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Process-based, wave-resolving models are essential tools to resolve the complex hydro-morphodynamics in the swash
zone. The open-source Non-Hydrostatic XBeach model can solve the depth-averaged wave-by-wave flow in the
nearshore region up to the shoreline and the intra-wave bed changes during time-varying storms. However, valida-
tion and testing of its morphological response are still limited in the context of sandy beaches. This work aims to
assess the performance of the wave-resolving sediment dynamics modelling within Non-Hydrostatic XBeach for dif-
ferent sediment transport formulations. The sediment transport modelling approaches considered in this study were
tested and compared to laboratory experiments involving wave trains over an intermediate beach. Numerical results
show a better performance in the prediction of the intra-swash sediment dynamics when the newly implemented wave-
resolving transport equation is applied compared to the existing approach within the model.
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INTRODUCTION
Process-based, wave-resolving models are essential tools to resolve the complex hydro-morphodynamics

in the swash zone. They include intra-wave physical processes, which are necessary to describe the sedi-
ment dynamics in this zone when swash-swash interactions are present. These interactions can influence the
seaward directed sediment transport, which feeds the development of a beach profile (e.g., the migration
of bars, Alsina et al., 2012). Currently, few existing models are able to resolve the intra-swash hydro-
morphodynamics. Wave-resolving models are of two types: depth-averaged and depth-resolving models.
The latter type of models can simulate the vertical structure of the flow in the surf and swash zones. How-
ever, their validation, at present, is limited to relatively simple wave and morphodynamics conditions, such
as sediment transport induced by isolated waves (e.g., Li et al., 2019), or to a limited area only when lab-
oratory experiments are simulated (e.g., Jacobsen et al., 2014; Kim et al., 2019; Larsen et al., 2020). The
present study uses a depth-averaged, wave-resolving framework because this approach is the most practi-
cally used for engineering practice. The lack of a full description of the velocity profile makes this type
of models less computationally demanding. The governing hydrodynamics equations of depth-averaged,
wave-resolving models are the Non Linear Shallow Water Equations (NLSWE) (e.g., Postacchini et al.,
2012; Zhu and Dodd, 2015; Incelli et al., 2016, see Briganti et al., 2016 for a review), the non-hydrostatic
NLSWE (e.g., Smit et al., 2010; Ma et al., 2012; Ruffini et al., 2020), or the Boussinesq-type equations
(e.g., Xiao et al., 2010; Kim et al., 2017). The former set of flow equations do not take into account the
wave dispersion, thus limiting their application when compared to the latter two types of equations. The
non-hydrostatic NLSWE and the Boussinesq-type equations are widely used to simulate the wave propa-
gation from intermediate waters to the shoreline. The morphodynamics in these models is computed by
combining the aforementioned hydrodynamics equations with a sediment conservation equation and a bed-
updating equation. The open-source Non-Hydrostatic XBeach (XBNH) model (Smit et al., 2010) can solve
the depth-averaged wave-by-wave flow in the nearshore region up to the shoreline and in turn, intra-wave
bed changes during varying time scales. Formulations of sediment transport within XBNH have been ex-
tensively tested for gravel beaches (e.g., McCall et al., 2015). However, validation and testing of XBNH
morphological response in the context of sandy beaches are still limited. The existing approach in the model
has been originally formulated for the wave-averaged version of XBeach. Therefore, there is no knowledge
of which is the best sediment transport approach to use within XBNH.

