simulations against observations in terms 
of RMSE (in m) and bias (in m) for PDP and CLM. 

 PDP CLM 

RMSD (m) BIAS (m) RMSD (m) BIAS (m) 

EMP-OFF 0.13 0.07 0.25 0.16 

EMP-ON 0.09 0.00 0.13 0.03 

EMP-OBS 0.07 0.01 0.11 0.00 

NUM1D-OBS 0.09 -0.06 0.14 -0.07 

NUM2D-OBS 0.07 -0.06 0.12 -0.04 

The RMSE and bias obtained in PDP are lower than those from CLM since PDP is located within an embedded 
bay, so the offshore and onshore waves are restricted to a range of directions and wave heights which implies smaller 
swash variability. In contrast, CLM is more exposed to offshore waves coming from different wave directions, so the 
range of observed swash values increases, and in consequence the RMSE and bias. 

A complementary view can be obtained by looking at the quantile-quantile plots (see Figure 6). In general, the 
empirical formulation provides higher values than the observations for all the quantiles with a clear overestimation of 
the extreme swash values. This is more noticeable in PDP than in CLM. 
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Figure 6. Comparison of observed and modelled quantiles for different simulations. Each subplot 
depicts the results of PDP (blue) and CLM (red). 

3.2. Empirical versus Numerical Approaches  

The results obtained using the S2006 formulation fed by observed nearshore waves are similar to those obtained 
using XBEACH in the 1D or 2D configuration. In PDP, the RMSE are 0.07 m, 0.09 m and 0.07 m, respectively, while in 
CLM the RMSE are 0.11 m, 0.14 m and 0.12 m (see Figure 7 and Table 2). Moreover, the numerical solutions show a 
negative bias (i.e., underestimates the swash) with values of -0.06 m for both runs in PDP and -0.07 m and -0.04 m for 
the 1D and 2D runs in CLM, respectively. The results suggest that the numerical approach exhibits similar skills to the 
simpler empirical formulation. However as discussed later, there is a compensating error in the use of S2006 due to the 
presence of vegetation. Regarding the quantile-quantile plots (Fig. 6), the results are somehow different in both loca-
tions. In PDP, the 1D modelling underestimates the observed swash except for the extreme values, which are correctly 
represented. Conversely, the 2D modelling also underestimates them. In CLM, the underestimation of the 1D modelling 
is almost constant and linked to the above-mentioned bias. The 2D modelling, instead, underestimates more the extreme 
values (about a 30%). 
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Figure 7. Scatter plot of swash observations versus swash estimated using the S2006 formulation 
(black), XBEACH-1D (blue) and XBEACH-2D (red) in the Playa de Palma (left) and Cala Millor 
(right). In all cases observed nearshore waves have been used to force the models. 

3.3. Sensitivity to Errors in the Bathymetry Slope 

The beach slope have a significant impact on the wave runup estimation (Lange et al., 2022). Aiming at assessing 
what is the sensitivity of the swash calculation to the bathymetry , we have estimated the range of swash RMSE we 
obtain using S2006 forced by observed nearshore waves and perturbing the bottom slope from 0.025 to 0.075 (Figure 8), 
covering all range of slopes for sandy beaches in the region (Agulles et al., 2021). The results for PDP, where the ob-
served bottom slope is 0.027, show how RMSE would range from 0.06 m to almost the double, 0.11 m. In CLM, where 
the observed bottom slope is 0.044, the RMSE would increase when using larger slopes, going from 0.11 m to 0.13 m. 
Compared to the simulation run with the observed slope (EMP-OBS), we see that the RMSE only increases a maximum 
of 0.02 m. In other words, using an incorrect slope in CLM would result in an increase of less than 20% of the RMSE. 
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Figure 8. Swash RMSE (in m) using S2006 formulation with a range of values for the beach slope for 
PDP (blue) and CLM (red). The black cercles indicate the RMSE corresponding to the observed 
slopes. 

