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Abstract 13 

The performance of the process-based nearshore model XBeach for predicting extreme 14 

offshore-directed sediment transport was investigated using field observations at a 15 

dissipative beach in Japan. Three extreme erosion events were identified from a record 16 

of 6,209 observations of the cross-shore profile change at Hasaki, Japan, from 1987 to 17 

2003. The analysis considered the sensitivity of the wave nonlinearity of short waves 18 

that could be tuned using the parameter, fua, to the observed bed profile change. The 19 

comparisons revealed that for extreme offshore-directed sediment transport events, fua 20 

= 0.0 is the best fit for predicting these extreme beach profile changes. In the nearshore 21 

zone, erosion was underestimated, and the BSS exhibited low values. Peak sediment 22 

deposition occurred in the bar-offshore zone with sediments transported from the 23 

nearshore zone and was estimated by the model reasonably well. In addition to the three 24 
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extreme events, 14 other large events were identified, and the trends of beach profile 25 

change could be estimated with sufficient tuning of the fua parameter. After analyzing 26 

the correlation between fua and wave and morphology-related parameters, the fua value 27 

could be correlated to the observed volume change. This suggested that if there were a 28 

rough estimate of the expected total volume change, this may help in setting fua value. 29 

 30 
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1. Introduction 35 

Sediments are dynamically transported in onshore and offshore directions in coastal 36 

areas, especially in the foreshore and nearshore zones. Managing both types of sediment 37 

transport is important for coastal problems, such as beach erosion and accretion. 38 

Moreover, the foreshore and nearshore zones are the regimes where the public interacts 39 

with the ocean during recreational and leisure activities. Therefore, estimating the beach 40 

profile change of these zones is of paramount importance for disaster prevention of 41 

natural catastrophic events, such as storms and storm surges, as well as for recreation 42 

and habitat. 43 

Sediment transport rates in the foreshore zone (e.g., Baldock et al., 2011; Puleo et 44 

al., 2000; Suzuki et al., 2007) and nearshore zones (e.g., Deigaard et al., 1986; Elgar et 45 

al., 2001) have been investigated, and numerical models for these zones have been 46 

proposed (e.g., Bailard, 1981; Jayaratne et al., 2014; Kelly and Dodd, 2010; Larson et 47 

al., 2004). Several process-based beach profile evolution models have been proposed, 48 
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including SBeach (Larson and Kraus, 1989), CShore (Kobayashi and Farhadzadeh, 49 

2008; Figlus et al., 2011), and XBeach (Roelvink et al., 2009). While there is no 50 

universally accepted model, this study focuses on XBeach because it is more widely 51 

used globally than SBeach and CShore in recent years and because the source code is 52 

easily available. The model includes the hydrodynamic processes of short wave and 53 

long wave transformations, wave-induced setup, and unsteady currents, overwash and 54 

inundation, and the morphodynamic processes, including the effects of vegetation and 55 

hard structures. 56 

The XBeach model predicts the coastal morphological response due to the time-57 

varying wave and water level conditions. XBeach is under continuous development as 58 

an open-source model, including numerical schemes for swash zone dynamics 59 

(Roelvink et al., 2018), dune erosion events, and overwash. Table 1 summarizes some 60 

of the recent XBeach research and information about geographic location, 61 

morphological time scale, sediment diameter, a targeted region in the coastal zone, and 62 

hydrodynamic parameters. 63 

The evolution time scales in these studies vary from a few hours (e.g., Elsayed and 64 

Oumeraci, 2017) to several years (e.g., Faraci et al., 2014). XBeach has been shown to 65 

have good applicability for both short and medium timescales of morphology change. 66 

XBeach has been frequently applied to the field observations (e.g., de Vet et al., 2015), 67 

large-scale laboratory experiments (e.g., Do et al., 2018), and smaller-scale experiments 68 

(e.g., Berard et al., 2017), and most of the cases were applied to dune erosion. 69 

XBeach was originally developed to simulate the impact of storms and hurricanes 70 

on sandy beaches, with an emphasis on foreshore profile change, dune erosion, and 71 

overwash. For dune erosion, the model has been applied to several different coasts and 72 
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shows reasonable results of beach profile change with some tuning of parameters (e.g., 73 

Splinter and Palmsten, 2012; Armaroli et al., 2013; de Winter et al., 2015). For 74 

overwash events, XBeach has been shown to predict both erosion and accretion of the 75 

foreshore profile (e.g., McCall et al., 2010; Williams et al., 2015) with necessary 76 

parameter tuning. XBeach has been applied to the swash and inner-bar zone of sediment 77 

movement under erosive conditions (e.g., Bolle et al., 2011; Vousdoukas et al., 2011; 78 