The aim of this study is to assess the performance of the wave-resolving sediment dynamics modelling
within XBNH for different sediment transport formulations. Two main objectives are pursued. First, an
Intra-Wave Sediment Transport formulation is newly implemented in XBNH (XBNH-IWST). In particular,
the Pritchard and Hogg (2003) transport equation for the suspended sediment concentration is included in
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XBNH and the Meyer-Peter and Müller (1948) expression is considered for the bed load transport. These
two formulations are chosen because of their good performance in the swash zone (see Zhu and Dodd,
2015). In Mancini et al. (2020), which mainly focuses on the swash zone, the combined use of the Pritchard
and Hogg (2003) and the Meyer-Peter and Müller (1948) formula within XBNH are verified against the
semi-analytical solution of Zhu and Dodd (2015). Instead, in the present work, the performance of these
formulations and a comparison of their response with the existing approach originally developed for the
Wave-Averaged Sediment Transport model within XBNH (XBNH-WAST) are analysed for the swash and
the surf zones. The model response is tested against laboratory experiments where swash-swash interactions
were present.

The paper is organized as follows: in the first section XBNH-WAST and XBNH-IWST are described;
the performance of the two approaches against laboratory experiments are presented in the second section;
discussion of results and concluding remarks with recommendations for future works are given in the third
and in the forth section, respectively.

NUMERICAL MODEL DESCRIPTION
XBNH consists of coupled wave-resolving hydrodynamics and morphodynamics equations. In this

study the existing XBNH-WAST approach uses the Van Rijn (2007) and Van Thiel de Vries (2008) for-
mulations, which were originally developed for the wave-averaged version of the model. Whereas, the
newly implemented XBNH-IWST approach considers two wave-resolving sediment transport formulations
(i.e., the Pritchard and Hogg, 2003 and Meyer-Peter and Müller, 1948 expressions). In this work only the
cross-shore direction is considered.

Hydrodynamics equations
The hydrodynamics in XBNH is similar to the one-layer version of the SWASH model (Zijlema et al.,

2011). The depth-averaged flow is computed using the non-hydrostatic 1D (one-dimensional) NLSWE with
the continuity and momentum equations given by:
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where t is time, η is the water surface elevation, u is the depth-averaged cross-shore velocity, h is the total
water depth, νh is the horizontal viscosity computed using the Smagorinsky (1963) model, ρ is the density
of water, pnh is the depth-averaged dynamic pressure normalized by the density, g is the gravity acceleration
constant and τb is the total bed shear stress, which is computed as:

τb = ρc f u|u|, (3)

where c f is the dimensionless friction coefficient. In the cases analysed in this study the dispersivity pa-
rameter, kwd, is lower than 0.5, where kw is the wave number (defined as kw = 2π/L, with L being the local
wave length) and d is the still water depth. Therefore, the celerity error in the description of frequency
dispersion is of the order of 1% (Bai et al., 2018).

Wave breaking in XBNH is modelled by using the Hydrostatic Front Approximation (HFA) of Smit
et al. (2013), in which the non-hydrostatic pressure term is set to zero when a maximum wave steepness is
reached, and waves propagate as hydrostatic bores. The reader is referred to Smit et al. (2010) for a full
description of the XBNH model.

Sediment transport equations in XBNH-WAST
In XBNH-WAST the equation for the sediment transport is formulated as:

∂hC
∂t

+

∂
[(

huC + DCh ∂C
∂x

)
S sl

]
∂x

=
hCeq − hC

ws
= E − D, (4)

where C is the depth-averaged suspended sediment concentration and Ceq is the total sediment equilibrium
concentration and DC is the diffusion coefficient (Deltares, 2015). The maximal value of C, Cmax, is herein
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considered as the higher physically possible sediment concentration for a fluidised bed and defined as:
Cmax = 1 − np,d, with np,d = 0.6, the porosity for a fluidized bed; S sl represents the bed slope effects
computed following Deltares (2015):

S sl = 1 − αsl
∂zb

∂x
, (5)

where αsl = 0.15 according to Deltares (2015) and zb is the bed level. Therefore, the sediment transport
rate, qs, is computed as qs = (huC + DCh∂C/∂x)S sl; ws is the sediment settling velocity. The two terms
on the right side represent the erosion rate, E, and the deposition rate, D. When E = D, nor erosion or
deposition occurs; as a consequence, Ceq = C. The Van Rijn et al. (2007) and Van Thiel de Vries (2008)
formulations compute first the equilibrium concentration for bed load and for suspended load separately,
and then the total one. For both the bed load and the suspended load, referred to as b and s, respectively, the
equilibrium concentrations, Ceq,b, and Ceq,s, are expressed in function of u and the root-mean-square wave
orbital velocity, urms, as:

Ceq,b,s =
Ab,s

h

(√
u2 + 0.64u2

rms − ucr

)γ2

, (6)

where Ab,s represents the bed load and suspended load coefficients, depending on sediments grain size and
flow properties, γ2 = 1.5 for bed load and γ2 = 2.4 for suspended load. ucr is the critical velocity determined
as a function ("φ") of u and urms: ucr = φ(|u|/(|u| + urms). The bed load transport rate, qb, is computed as
qb = uhCeq,bS sl. The reader is referred to Deltares (2015) for a more detailed description of XBNH-WAST.

Sediment transport equations in XBNH-IWST
In this study, the Pritchard and Hogg (2003) equation for the intra-wave suspended sediment transport

is included in XBNH with the addition of a diffusion term similarly to XBNH-WAST:

∂hC
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+

∂
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∂x

)
S sl

]
∂x
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(τb − τb,cr

τre f

)R
− wsCnb = E − D, (7)

Similarly to XBNH-WAST, qs, is defined as: qs = (huC + DCh∂C/∂x)S sl. me is the mobility parameter,
which determines the erodibility of the sediment as suspended load, τb,cr is the critical bed shear stress, τre f

is the reference bed shear stress, R > 0 is a dimensionless exponent (Pritchard and Hogg, 2003), and Cnb is
the near-bed suspended sediment concentration at a small near-bed reference height, dnb, above zb. Cnb in
D is computed as:

Cnb = CKC , (8)
where the shape factor, KC , represents the relative importance of sediment settling and mixing. When good
mixing is assumed, KC = 1. KC depends only on sediment properties and the depth-averaged hydrodynam-
ics. Consequently:

KC =
(1 − B)

d′nb
(
d′nb

B−1 − 1
) , (9)

where B is the Rouse number and d′nb is the dimensionless near-bed reference height, given by a simplified
form of Van Rijn formula as shown in Soulsby (1997) with the relationship:

d′nb =
dnb

h
= 0.519

(D50

λ

)0.3
, (10)

in which D50 is the median grain diameter, and λ is a reference length-scale.
qb is calculated using the equation derived by Meyer-Peter and Müller (1948):

qb = 8(θ − θcr)1.5
√

∆gD3
50
τb

|τb|
S sl, (11)

where θ and θcr are the Shields and critical Shields parameters, respectively; ∆ = (ρs − ρ)/ρ, in which
ρs is the sediment density. θ is computed as θ = τb/(∆ρgD50), and θcr is given by Soulsby (1997). The
Meyer-Peter and Müller (1948) formula is considered appropriate for the swash zone according to previous
studies (see e.g., Chardón-Maldonado et al., 2016). Variations of the formula have been tested, for example,
in Postacchini et al. (2012) for sand, while O’Donoghue et al. (2016) and Briganti et al. (2018) for coarse
sand. When compared to the original Meyer-Peter and Müller (1948) formula the Postacchini et al. (2012)
formulation showed very similar results in terms of net bed changes (see Briganti et al., 2016).

The reader is referred to Mancini et al. (2020) for a more detailed description of XBNH-IWST.
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Bed-updating equation
For both XBNH-WAST and XBNH-IWST, the bed-updating is modelled using the Exner-type equa-

tion:
(1 − np)

∂zb

∂t
+ E − D +

∂qb

∂x
= 0, (12)

where np is the bed porosity.