Inaccuracies in the bottom slope would also have an impact on the extreme values (Figure 9). Namely, using larger 
slopes lead to larger extreme values in wave runup estimates (equ$ations (1)–(3)). In PDP, this would imply that the 
extreme values would be even more overestimated, between 20 % and 40%. In CLM the extreme values are underesti-
mated between -25% using a slope of 0.025 to almost 0% using a slope of 0.075 (Figure 9).  
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Figure 9. Comparison of observed and modelled quantiles using the S2006 formulation with a range 
of values for the beach slope for PDP (left) and CLM (right). The black line indicates the results 
obtained with the observed beach slope. 

3.4. Sensitivity to Errors in the Bottom Friction  

Several sensitivity runs have been performed forcing the 1D version of Xbeach with observed nearshore waves 
and changing the bottom drag coefficient due to wave-seagrass interactions (see Table 3 and Figure SI5). The inclusion 
of the vegetation module improves the results in both beaches. Without vegetation (FRIC 1), the RMSE is 0.19 m (0.15 
m) for PDP (CLM). With the optimal drag coefficient (NUM1D-OBS), the RMSE is reduced to 0.08 m (0.13 m). For the 
other intermediate cases the results lay in the middle. Using vegetation with Cd= 0.20 the RMSE was 0.13 m (0.17 m) 
and with Cd=0.10, the RMSE was 0.10 m (0.13 m). Therefore, not considering the submerged vegetation in PDP would 
more than double the RMSE, while in CLM would represent only a 13% of error increase. Conversely, if the presence of 
vegetation is taken into account but the characteristics of the vegetation are unknown, and thus the bottom friction is 
not properly tuned, the resulting RMSE could increase up to 0.05 m in PDP and 0.04 m in CLM. 

Table 3. Parameters used in the sensitivity tests for the drag coefficient calibration and results of the 
validation in terms of RMSE (in m). The parameters considered are the mean shoot length (Ah), 
stem width (Bv), vegetation density (N) and drag coefficient (Cd). The symbol (-) indicates that no 
vegetation module has been included in the XBEACH simulations. 

Tests Ah (m) Bv (m) N (shoots/m2) Cd RMSE (m) 

PDP CLM 

FRIC 1 - - - - 0.19 0.15 

FRIC 2 0.35 0.02 615 0.20 0.13 0.17 

FRIC 3 0.35 0.02 615 0.10 0.10 0.13 

NUM1D-

OBS 

0.35 0.02 615 0.05 0.08 0.13 
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3.5. Sensitivity Analysis of the Wave Setup  

As mentioned above, we assume that the wave setup extracted from video imagery is unreliable due to some 
unquantified processes that could happen on a beach modifying its width (i.e., abrupt erosion under an extreme event, 
gradually losing or gaining sand or human nourishment). Consequently, here we can only assess the sensitivity of the 
setup estimation to different configurations. Particularly, we compare the setup provided by the simulations based on 
S2006 (EMP-OFF, EMP-NEAR and EMP-OBS) with the results from the numerical simulation (NUM2D-OBS, see Figure 
10 and Table 4). The RMS difference between the numerical and empirical approaches for PDP are 0.03 m, 0.02 m and 
0.02 m, respectively. This represents around a 20 % of the RMSE of the swash estimates (Table 2). In CLM, the RMS 
difference are 0.10 m, 0.05 m and 0.04 m (~30 % of the RMSE of the swash estimates). As expected, the primary source 
of discrepancies in the setup estimation is the data source for the waves, as happened for the swash (see Section 3.1). 
Namely, using offshore waves induces a large positive bias.  Since the setup component has less influence than the 
swash component on the total runup, the absolute contribution to runup uncertainties remains relatively low. 

 

Figure 10. Comparison of wave setup between XBEACH (NUM1D-OBS run) and the empirical ap-
proach fed by offshore waves (black dots), modelled nearshore waves (magenta dots) and observed 
nearshore waves (blue dots) in PDP (left) and CLM (right). 

Table 4. Comparison of the setup obtained from the empirical approaches with the one provided 
by NUM2D-OBS in terms of RMS difference (in m) and bias (in m). 