Dissanayake et al., 2014). Comparison with observations showed that the predicted 79 

profile changes were less accurate than the dune erosion cases. There have been 80 

relatively few cases of accretion. Pender and Karunarathna (2013) reported that XBeach 81 

predicted post-storm recovery reasonably well. 82 

For the cross-shore sediment transport, it is suggested that the effect of wave 83 

nonlinearity is important (e.g., Bugajny et al., 2013; Nederhoff et al., 2015). In XBeach, 84 

wave nonlinearity parameter fua plays an important role for cross-shore sediment 85 

transport. Elsayed and Oumeraci (2017) suggested using the average beach slope 86 

steepness to determine the parameter fua for dune erosion. Rafati et al. (2021) adjusted 87 

the fua and other coefficients, and improved the agreement of the computed results with 88 

observed wave heights, offshore-directed mean currents (undertow), the wave-orbital-89 

velocity third moments (skewness and asymmetry), and onshore/offshore sandbar 90 

migration. 91 

In summary, XBeach has been extensively used for cross-shore sediment transport 92 

over a range of time scales and morphologies. However, a fair amount of tuning is 93 

required (e.g., Palmsten and Splinter, 2016), and the universal nature of these 94 

coefficients is uncertain for both onshore and offshore-directed transport conditions. 95 

This study focuses on this aspect by carefully selecting field data for which there is only 96 
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offshore-directed transport and investigating the sensitivity of short wave nonlinearity 97 

parameter, fua, on beach profile change using extreme offshore-directed sediment 98 

transport events. Moreover, we attempt to determine a predictive relationship for fua 99 

based on incident wave conditions, grain size, and total volume of sediment transport. 100 

 101 

Table 1. Summary of XBeach application for beach profile change using field and 102 

large-scale experimental data. 103 

 104 

 105 

 106 

 107 

 108 

2. XBeach Model 109 

ID authors year Lab/Field location duration
d50

[mm]
Event/transport direction Version dune

berm,
inner-

bar

outer-
bar

profile
WL,

aveH
Hs velocity

volume,
resession

runup
ground-
water

a1 Roelvink et al. 2009 Lab Netherlands Delta flume 6, 8 h 0.2 Dune erosion 1D, 2D x x x x x x x
a2 Field USA Maryland 20 h n/a Overwash x x x
b Lindemer et al. 2010 Field USA Barrir Is. 60.5 h n/a Overwash 2D x x x
c McCall et al. 2010 Field USA Santa Rosa 36 h 0.2 Overwash 2D x x x x
d de Alegria-Arzaburu et a 2010 Field UK Slapton Sands 68 h 6 Dune erosion, Overwash 1D x x x
e Bolle et al. 2011 Field Belgium Ostend 50 h n/a Erosion 1D, 2D x x
f Vousdoukas et al. 2011 Field Poltugal Faro Beach 12-18 h 0.5 Erosion 1D x x x
g Splinter and Palmsten 2012 Field Australia Gold Coast 160 h 0.25 Dune erosion 2D x x x
h1 Williams et al. 2012 Lab Netherlands Delta Flume BARDEX 3-6 h 11 Dune erosion, Overwash 1D x x x x x x
h2 Field UK Slapton Sands 70 h 6 Dune erosion, Overwash 1D x x x x x x
i Armaroli et al. 2013 Field Italy Emilia-Romagna 26-41 h 0.21 Dune erosion 2DH x x x
j Callaghan et al. 2013 Field Australia Collaroy/Narrabeen 29-72 d 0.35 Erosion x x x

k1 Pender and Karunarathna 2013 Field Australia Narrabeen 49.5 h 0.37 Erosion 2D x x x
k2 Field Australia Narrabeen 24.5 d 0.37 Accretion 2D x x x
l Dissanayake et al. 2014 Field UK Sefton Coast 8 d 0.2 Erosion 1D, 2D x x x x
m Faraci et al. 2014 Field Italy Belvedere Marittimo 2 y 3 Erosion 1D x x
n1 Jamal et al. 2014 Lab Germany GWK 2.7 h 21 Berm formation V12, 1DH x x x
n2 Field UK Christchurch 22 h 7.2 Berm formation V12, 1DH x x
o Splinter et al. 2014 Field Australia Gold Coast 24.75 d n/a Dune erosion V18 x x x
p Verheyen et al. 2014 Field Ghana Ada 1 y 0.54 Dune erosion 1DH x x x
q de Vet et al. 2015 Field USA New York 48 h 0.4 Dune erosion, Overwash 2DH x x
r de Winter et al. 2015 Field Netherlands Egmond 75 h 0.3 Dune erosion 2D, V19 x x x
s Williams et al. 2015 Field Ireland Rossbeigh 24 h 0.235 Overwash 1D, 2D x x x
t Palmsten and Splinter 2016 Lab USA OSU 16 h 0.23 Dune erosion 1D, V18 x x x x x
u de Winter and Ruessink 2017 Field Netherlands Egmond, Noorwijk 5 h 0.2 Dune erosion 2D, V19 x x x x x
v1 Elsayed and Oumeraci 2017 Lab Germany GWK 1.59 h 0.16 Dune erosion 2D x x x
v2 Field USA Santa Rosa 36 h 0.2 Overwash 2D x x x
w Do et al. 2018 Lab USA OSU 2.15 h 0.2 Dune erosion 1D x x x x
x Schambach et al. 2018 Field USA Rhode Island 45 h 0.58 Dune erosion 2D x x x
y Yin et al. 2019 Field China Xiamen Island 26 h 0.386 Offshore 1 D x x x
z Schweiger et al. 2020 Field Germany Rostck-Warnemude 30 h 0.3 Onshore, offshore 2DH x x x x x x
aa Rafati et al. 2021 Field USA near Duck 4-5 d 0.2 Onshore, offshore 1D x x x x x
A Present research Field Japan Hasaki Coast 3 d 0.18 Onshore, offshore 1D, Kings x x x x x
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In the present study, we used the Kingsday version of the XBeach model in hydrostatic 110 