NUMERICAL MODEL RESULTS
The performance of XBNH-WAST and XBNH-IWST is quantified by computing the normalised Root-

Mean-Squared Error (nRMSE), defined as:

nRMS E =

√
1
N ΣN

i (ym,i − yre f ,i)2

syre f

, (13)

where ym,i is the i-th sample of the modelled quantity y, and yre f ,i is the i-th sample of the corresponding
reference sample (e.g., experimental); N is the number of samples; syre f is the standard deviation of the
reference quantity yre f and it is defined as:

syre f =

√
1

N − 1
ΣN

i (yre f ,i − ȳre f )2, (14)

with ȳre f = (1/N)ΣN
i yre f ,i being the mean value of yre f . nRMSE = 0 indicates perfect agreement between

model predictions and reference quantities; whereas nRMSE = 1 indicates that the Root-Mean-Square Error
(RMSE) equals syre f .

To further assess the correlation between time series of modelled and reference quantities the Pearson’s
cross-correlation coefficient, -1 ≤ ρmr ≤ 1, is used and it is defined as:

ρmr =
cov(yre f , ym)

syre f sym

, (15)

where cov(yre f , ym) is the covariance of the time series of modelled and reference quantities and it is com-
puted as:

cov(ym,i, yre f ,i) =
1

(N − 1)
ΣN

i (ym,i − ȳm)(yre f ,i − ȳre f ), (16)

where ȳm = (1/N)ΣN
i ym,i is the mean value of ym, and sym is the standard deviation of the time series of the

predicted quantity.

Numerical simulations of bichromatic wave groups on an intermediate beach
The performance of XBNH-WAST and XBNH-IWST is tested and compared against the experiments

conducted within the Hydralab IV - CoSSedM (Coupled High Frequency Measurement of Swash Sedi-
ment Transport and Morphodynamics) project (see Alsina et al., 2016). The experiments investigated the
hydro-morphodynamics of bichromatic wave groups on a 1:15 sloped beach built at prototype scale with
commercial sand characterized by D50 = 0.25 mm, ws = 0.034 m/s, and np = 0.36, which clearly showed
swash-swash interactions. Two bichromatic wave group conditions with the same energy content were gen-
erated in the flume: BE1_2 (broad-banded wave condition) and BE4_2 (narrow-banded wave condition),
respectively, with varying wave group period, Tg, and repeat period, Tr. For BE1_2 Tg = 15 s and Tr = 195
s; whereas for BE4_2 Tg = Tr = 27.7 s. Tg = 1/ fg, where fg is the group frequency, which is defined as the
difference of the primary components frequencies, f1 and f2. A summary of the bichromatic wave groups
is shown in Table 1, where H1 and H2 are the wave heights of the primary components. For each wave
condition, starting from the same initial zb (around 1:15 uniform sloped bed), eight successive bichromatic
waves sequences, from SEG1 to SEG8, each of 1800 s duration, were generated. Fig. 1 shows the initial zb

and the locations of the instruments in the wave flume and selected for comparison. Wave gauges (WG) and
Acoustic Wave Gauges (AWG) measured η; Acoustic Doppler Velocimeters (ADV) measured the local flow
velocity. Optical Back-Scattering sensors (OBS) and Conductivity Concentration Measurements (CCM+)
tanks measured Cz and time-dependent zb in the swash zone, respectively. d in the horizontal part of the
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domain was 2.48 m for BE1_2 and 2.46 m for BE4_2. The reader is referred to Alsina et al. (2016) for a
detailed description of the experimental procedure.

In this study, only the first two segments, SEG1 and SEG2, were simulated for both BE1_2 and BE4_2,
because those segments showed larger morphological changes than the subsequent ones. For BE1_2 the
experimental bed evolution reached an equilibrium more rapidly compared to BE4_2. However, SEG1 and
SEG2 were far from equilibrium for both cases.