 PDP CLM 

RMSD (m) BIAS (m) RMSD (m) BIAS (m) 

EMP-OFF 0.03 0.02 0.10 0.08 

EMP-ON 0.02 0.00 0.05 0.02 

EMP-OBS 0.02 0.01 0.04 0.01 

4. Discussion  

The quantification of beach flooding requires the implementation of a modelling system able to propagate the 
information from open sea waves up to the beach. This can be done using cost-effective empirical approaches or using 
more sophisticated strategies based on numerical modelling that allows to cope with local specificities. If the runup 
estimates are needed for a large number of beaches (e.g., in regional assessments), then the second approach is unfeasi-
ble. And that is not only because of the computational cost, but also due to the lack of detailed information on nearshore 
bathymetries and bottom type (e.g. vegetation, sand, rock, etc), which determines the wave damping.  

Under some circumstances, using an empirical approach can lead to results comparable to what is obtained with a 
calibrated numerical model. However, it is worth noting that there may be error compensation. For instance, in our 
case, the results have shown that the S2006 empirical approach forced with nearshore waves provides similar results 
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than the most sophisticated numerical configuration. At the same time, this approach does not consider the role of 
vegetation in the wave damping. Therefore, it can be expected that in a location without submerged vegetation close to 
the shore, the same approach would lead to an underestimation of the observed wave runup. These results are con-
sistent with (Stockdon et al., 2014) in which some modifications to the S2006 formulation  were done to improve the 
wave runup estimates under extreme events.  

The quantification of the error sources conducted in this study can help to establish the relative importance of 
different sources of uncertainty in projections of beach flooding. Those projections will be inherently uncertain for sev-
eral reasons. Leaving aside that the future evolution of greenhouse gases (GHG) is uncertain and assuming a certain 
GHG scenario, two other main sources of uncertainty can be identified. These are the natural variability in the forcings 
and the inaccuracies of the modelling system (Hawkins and Sutton, 2009). In the case of beach flooding, the later can be 
roughly approximated from the error estimates we have carried out in this study.  

For illustrative purposes, we estimate the uncertainties associated to wave runup computation in a realistic study 
of beach flooding associated to climate change. For doing that, the baseline is the flood distance projections in the Bale-
aric Islands developed by (Agulles et al., 2021), where projections of mean sea level, storm surges and wave runup 
evolution are computed along the coast of the archipelago to obtain the flood distance on sandy beaches under different 
wave conditions and climate scenarios. Based on the results of that work, under the greenhouse gas (GHG) emission 
scenario RCP8.5, the flood distance under extreme conditions in 2100 in PDP and CLM is projected to be 24.5 m and 
23.6 m, respectively (see Table 1 in Supplementary Material of Agulles et al., 2021). These values can be compared to 
the uncertainty associated with the wave runup modelling. 

The total uncertainties associated to the modelled wave runup could be computed from the uncertainties associ-
ated to the swash and the setup. Assuming those are independent and provided that runup is the result of the addition 
of swash and setup, the wave runup uncertainty (erunup) can be estimated as the quadratic sum of the uncertainties in 
each component (Kirchner, 2001; Ranftl et al., 2021), which results in: 𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  �𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ2 + 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟2  

(4) 

The uncertainties linked to the modelling of the swash can be estimated from the errors quantified above. Regard-
ing the uncertainties in the setup, we can use the RMS difference of the sensitivity study shown in Section 3.5. Both 
uncertainties would depend on the modelling approach. In the case where the 2D numerical approach is implemented 
with observed 2D bathymetry and vegetation and forced with observed nearshore waves (NUM2D-OBS), the swash 
results would have an uncertainty similar to the baseline swash error (0.07 m for PDP), and the setup results would 
have an uncertainty similar to the baseline setup error (0.02 m, for PDP; here we use the minimum RMSD of Table 4). 
Thus, from (4), the uncertainty in the vertical runup in PDP would be 0.07 m. Considering that the PDP beach slope is 
0.027, this value corresponds to an uncertainty of 2.70 m for the horizontal displacement. The same configuration for 
CLM would have an uncertainty in the wave swash and setup of 0.12 m and 0.04 m, respectively. This leads to an 
uncertainty in the wave runup of 0.13 m and 2.95 m in the flood distance assuming a beach slope of 0.044 (Table 5). 
Thus, the uncertainties associated to the wave runup modelling corresponds to a 11% and 12% of the total flood distance 
estimated by Agulles et al (2021) (green patch in Figure 11) for PDP and CLM, respectively. 