mode. Details of the model can be found in the online documentation of XBeach, and 111 

this section briefly explains the sediment transport equations, which are the subject of 112 

this investigation. 113 

 The shallow water momentum equation (wave action balance) is given by: 114 

y w fx c A D Dc A c AA
t x y t

θ

σ
∂ +∂ ∂∂

+ + + = −
∂ ∂ ∂ ∂

                     (1) 115 

where x is the cross-shore direction, y is the alongshore direction, cx and cy are the wave 116 

propagation speeds in the x and y directions, respectively, A is the parameter of wave 117 

action, which is the ratio between the wave energy density and intrinsic wave 118 

frequency, Dw and Df are dissipation terms for the waves and bottom friction, σ  is the 119 

intrinsic wave frequency, θ  is the wave angle with respect to the x-axis, and t is time. 120 

Three different wave-breaking formulations for nonstationary wave conditions have 121 

been implemented in XBeach and affect the wave dissipation term, Dw, the original 122 

formulation of Roelvink (1993), an extended version described in Roelvink (1993), and 123 

a formulation following Daly et al. (2010). The wave dissipation term of Roelvink-124 

extended (default) is given as 125 

In this study, based on previous investigations (Suzuki and Cox, 2019), the 126 

formulation of Daly et al. was used for the analysis. The wave breaking formation of 127 

Daly et al. is given as 128 

2 rms
w b w

rep

HD Q E
T h
α

=                               (2) 129 

( )( )max1 exp n
b rmsQ H H= − −                            (3) 130 

max ( )rmsH h Hγ δ= +                                (4) 131 
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where α is the wave dissipation coefficient, Trep is the representative wave period, Qb is 132 

the fraction of wave breaking, ρ is the water density, and Ew is the energy density of the 133 

wave. The maximum wave height is calculated as a ratio of the water depth plus a 134 

fraction of the wave height (δHrms) using a breaker index γ. Alternatively, the 135 

formulation of Daly et al. states that waves are fully breaking if the wave height exceeds 136 

a threshold (γ) and stop breaking if the wave height falls below another threshold (γ2). 137 

The fraction of wave breaking, Qb, is determined by: 138 

2

1
0

rms
b

rms

if H h
Q

if H h
γ
γ

>
=  <

                               (5) 139 

The default values of the parameters γ and γ 2 were 0.55 and 0.10, respectively. 140 

Sediment concentrations in the water column are modeled using a depth-averaged 141 

advection-diffusion scheme with a source-sink term based on equilibrium sediment 142 

concentrations (Galappatti and Vreugdenhil, 1985), and the effect of wave skewness 143 

and asymmetry are accounted for in the advection-diffusion equation given by 144 

( sin ) ( cos )E E
eqa a

h h
a

hC hChC u u hC v uhC C CD h D h
t x y x x y y T

θ θ − ∂ − ∂ −∂ ∂ ∂ ∂ ∂ + + + + = −  ∂ ∂ ∂ ∂ ∂ ∂ ∂   
 145 

(6) 146 

where C is the depth-averaged sediment concentration, Ceq is the total equilibrium 147 

sediment concentration, uE and vE are the Eulerian cross-shore and longshore velocities, 148 

respectively, Dh is the sediment diffusion coefficient, θ is the wave angle, and Ta is the 149 

adaptation time. XBeach does not simulate the wave shape of short (gravity) waves; 150 

hence, the sediment advection velocity, ua, is included to account for wave shape effects 151 

on sediment transport and is given as 152 

( )a Sk k As s rmsu f S f A u= −                            (7) 153 
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The advection velocity ua is calculated as a function of wave skewness (Sk), wave 154 

asymmetry (As), root-mean-square velocity urms, and two calibration factors fSk and fAs. 155 

A higher value of ua will simulate a stronger onshore sediment transport component. 156 

Both fSk and fAs can be set to the same value using the parameter fua, i.e., fua = fSk = fAs, 157 

and a lot of researchers calibrate using fua. In summary, XBeach contains several tuning 158 

parameters, including fua and fmor. This study focuses on fua and whether it can be held 159 

constant for extreme offshore-directed erosion events. 160 

 161 

3. Methodology 162 

3.1 Field Observations 163 

The study site is a natural sandy beach on the Hasaki coast of Japan, facing the Pacific 164 

Ocean and angled 31 degrees anti-clockwise from the north, as depicted in Figure 1. In 165 

this research, x positive is set as the seaward distance perpendicular to the shore, and y 166 

positive is set as 90 degrees clockwise direction, parallel to the shore (Fig. 1). The x-y 167 

origin was set near the shoreline. The study site includes the Hazaki Oceanographical 168 

Research Station (HORS), which maintains a 427 m long research pier positioned 169 

perpendicular to the shore. The pier was constructed in 1986 and has been in continuous 170 

operation for nearshore processes research, including measurements of nearshore 171 

hydrodynamics and morphological responses (e.g., Kuriyama, 2002; Suzuki et al., 172 

2009). 173 

 174 

 175 
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 176 
 177 

Figure 1. Location of study site of Hazaki Oceanographical Research Station (HORS) 178 

on the Hasaki coast of Japan facing the Pacific Ocean, and detailed bathymetry (Japan 179 