Table 1: Bichromatic wave groups for BE1_2 and BE4_2 wave conditions

BE1_2 BE4_2

Tg (s) 15 27.7
Tr (s) 195 27.7
f1 (Hz) 0.303 0.288
H1 (m) 0.30 0.28
f2 (Hz) 0.237 0.252
H2 (m) 0.26 0.30
fg (m) 0.067 0.036

XBNH-WAST set-up and parameters As shown in Fig. 1, the upstream boundary in the model is located
at x0 = 30.55 m, where the WG3 was installed. Thus, the model domain extended from WG3 to the end of
the beach, located at x = 85.05 m, and like the cited study ∆x = 0.1 m. Time series of η and u were updated
as offshore forcing at the upstream boundary. The reader is referred to Ruffini et al. (2020) for a detailed
description of the procedure used to obtain the optimal boundary conditions. For c f , a Manning coefficient,
n = 0.02, was used, which reflects the characteristics of the considered sandy beach. Model parameters,
which are not mentioned herein were set to their default values defined in Deltares (2015).

10 20 30 40 50 60 70 80
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2

43210 8

OBS

AWG
7
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CCM+

SWL

WG

11

Figure 1: Alsina et al. (2016) experimental domain with main instrumentation installed and upstream
boundary condition in XBNH-WAST and XBNH-IWST models domain (red-dashed line); SWL is the Still
Water Level

XBNH-IWST set-up and parameters The model domain is the same as in XBNH-WAST as well as the
time series of η and u were updated as offshore forcing at the upstream boundary. For the computation of c f

a slightly lower value of the Manning coefficient, n, than in XBNH-WAST was used. n = 0.018 s/m1/3 was
calibrated considering the best compromise between the accuracy of maximum run-up and morphological
evolution. Model parameters, which are not mentioned herein were set to their default values defined
in Deltares (2015). The calibration of the sediment transport model in XBNH-IWST was carried out by
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varying me, R, and λ. Table 2 summarizes the main parameters included in the Pritchard and Hogg (2003)
transport equation. This set of parameters was chosen as it provided the best modelling according to the
sensitivity analysis performed to the results of the parameters included in the Pritchard and Hogg (2003)
transport equation (see Mancini et al., 2020).

Table 2: Main parameters in the Pritchard and Hogg (2003) transport equation

Pritchard and Hogg (2003) equation

me = 0.01 m/s
τb,cr = 0 N/m2

R = 1.5
λ = Hrms (i.e., root-means-square wave height) at WG3
τre f = ρc f ,re f ure f |ure f |, where c f ,re f = gn2/λ1/3 and ure f =

√
gλ

Comparison with Alsina et al. (2016) For the hydrodynamics modelling of XBNH-WAST and XBNH-
IWST, the reader is referred to Ruffini et al. (2020) and Mancini et al. (2020), respectively. Here, only
results for the sediment transport and in turn, for the morphodynamics modelling of the two approaches
considered in this study are shown.

Fig. 2 (a, c) shows the final bed changes, ∆zb f = zb(t = t f , x) − zb(0, x) (with t f being the time at the
end of SEG2), for BE1_2 and BE4_2, respectively. For both XBNH-WAST and XBNH-IWST, numerical
results show a better performance for BE1_2 than BE4_2 in both the surf and swash zone. For BE1_2,
unlike XBNH-WAST, the newly included XBNH-IWST approach is able to predict the deposition in the
upper swash zone, which is located slightly offshore than the observed one due to the underestimation of
the wave run-up. Instead, for both wave conditions, either XBNH-WAST or XBNH-IWST are not able to
accurately reproduce the formation of the breaker bar in the surf zone.
The net sediment transport rate, q̄sed, over SEG1 and SEG2 is shown in Figs. 2 (b, d) for BE1_2 and
BE4_2, respectively. This was computed using a sediment balance, which was numerically integrated over
the x-domain between the start of SEG1 and the end of SEG2:

q̄sed(x = xi) = q̄sed(x = xi−1) − (1 − np)
∆zbS EG1−2∆x
∆tS EG1−2

, (17)