 

Figure 11. Example of uncertainties in coastal retreat projected for PDP (left panel) and CLM (right 
panel). The present location of the coastline is plotted in black. The projected retreat at the end of 
the century under scenario RCP8.5 is plotted in black dashed line and their associated uncertainties 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 March 2023                   doi:10.20944/preprints202303.0302.v1

https://doi.org/10.20944/preprints202303.0302.v1


 17 of 21 
 

 

represented by the blue patch. The uncertainty associated to the wave runup estimate is plotted in 
red for the configuration 1 and in green for the configuration 2 (see text for details). 

Table 5. Total uncertainties in the vertical swash, setup, wave runup and the horizontal coastline 
displacement. In Configuration 1, a 2D numerical system with good knowledge on bathymetry and 
vegetation and forced by observed waves has been considered. In Configuration 2 an empirical for-
mulation with poor knowledge on the bathymetry or vegetation and forced by offshore modelled 
waves has been considered. 

 Configuration 1 (NUM2D-OBS) Configuration 2 (EMP-OFF) 

 PDP(β=0.027) CLM(β=0.044) PDP(β=0.027) CLM(β=0.044) 

Vertical uncertainties 

Swash (m) 0.07 0.12 0.15 0.25 

Setup (m) 0.02 0.04 0.03 0.10 

Runup (m) 0.07 0.13 0.16 0.27 

Horizontal uncertainties  

Uncertainty in the 

horizontal coastline 

displacement (in m) 

2.70 4.95 5.80 6.12 

A second example would be the case of most regional studies, where wave run up is estimated from the empirical 
formulation of S2006 with offshore waves and little knowledge on bathymetry or vegetation. In this case, we should 
add the uncertainty in the swash and setup due to the use of offshore waves with the empirical formulation, the un-
known bathymetry and the unknown bottom friction. Once again, we can assume that the distinct sources of uncertainty 
are independent and we can combine them as a quadratic sum. For PDP, we assume that the uncertainty linked to the 
first can be approximated by the estimated error of EMP-OFF run in Table 2 (0.13 m in PDP and 0.25 m in CLM). The 
uncertainty due to the unknown bathymetry can be approximated from the results of the sensitivity experiments (sec-
tion 3.3). There, we have seen that using a wrong bathymetric slope would lead to an increase of 0.02 m in both beaches. 
For the uncertainty linked to the vegetation, we can use an average value from the results of sensitivity experiments in 
section 3.4 and assume an uncertainty of 0.08 m in PDP and 0.02 in CLM. Finally, we use again the results of the com-
parison of wave setup results from section 3.5 for the uncertainty linked to the wave setup (0.03 m for PDP and 0.10 m 
for CLM).  Merging all sources of uncertainty leads to a total uncertainty in the vertical displacement of 0.16 m for PDP 
and 0.27 m for CLM. The corresponding uncertainty in the horizontal displacement would be 5.80 m and 6.15 m, re-
spectively (see Table 5). Thus, the uncertainties associated to the modelling of wave runup using the simplest configu-
ration (EMP-OFF) correspond to a 23% and 26% of the total flood distance estimated by Agulles et al (2021)  (green 
patch in Figure 11) for PDP and CLM, respectively. 