Oceanographic Data Center) around the HORS. 180 

 181 

Beach profiles along the pier were measured at 5 m intervals from March 1986 to 182 

the present, following the procedure established by Katoh and Yanagishima (1988) 183 

using a 3 kg lead weight from above the pier and using a level and staff landward of the 184 

pier. Surveys were conducted every weekday from March 1986 to March 2011, and 185 

once a week thereafter. The longshore currents along the pier were measured together 186 

with a beach profile survey using a spherical float with a diameter of 0.2 m, 1 m below 187 

the water surface. Kuriyama et al. (2008) confirmed the accuracy of the current 188 

measurements by comparing the float measurements with data from an electromagnetic 189 

current meter, and the correlation coefficient R was 0.97. The median sediment diameter 190 
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of the coast was 0.18 mm, and it was almost uniform along the pier (Katoh and 191 

Yanagishima, 1995). 192 

Wave data were observed at three locations on the pier (x = 40 m, 145 m, and 380 193 

m) using an ultrasonic gage and at one location offshore of the Port of Kashima (dot in 194 

Fig. 1) using an ultrasonic sensor. The offshore wave gage was located approximately 8 195 

km north of the HORS pier at a water depth of 24 m to provide continuous observations 196 

of the wave height, period, and direction in deeper water. The significant wave height 197 

and significant wave period were calculated hourly using a 20-min sample (Suzuki et 198 

al., 2019). The wave direction was observed only at the offshore location. Therefore, the 199 

wave direction at the end of the pier was estimated using Snell’s law, and the wave 200 

condition offshore of the Port of Kashima was assumed to represent the wave conditions 201 

offshore of the pier based on previous numerical modeling work by Kuriyama (2012). 202 

The water level data were recorded hourly at the end of the pier. The high, mean, 203 

and low water levels based on the datum level (D.L.) at the Hasaki coast (Tokyo Peil -204 

0.687 m) were 1.25, 0.65, and -0.20 m, respectively. Figure 2 presents an example of 205 

the wave, current, and water level of October 12–22, 1990, corresponding to one of the 206 

comparison cases discussed later.  207 

 208 

 209 
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 211 

Figure 2: Observed data from Oct. 12-22, 1990. (a) wave height, (b) wave period, (c) 212 

wave direction, (d) longshore current, and (e) water level. 213 

 214 

3.2 Selection of Extreme Offshore-directed Sediment Transport Events 215 

As mentioned earlier, cross-shore beach profile surveys were conducted continuously 216 

(approximately once per day) along the pier. In this study, data from January 1987 to 217 

December 2003 were used, resulting in approximately 6,209 profiles over the 16 years. 218 

This section discusses the down-selection of data, resulting in extreme offshore 219 

dominant sediment transport events. In the down-selection process, we focus on 220 
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identifying cross-shore dominant sediment transport events for which the volume of 221 

sediment is conserved within the profile. 222 

 223 

3.2.1 Selection of Cross-shore Dominant Sediment Transport Events 224 

Figure 3 presents the averaged beach profile and the standard deviation for all 6,209 225 

profiles. Two peaks are visible in the mean profile, one at x = -35 m at the berm area 226 

landward of the mean water line and another at x = 185 m at the outer bar. Occasionally, 227 

an inner bar forms in the inner surf zone (0 m < x < 180 m), but this inner bar feature 228 

was ephemeral and not retained in the mean profile. It is noted that periodic features are 229 

visible in the region 200 m < x < 385 m due to the pilings supporting the pier. To select 230 

the onshore- and offshore-directed sediment transport cases, the cross-shore distance of 231 

the beach profile was separated into three zones based on the two peaks in the averaged 232 

beach profile: the foreshore zone (-115 m < x < -20 m), the nearshore zone (-15 m < x < 233 

180 m) and the bar offshore zone (185 m < x < 385 m) and are denoted with subscripts 234 

“F” (foreshore), “N” (nearshore) and “B” (bar offshore). 235 

 236 

 237 
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 239 

Figure 3. Averaged beach profile and its standard deviation using, the data from Jan. 240 

1987 to Dec. 2003. 241 

 242 

The volume difference, Q [m3/m], over three days was calculated for each zone, that 243 

is Q = Q(t) – Q(t-3), where t is the time in days, and denoted as QF (foreshore), QN 244 

(nearshore), and QB (bar offshore). The volume difference for the total profile (−115 m 245 

< x < 385 m) was also calculated, QT. Values for which Q < 0 indicate offshore-directed 246 

transport. 247 

The following procedure was used to down-select the data: 248 
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1. Focusing on nearshore sediment transport, we discriminated between onshore and 249 

offshore events. This yielded 3318 onshore events ( NQ∑ > 0) and 2888 offshore-250 

directed events ( NQ∑ < 0) in the nearshore.  251 

2. Considering a closed system where the sediment mass is conserved in the cross-252 

shore, we chose events for which the total transport normalized by the total 253 

magnitude of transport was less than 10 % ( T TQ Q∑ ∑  < 0.1). This reduced the 254 

number of nearshore onshore events from 3318 to 470 and the number of offshore-255 

directed events from 2888 to 605. 256 

3. We considered cases for which the longshore current at the nearshore zone, x = 145 257 

m, was less than 0.25 m/s because this is a reasonable estimate of the critical value 258 

for the initiation of sediment transport, further reducing the cases to 285 onshore 259 

and 346 offshore-directed events.  260 

4. We considered events for which there was a fairly large signal in the onshore or 261 

offshore-directed event defined as NQ∑ > 2 [m3/m], causing a reduction to 69 262 

onshore and 101 offshore-directed events. 263 

5. We considered events that occurred only on weekdays. Moreover, we also 264 

eliminated events lacking complete hydrodynamic data due to instrument failure, 265 

maintenance or replacement. This reduced the cases to 9 onshore and 17 offshore-266 

directed events. 267 

In summary, our down-selection process reduced the cases to be considered from 268 