where qsed is the instantaneous sediment transport and the bar refers to the averaging over the duration
of the two segments, ∆tS EG1−2; the subscript i refers to the i−th point along the x−domain for both the
numerical mesh and the experimental domain, where zb is available. Thus, i = 1, ...N, with i =1 at the
onshore boundary of the domain (i.e., landward of the maximum run-up limit), where qsed = 0 is assumed,
and i = N at the offshore start of the beach. ∆zbS EG1−2 is the difference between zb at the end of SEG2 and at
the start of SEG1. Fig. 2 (b) highlights that XBNH-IWST is able to simulate the magnitude of the onshore-
directed q̄sed in the upper swash zone and the offshore-directed one in the lower swash region and surf zone
up to the crest of the bar, located at x = 65 m. On the other hand, XBNH-WAST underestimates q̄sed in
the upper swash zone. Similarly, Fig. 2 (d) reveals that XBNH-IWST better captures the sign of q̄sed in the
upper swash zone than XBNH-WAST, but the magnitude is underestimated for both approaches. A more
prominent bar was observed in BE4_2 than BE1_2, which both XBNH-WAST and XBNH-IWST cannot
reproduce. Therefore, the exchange of sediment between the swash and surf zones is not well simulated,
resulting in a deterioration in the overall modelling of q̄sed. Note that for BE4_2 the observed q̄sed goes to
zero at the offshore boundary, which is not shown in Fig. 2 (d). However, the positive and quasi-uniform
value of the observed q̄sed in the shoaling zone is most likely affected by measurement effects due to the
mechanical wheel profiler used to measure the bed level. This instrument has a wheel that is too large to
detect individual ripples. Therefore, the change in the bed level is below the sensitivity of the instrument.

Differences in the prediction of ∆zb f and q̄sed between XBNH-WAST and XBNH-IWST are due to a
different reproduction of the time-histories of C, and in turn, of huC, which are illustrated in Fig. 3 (b, e and
c, f , respectively) for BE1_2 and BE4_2. XBNH-ISWT is able to better describe the sediment suspension
observed after the first bore generated by swash-swash interactions within the group and C close to flow
reversal, from a qualitative point of view. For XBNH-WAST, unlike the observations, the predicted C
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significantly decreases close to flow reversal (i.e., when u = 0 m/s). This is also reflected by the computed
huC in 3 ( f ).
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Figure 2: Comparison between XBNH-IWST and XBNH-WAST; results for ∆zb f (a, c) and q̄sed (c,d) for
BE1_2 and BE4_2, respectively; reference line: grey-dashed line; the subplot in a indicates the region
across the domain of the results shown in the main plots

Figure 3: Comparison between XBNH-IWST and XBNH-WAST; time series of u (a,d) and C (b,e) and huC
(c, f ) at x = 75.81 m for BE1_2 and BE4_2, respectively; reference line: grey-dashed line; the shaded area
distinguishes the two wave groups in a, b and c; the subplot in e indicates the selected x−location in the
domain. Note that the maximum value of the modelled huC for XBNH-IWST in f is 0.0075 m3/s/m (at
t/Tr ∼ 0.11)
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DISCUSSION
Numerical simulations of the laboratory experiments of Alsina et al. (2016) revealed that the newly im-

plemented wave-resolving XBNH-IWST approach better describes the intra-swash C than XBNH-WAST.
Consequently, XBNH-IWST better simulates the deposition in the upper swash zone and the erosion in
the lower swash region. In fact, ∆zb f predicted with XBNH-WAST diverges from observations, especially
in the upper swash zone. This might be explained by the behaviour of the sediment transport model in
XBNH-IWST near flow reversal (i.e., u = 0 m/s), when sediment particles are allowed to settle. Note that
the upper swash bar predicted with XBNH-IWST is located slightly offshore of the observed one. This is
due to the underestimation of the wave run up with XBNH, which is found to be consistent with previous
studies (see also Van Rooijen et al., 2012). The better performance of XBNH-IWST than XBNH-WAST
for ∆zb f is quantitatively confirmed by the corresponding nRMSE reported in Table 3. The higher accuracy
of XBNH-IWST than XBNH-WAST is by 20% for BE1_2, while the accuracy is comparable for BE4_2.