It is also worthwhile to compare the uncertainties associated to the modelling of wave runup with the other sources 
of uncertainty for beach flooding projections. In particular, in the Mediterranean, most of the uncertainties linked to 
beach flooding projections are associated to the representation of changes in the mean sea level, as storm surge and 
open sea waves are well modelled and projected to suffer minor changes (Agulles et al., 2021). Previous studies have 
quantified the uncertainties in mean sea level projections associated to the scenario or the modelling system. They sug-
gest mean sea level will rise between 0.20 and 1.10 m at the end of the century (Cherif et al., 2020; Zhongming et al., 
2021). Thus, the uncertainty in mean sea level projections would be ~0.45 m.  Our results suggest that uncertainties 
associated to the modelling of wave runup would be between 0.07 m and 0.27 m depending on the beach studied and 
the modelling choices, which represents between a 16 % and 60 % of the uncertainties linked to the mean sea level 
projections (see Figure 12). This means that uncertainties associated to the wave runup modelling are important and 
thus should not be neglected when estimating total uncertainties of the beach flooding projections.  

5. Conclusions 

In this paper, we have quantified the impact of several sources of error in the estimation of wave runup in sandy 
beaches to assess what factors have a greater influence on the quality of the results. To reach that goal, a calibrated state-
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of-the-art numerical modelling system has been setup for two beaches in the Mallorca islands (NW Mediterranean), 
which are representative of most Mediterranean sandy beaches. The system has been forced with the best available 
information of nearshore incoming waves and has been validated against swash observations to define the benchmark 
quality. Then different system configurations have been tested with different degrees of complexity. 

Our results show that using the most sophisticated modelling system with the best information on boundary con-
ditions, bottom bathymetry, and submerged vegetation leads to a swash RMSE comparable to the standard deviation 
of the observed swash. We have also found that the choice of lateral boundary conditions (i.e., source of information for 
the incoming waves) is the most influential factor and can double the RMSE and induce large biases. The second factor 
in importance is if submerged vegetation is properly considered or not as it modifies the nearshore wave damping. The 
comparison between different modelling approaches also demonstrates that employing a simple empirical approach 
typically underestimates wave runup. Nevertheless, in areas with vegetated seabed, there is an error compensation, 
and the empirical approach can yield acceptable outcomes if forced by nearshore waves.  

The quantification of the sources of error for wave runup estimates can also help to assess the relative importance 
of the uncertainty associated with the wave runup modelling when projecting future evolution of total water level at 
beaches. To illustrate this, the projections of beach flooding under scenario RCP8.5 have been used as an example. 
Assuming that the uncertainties of modelling wave runup can be approximated by the error estimates presented above, 
those would range between 0.07 m and 0.27 m depending on the beach studied and the modelling choices. Those un-
certainties in wave runup represents between 16 % and 60% of the uncertainties associated to the mean sea level rise 
projections in the region. Therefore, uncertainties associated to wave runup modelling should be considered when as-
sessing the uncertainties associated to beach flooding projections. These outcomes can be extrapolated to other Medi-
terranean beaches with similar morphodynamical characteristics.   

Supplementary Materials: The following supporting information can be downloaded at the website of this paper posted on Pre-
prints.org, Figure SI1. Swash observations extracted from timestack images (blue bars). Setup from S2006 formulation (red bars) and 
XBEACH (green bars), both for PDP (top) and CLM (bottom panel). The sum of both components represents the wave runup (in m). 
Figure SI2. Time series of nearshore waves recorded by the AWACS (gray) and the selected cases modelled by XBEACH (green and 
red dots). The black dots indicate the periods when timestack images were available. Figure SI3. Scatter plot of modelled Hs (m) 
with SWAN vs observations in PDP (left panel) and CLM (right panel). Figure SI4. Validation of the XBEACH model outputs in Cala 
Millor along a cross-shore transect of wave observations by Infantes et al., (2012). The location of the wave observations is indicated 
by the red dots (P1 to P4) in the upper panel. The lower panels show the comparison of observed and modelled Hrms (in m) for the 
four observation points. The corresponding RMSE (in m) is included in the insets for the simulation with the calibrated vegetation 
module (R). Figure SI5. Calibration of XBEACH vegetation module for PDP (left panel) and SNB (right panel). Observed and mod-
elled swash are compared in the absence of seagrass (blue), considering Cd=0.20 (green), Cd=0.10 (red) and Cd=0.05 (black). 
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