6,206 to 26 events. 269 

 270 

3.2.2 Selection of Extreme Offshore-directed Sediment Transport Events 271 
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Despite the above reduction, it was necessary to examine each profile to select a 272 

reasonable final number of events for comparison with XBeach. Figure 4 illustrates the 273 

correlation between the volume difference in the nearshore zone QN and that in the bar 274 

offshore zone QB for the selected offshore/onshore dominant events. The cross symbol 275 

indicates the averaged values, and the error bars indicate the standard deviation, σ . All 276 

the events have negative correlations for the offshore dominant events, and sediment in 277 

the nearshore zone moves to the bar offshore zone. For the offshore dominant events, 278 

three events were larger than the value of 2σ . Here, the focus is on three extreme 279 

events that are numbered from ID1 to ID3. 280 

 281 
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 283 

Figure 4: Correlation between volume difference in the nearshore zone, QN, and that in 284 

the bar offshore zone, QB. 285 

 286 
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 287 

Table 2 summarize the volume differences at each zone, longshore current at the 288 

cross-shore location of x = 145 m for the selected three extreme offshore-directed 289 

sediment transport events, and the last row lists the average, standard deviation, 290 

maximum and minimum values calculated using the dataset from 1987 to 2003 for the 291 

reference. We note here that two extreme offshore-directed sediment transport events 292 

( NQ∑ = -11.41 m3/m and -10.72 m3/m) were neglected because the longshore current at 293 

x = 145 m was large ( 145| |mv = 0.430 m/s and 0.277 m/s) for these two events. 294 

Table 2. Selected three extreme offshore-directed sediment transport events of volume 295 

difference at each zone. 296 

ID Date 
FQ∑  

[m3/m] 

NQ∑  

[m3/m] 

BQ∑  

[m3/m] 

TQ∑  

[m3/m] 

| |TQ∑  

[m3/m] 

T

T

Q
Q

∑
∑

 
145| |mv  

[m/s] 

1 1988/ 9/19-22 0.40 -13.69 11.46 -1.83 36.1 -0.051 0.220 

2 1990/10/15-18 0.10 -9.70 10.36 0.76 24.1 0.032 0.151 

3 1993/10/4-7 0.10 -8.88 8.17 -0.61 24.8 -0.025 0.218 

Full 

data 

1987/

1/1–

2003/

12/31 

Ave 0.012 0.0056 –0.006 0.012 15.3 0.050 0.246 

std 0.346 4.44 6.01 8.30 8.21 0.415 0.138 

Max 1.89 23.3 36.89 47.6 84.8 0.960 0.963 

Min –4.84 –29.3 –52.0 –59.5 2.71 –0.980 0.004 

 297 

 298 

Figure 5 presents the wave conditions for the selected offshore/onshore dominant 299 

events. The cross symbol indicates the averaged values, and the error bars depict the 300 

standard deviations. The extreme offshore dominant events are marked as ID1, 2, and 3, 301 
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and no significant trend can be seen for the extreme events, meaning that the wave 302 

height and periods that produced these events were within the range of the other events. 303 

 304 
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Figure 5: Correlation between significant wave height and wave period. 307 

 308 

 309 

Table 3 lists the wave conditions for each extreme offshore-directed event. Figure 2 310 

displayed a representative sample of the data corresponding to ID 2. Although it can be 311 

seen that ID 1 and 3 have similar wave periods that are somewhat lower than the mean 312 

period, the mean significant wave heights for each of the three events are typical of the 313 

wave heights for this area. 314 

 315 

 316 
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Table 3. Wave conditions of selected three extreme offshore-directed sediment 317 

transport events. 318 

ID Date 
sH  [m] sT  [s] Wave direction at x = 

380 m, θ [degree] Ave. std Ave. std 

1 1988/ 9/19-22 0.97 0.24 9.00 1.06 8.1 

2 1990/10/15-18 1.15 0.17 7.10 1.19 17.5 

3 1993/10/4-7 1.40 0.22 7.42 1.30 7.3 

Full data 1987.1.1– 2003.12.31 1.16 0.55 7.83 1.73 15.3 

 319 

 320 

Figure 6 shows the beach profile change and the volume change of the three selected 321 

extreme offshore-directed sediment transport events: (a) ID 1, (b) ID 2, and (c) ID 3. 322 

The top panel in each subplot exhibits the pre- and post-event cross-shore profiles and 323 

mean water level. The bottom panel displays the resulting sediment transport, Q, over 324 

the three days. The light dashed vertical lines in the figure indicate the three zones 325 

(foreshore, nearshore, and bar offshore). All the events are somewhat similar in that 326 

sediment transported offshore-ward from a relatively wide section of the nearshore zone 327 