Table 3: nRMSE for ∆zb f for BE1_2 and BE4_2, respectively; comparison between XBNH-IWST and
XBNH-WAST

BE1_2 BE4_2
XBNH-IWST XBNH-WAST XBNH-IWST XBNH-WAST

nRMSE 0.0464 0.0575 0.0712 0.0750

The corresponding nRMSE and ρmr for C are presented in Table 4. The accuracy of XBNH-IWST in
the prediction of C in terms of nRMSE and ρmr is similar to that of XBNH-WAST. For both approaches the
values of ρmr reflect a poor correlation between the predicted and observed C.

Table 4: nRMSE and ρmr for C for BE1_2 and BE4_2, respectively; comparison between XBNH-IWST and
XBNH-WAST

BE1_2 BE4_2
XBNH-IWST XBNH-WAST XBNH-IWST XBNH-WAST

nRMSE 1.3333 1.2906 5.9385 2.3647
ρmr 0.0785 -0.1005 0.2696 0.1405

For both wave conditions, some limitations are visible for the two modelling approaches in the shoaling
region and the surf zone up to the bar crest, where the experimental onshore-directed q̄sed is not predicted by
both approaches. When the experimental q̄sed changes in sign, the modelled ones continue being negative
for both wave conditions. Consequently, the exchange of sediments between the swash zone and the surf
zones, and in turn, the breaker bar development process are not accurately reproduced.

XBNH misses an explicit representation of physical processes, such as the wave breaking-generated
turbulence and phasing-effects of the velocity in the bottom boundary layer. In their study Zhang and Liu
(2008) found out an earlier flow reversal near the bottom with respect to the rest of the water column in
the swash zone. Moreover, despite XBNH accounting for a depth-averaged net return current, the vertical
structure of the sediment concentration and flow in a suitable formulation for the models at hand could play
a key role in the simulation of the intra-wave sediment dynamics in both the swash zone and surf zones (see
also Mancini et al., 2020).

CONCLUSION
In this study an analysis of the performance of different sediment transport formulations in XBNH was

conducted. In particular, the XBNH-IWST approach, considering the wave-resolving Pritchard and Hogg
(2003) transport equation and the Meyer-Peter and Müller (1948) expression, was newly implemented
in XBNH. The performance of XBNH-IWST was compared with the existing XBNH-WAST approach,
originally developed and validated for the wave-averaged version of XBeach. The two approaches were
tested against the laboratory experiments of Alsina et al. (2016), involving wave trains and where swash-
swash interactions were present. Additionally, in Mancini et al. (2020) XBNH-IWST was verified against
the semi-analytical solution of Zhu and Dodd (2015) and tested with the laboratory experiments of Young
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et al. (2010) involving non-interacting solitary waves over a 1:15 sloped beach, showing a good performance
in the simulation of the intra-wave sediment transport and in turn, of the beach morphodynamics.

Numerical results showed that XBNH-IWST better describes the bed changes in the upper and lower
swash regions with respect to XBNH-WAST, both quantitatively and qualitatively. This reveals that a
wave-resolving approach for the sediment transport modelling is necessary for simulating the swash mor-
phodynamics with XBNH. However, the accuracy in the prediction of the time-history of C is similar for
XBNH-IWST and XBNH-WAST, resulting in a poor correlation between the modelled and experimental C.
Also, both approaches are not able to accurately capture the processes of the bar formation in the surf zone.
Future work will be carried out to explicitly include further physical processes that the model lacks for
improving the prediction of the mutual feedback between the swash zone and the surf zone, and to address
the issue of erosion and recovery cycles in storms clusters (Besio et al., 2017).
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