(80 m < x < 190 m) and deposited in a relatively narrow portion of the offshore bar area 328 

(190 m < x < 240 m). Moreover, some sediment deposition occurred at the onshore end 329 

of the eroded area in the nearshore zone. 330 

 331 
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Figure 6: Beach profile change and volume change of extreme offshore-directed 334 

sediment transport events. (a) ID1, 1988/9/19–22, (b) ID2, 1990/10/15–18, and (c) ID3, 335 

1993/10/4–7. 336 

 337 

 338 

3.3 XBeach Setup and Error Metrics 339 
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The XBeach domain was 500 m in the cross-shore direction with a grid resolution of 5 340 

m for the longshore direction, that is, the 1-D model. The location of the offshore 341 

boundary is the same as the pier end of the HORS. The median diameter d50 is set as the 342 

same median diameter at the Hasaki coast, 0.18 mm. The wave height and period inputs 343 

at the offshore boundary were created using a JONSWAP spectrum with default 344 

parameters, and the Hmo and Tp observed waves at the end of the pier. As explained 345 

earlier, the wave angle at the pier was estimated using Snell’s law from the offshore 346 

ultrasonic sensor. Tidal variation was also included at the offshore boundary. Since 347 

cross-shore dominant sediment transport events were selected, the effect of longshore 348 

current was neglected in this analysis. Table 4 lists the summary of the main parameter 349 

values used in this study. The other XBeach hydrodynamic and morphodynamic 350 

parameters were set as default values. 351 

 352 

 353 

Table 4. XBeach parameters for the selected events. 354 

Parameter description Default Used in this analysis 

Wave breaking parameter Roelvink extended Daly et al. 

Sed. transport formula vanthiel_vanrijn soulsby_vanrijn 

Morphological Accel. param.: fmor 1 5 

Wave nonlinearity param.: fua 0.1 0 – 0.55 

Bed friction (Chezy): C 55 30 

 355 

 356 
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The performance of XBeach on the prediction of wave height and beach profile 357 

change can be evaluated on the basis of the relative mean absolute error (RMAE) and 358 

Brier Skill Score (BSS), respectively. The formulae are as follows (e.g., van Rijn et al., 359 

2003): 360 

RMAE c m m mH H H H= − − ∆                              (8) 361 

2 2
, , , ,0 ,BSS 1 (| | ) ( )b c b m b m b b mz z z z z = − − −∆ −                       (9) 362 

where indexes m and c are measured and computed. H is the wave height, zb is the bed 363 

level, ∆Hm and ∆zb,m are the errors of the measured wave height and bed level, zb,0 is the 364 

initial bed level, and . . .  is the averaging procedure over the time series. Table 5 lists 365 

the qualifications of the model performance (excellent, good, etc.) based on the RMAE 366 

and BSS ranges. It is noted that the statistic parameters of wave height and bed level are 367 

corrected for the measurement errors being ∆Hm = 0.1 m and ∆zb,m = 0.1 m in field 368 

conditions (van Rijn et al., 2000). In this analysis, ∆Hm = 0.05 m and ∆zb,m = 0.05 m are 369 

used. 370 

 371 

 372 

Table 5. Qualification of error ranges of process parameters (van Rijn et al., 2003). 373 

Qualification Wave height 

RMAE 

Morphology 

BSS 

Excellent < 0.05 1.0 – 0.8 

Good 0.05 – 0.1 0.8 – 0.6 

Fair 0.1 – 0.2 0.6 – 0.3 

Poor 0.2 – 0.3 0.3 – 0 
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Bad > 0.3 < 0 

 374 

 375 

5. Analysis and discussion of extreme offshore-directed sediment transport 376 

repeatability 377 

5.1 Effect of wave breaking parameter on wave height 378 

In this section, the effect of the wave breaking formulations on the wave height 379 

variation inside the surf zone and the effect of wave nonlinearity on beach profile 380 

change are discussed using the event, ID 2 (1990/10/15–18). Recalling Figure 2, the 381 

observations show relatively high wave conditions before and during the event (Fig. 382 

2a). The wave direction during the event was coming from northward (2c) yet the 383 

longshore current remained relatively small and less than 0.25 m/s during the event 384 

(2d). The statistical values of the observed data at the pier end during the event are 385 

listed in Table 3, and the ranges of the values are 0.86 m < Hs < 1.67 m and 5.3 s < Ts < 386 

9.9 s. 387 

Figure 7 shows the observed and calculated wave height time series at x = 380 m, 388 

145 m, and 40 m using both wave breaking formulations (Roelvink extended and Daly 389 

et al.). The solid line indicates the observed data, blue, green, and red lines indicate the 390 

Roelvink extended with the default γ = 0.55, calibrated γ = 0.20, and Daly et al. formula 391 

with calibrated γ = 0.80 and γ 2 = 0.10, respectively. 392 

 393 
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Figure 7: Observed and simulated wave height using extended Roelvink and Daly et al. 395 

wave breaking formulations. (a) x = 380 m, (b) x = 145 m, and (c) x = 40 m. 396 

 397 

The Roelvink extended formulation with default γ (= 0.55) indicates that the wave 398 

height at x = 380 m and 145 m show reasonable agreement with RMAE values of 0.11 399 

and 0.16, respectively. However, at x = 40 m, the wave height is overestimated with a 400 

bad agreement (RMAE = 0.94). This indicates that the wave breaking model with 401 

default γ does not adequately reduce the wave energy due to wave breaking. With 402 

tuning using γ = 0.20, it was possible to obtain excellent results at x = 40 m (RMAE = 403 

0.04) and reasonable agreement at x = 380 (RMAE = 0.11). However, the wave heights 404 

were underestimated with poor agreement at x = 145 m (RMAE = 0.24). In summary, it 405 

was not possible to tune the Roelvink extended formulation with a single value to 406 
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provide adequate agreement at all three locations in the surf zone. In contrast, the 407 

formulation of Daly et al. (red lines) shows reasonable results at all three locations: x = 408 

380 m (RMAE = 0.11), 145 m (RMAE = 0.10) and 40 m (RMAE = 0.16). Table 6 409 

summarizes the wave height comparisons. 410 

Therefore, the wave-breaking formulation of Daly et al. with tuned the breaker 411 

indexes γ and γ 2 for each event was used for the sediment transport comparison in the 412 

next section. 413 

 414 

 415 

Table 6: Wave breaking formulations and its parameter values and RMAE of each 416 

formulation. 417 

 418 

 419 

 420 

5.2 XBeach cross-shore sediment transport prediction 421 

As mentioned previously, the effect of wave nonlinearity on sediment transport was 422 

modeled in XBeach using wave skewness and asymmetry parameters. The parameter fua 423 

Wave breaking model RMAE of Hs [m] 

x = 380 m x = 145 m x = 40 m 

Roelvink extended, γ  = 0.55 0.11 

Fair 

0.16 

Fair 

0.94 

Bad 

Roelvink extended, γ  = 0.20 0.12 

Fair 

0.24 

Poor 

0.04 

Excellent 

Daly et al., γ  = 0.80, γ 2 = 0.10 0.14 

Fair 

0.10 

Good 

0.16 

Fair 
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can change both parameters simultaneously and is discussed in detail in this section. 424 

Similar to the wave comparison, the BSS is also used for model-data comparison of the 425 

morphological change. For all the events, almost no profile change occurred in the 426 

foreshore zone (-115 m < x < -20 m). Therefore, the BSS is calculated for the nearshore 427 

zone (BSSN: -15 m < x < 180 m), bar offshore zone (BSSB: 185 m < x < 385 m), and 428 

combined nearshore and bar offshore zones (BSSNB: -15 m < x < 385 m). The wave 429 

nonlinearity parameter, fua, is calibrated to fit the beach profile change with the 430 

observed data for each event. Since the wave propagation was adjusted as discussed in 431 

section 5.1, the model's predictive skill is related to the morphodynamic parameters, 432 

e.g., fua. 433 

Figure 8 displays the correlation between the fua and BSS for different zones. In the 434 

nearshore zone, panel (a), all the events exhibit nearly the same trend, wherein fua = 0.0 435 

is the best result; however, the qualification is fair. The BSSN values gradually decrease 436 

when the fua increase and become a bad rank. Conversely, in the bar-offshore zone, 437 

panel (b), although BSSB for ID1 is a fair rank at fua = 0.0, and almost constant at 0.23, 438 

IDs 2 and 3 are excellent ranks at low fua (<0.05). For ID2 and 3, BSSB gradually 439 

decreased when the fua increased. Panel (c) shows the BSS of the area includes both 440 

nearshore and bar-offshore zones (BSSNB; -15 m < x < 385 m). All the values of BSSNBs 441 

decrease when the number of fua increases. Overall, for the extreme offshore-directed 442 

sediment transport events, fua = 0.0 displayed the best fit. Table 7 lists the best BSS 443 

using fua = 0.0 for each zone. 444 

 445 
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 447 

Figure 8: Sensitivity of nonlinearity parameter, fua, on beach profile prediction. (a) 448 

nearshore zone, BSSN, (b) bar offshore zone, BSSB, (c) nearshore and bar-offshore 449 

zones, BSSNB. 450 

 451 

Table 7. BSS of each cross-shore zone during extreme offshore-directed sediment 452 

transport events. 453 

 454 

ID Nearshore zone, 

BSSN 

Bar-offshore zone, 

BSSB 

Nearshore and bar-offshore zones, 

BSSNB 

1 0.377 0.325 0.356 

2 0.450 0.886 0.731 

3 0.367 0.957 0.590 

 455 



27 

 

Here, using the fua = 0.0, the volume change of the observed (dashed line) and 456 

calculated (solid line) results for ID1, 2, and 3 are depicted in Figures 9(a), (b), and (c), 457 

respectively. In the nearshore zone, although all the events are underestimated, the 458 

trends of the spatial distributions are similar to that of the observed results. The beach 459 

profile near the shoreline area, observed results show small deposition or even; 460 

however, calculated results show erosion for all the events. In the bar-offshore zone, 461 

except for ID1, the peak of the volume change showed good agreement. For ID1, the 462 

peak of the onshore end is the same as the observed results, XBeach could not simulate 463 

the sediment movement at the offshore side of x = 215 m. 464 

In this analysis, the JONSWAP spectrum was used for the incident wave. Therefore, 465 

the role of infragravity waves was not taken into account in these simulations. It could 466 

be considered that this is one of the reasons that the best fit fua = 0 and the mismatch 467 

between the observed and simulated beach profile change. 468 

 469 
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 471 

Figure 9: Volume change of observed and calculated results. (a) ID 1, (b) ID2, and (c) 472 

ID 3.  473 

 474 

 475 

Figure 10 of panels (a) and (b) illustrate the correlation between the volume change 476 

and fua, and volume change and BSS, respectively. In this figure, the selected 17 477 

offshore dominant events are plotted, and three extreme events that is ID1-3, are marked 478 

with open circles. The red circles and solid squares are the data of the nearshore zone 479 

and bar-offshore zone, respectively. All the events, wave breaking parameters of 480 

breaker indexes, and fua were tuned as the profile BSS indicated the highest value. 481 

 482 



29 

 

0 3 6 9 12 15

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 |QN|

 QB

f ua

|QN|, QB [m3/m]

(a)

ID1ID2ID3

0 3 6 9 12 15

-1

0

0.3

0.6

1

 |QN|

 QB

B
S
S

N
, 
B

S
S

B

|QN|, QB [m3/m]

(b)

ID3

ID2

ID1

 483 

 484 

Figure 10: (a) correlation between volume change and fua, (b) correlation between 485 

volume change and BSS. The selected 17 offshore dominant events are plotted and 486 

three extreme events that are ID1-3, are marked with open circles. The red circles and 487 

solid squares are the data of the nearshore zone and bar-offshore zone, respectively. 488 

 489 

The correlation between QN and fua displays a negative correlation (panel (a) of red 490 

circles). Although bad qualifications include a range of 2 < |QN| < 6 (panel (b) of red 491 
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circles), the relation can be expressed as: 0.5 2( 0.26)NQ
uaf e R= = . Panels (a) and (b) of 492 

solid squares present the comparison of QB. The parameter fua has a negative correlation 493 

and can be estimated using QB as 0.5 2( 0.43)BQ
uaf e R−= = . The BSS value is slightly 494 

better than that of the QN (panel (b) of solid squares). Although the correction 495 

coefficients with volume changes and BSSN, BSSB are not high, we could see the 496 

relation curve between the two. Thus, if we could expect the volume change at the 497 

beach based on the past observed data, shoreline, etc., or find another parameter that 498 

could estimate volume change, we can decide fua and may calculate the appropriate 499 

beach profile change. 500 

Elsayed et al. (2017) proposed the fua estimate equation using average beach slope 501 

steepness, tansS β= , and showed a good correlation, R2 = 0.77. Following their 502 

method, we also analyzed the correlation between the two, the averaged beach slope of 503 

nearshore to bar-offshore zone, i.e., x = -15 m to 385 m, and fua. As a result, fua could 504 

show the correction with the power function of 6 3.83 21.34 10 ( 0.29)ua sf S R= × = . 505 

Compared to the Elsayed et al. cases, since we are using filed data, the beach profile is 506 

much smaller (Elsayed et al.: 0.06 < Ss < 0.158; present study: 0.013 < Ss < 0.019), 507 

maybe this is one of the reasons that the correction coefficient was low.  508 

Moreover, earlier attempts to relate fua to wave energy flux and sediment fall 509 

velocity (used Dean Number) were unsuccessful (R2 = 0.03 and 0.02, respectively). This 510 

is not surprising given that the wave heights and periods for the extreme events were not 511 

out of the ordinary (Fig. 5). It could be said that short waves are not the main reason for 512 

offshore-directed sediment transport for the three selected events. This suggests that, 513 
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perhaps, the antecedent profile conditions play a role or that the sediment transport 514 

occurs at a time scale faster than what is being used to characterize the hydrodynamic 515 

conditions. 516 

 517 

6. Conclusions 518 

The performance of the sediment transport model XBeach for predicting the profile 519 

changes during extreme offshore-directed sediment transport events was investigated 520 

using field observations at a dissipative beach in Japan. The data were carefully down-521 

selected to focus on events for which the majority of the sediment was primarily cross-522 

shore directed based on several criteria, resulting in data for 17 events. Moreover, from 523 

these 17 events, the top three events were used to investigate the sensitivity of the 524 

nonlinearity parameter, fua, on beach profile prediction. In addition, by using all 17 525 

selected events, the correlation between fua and volume change is discussed. The 526 

following conclusions can be drawn from this study. 527 

For the extreme offshore-directed sediment transport events, fua = 0.0 is the best fit 528 

for predicting the beach profile change. The trend of beach erosion and accretion could 529 

be estimated well for all the events; however, in the nearshore zone, erosion tends to be 530 

underestimated and the BSS displays lower values. In the bar-offshore zone, sediments 531 

are transported from the nearshore zone, and peak sediment deposition occurs. In the 532 

simulation, these peak depositions were well estimated. Considering the correlation 533 

between volume change and the fua of the selected 17 offshore-directed sediment 534 

transport events, although the model could not accurately predict some events, the fua 535 

value may be estimated using the volume change. 536 
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In the future, other physical parameters such as the P-parameter or JA-predictor can 537 

be investigated to determine if they can provide suitable guidance on setting fua for 538 

offshore-directed sediment transport. The time-varying nature of these parameters 539 

should be explored. Moreover, the value of fua may change, depends on the beach forms. 540 

In this analysis, we used the data observed at the dissipative beach. Thus, we also need 541 

to investigate the performance of fua using data of reflective or intermediate beaches. 542 

 543 
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