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XBeach, a process-based numerical model capable of computing nearshore circulation and morphodynamics,
including overwash and breaching, has been used in 1D mode to simulate erosion occurring on a gravel bar-
rier beach (D50=11 mm) subjected to wave and tidal forcing during selected tests undertaken during the
BARDEX experiments. The model demonstrated good quantitative skill (Brier skill score, BSS, typically
0.65) with respect to beach face erosion, offshore accretion and morphological impacts of washover. XBeach
was also used to model storm impacts on a steep (average tanβ=0.12), 4.5 km-long and 100 m–140 m wide
macrotidal gravel barrier (D50=2mm to 10 mm) located in SW England. Although the development of a
storm berm was not reproduced well, erosion was predicted with sufficient skill (BSS=0.60) to meet prac-
tical engineering requirements concerned with predicting storm impacts and threshold wave and water level
conditions for gravel barrier overwashing.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Erosion and overwashing of gravel beaches and barriers can occur
during storms and can lead to breaching and coastal flooding in the
most extreme cases (cf. Bradbury and Powell, 1992; Bradbury et al.,
2005; Pye, 2001; Pye and Blott, 2009). In order to predict and plan
for storm impacts, coastal managers require a reliable model that en-
ables identification of vulnerable areas, and assists with implement-
ing effective coastal defence strategies. Past attempts to
quantitatively predict and simulate overwash have met with limited
success and only now are new tools emerging that appear to offer a
better solution, (Donnelly et al., 2006).

Most recent modelling efforts have focussed on predicting the
morphological response of sandy beaches. Notable progress in this
area has been made by Srinivas and Dean (1996), who developed a
1D-cross shore numerical model with the capacity to simulate wash-
over due to overtopping flow, and by Larson and Kraus (1989), with
the field validated SBEACH model, and by Stockdon et al. (2007),
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who examine hurricane impacts. The quasi-2DV cross shore profile
model UNIBEST-TC (Bosboom et al., 2000; Roelvink and Stive, 1989;
Stive and Wind, 1986) has been adapted by Tuan et al. (2006) to in-
clude wave overwash and found to simulate morphological develop-
ment with some skill. The 2DH model XBeach has been successfully
applied to simulate erosion and overwash on two sandy barrier
islands in the United States (McCall et al., 2010; Roelvink et al., 2009).

Using data from scaled laboratory experiments, the first parametric
models developed for prediction of gravel beach morphology have fo-
cussed on cross-shore beach response to wave forcing and include:
BREAKWAT, Van der Meer (1988); and SHINGLE, (Powell, 1990).
Beach profile changes predicted by these models are governed by
changes in wave height, wave period, wave duration, beach material
and angle of wave attack. In their original form these models were un-
able to simulate barrier overwash and breaching, and thus Bradbury
and Powell (1992) added a freeboard parameter to SHINGLE to account
for these processes. The SHINGLE model was further modified by
Bradbury (2000) to enable the prediction of the threshold conditions
for barrier breaching, thus addressing a fundamental design require-
ment for gravel beach nourishment and restoration projects. It was
found however, that the model was rather site dependant and tended
to under predict overwash for beaches at other locations (cf. Bradbury
et al., 2005). This issue was addressed with some success for fine gravel
beaches by Obhrai et al. (2008) who included a sediment permeability
term in SHINGLE. However, for coarser sediments, the model still
under-predicts overwashing and breaching and when wave conditions
are characterised by spectra with bi-modal wave periods, overwashing
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or crest erosion can greatly exceed the values suggested by parametric
models (cf. Bradbury et al., 2011).

Further progress has been made with the beach profile model
OTTP-1D (one-dimensional swash zone model with a porous layer).
In this model an enhanced morphological capability has been imple-
mented for gravel (Clark and Damgaard, 2002; Clark et al., 2004)
and work by Lawrence et al. (2002) has coupled a 1D phase resolving
Boussinesq wave model with sediment transport and morphody-
namic modules for gravel with some success (e.g. Pedrozo-Acuna
et al., 2007). However, validation of these models has been limited
thus far by the availability of suitable data sets from the field and
the laboratory (e.g. field measurements by Lorang, 2002; Bradbury
et al., 2005; and laboratory studies by López de San Roman-Blanco
et al., 2006; Obhrai et al., 2008).

To address some of the modelling deficiencies identified above,
Roelvink et al. (2010) have developed XBeach,3 a new open-source,
process-based and time-dependent 2DH model of the nearshore and
coast. Thismodel solves coupled equations for cross-shore and longshore
hydrodynamics andmorphodynamics, including the generation of infra-
gravity waves, and accounts for variation in hydrodynamic forcing and
morphological development in the longshore dimension. The hydrody-
namics andmorphodynamics of XBeach have been extensively validated
against (1D) flume experiments and some (2DH) field cases (Roelvink et
al., 2009). In particular, the model showed qualitative skill in simulating
dune erosion and overwash inmeasured cross-shore profiles of Assatea-
gue Island,Maryland (Roelvink et al., 2010) and good quantitative skill in
measured topography at Santa Rosa Island, Florida, after Hurricane Ivan
(McCall et al., 2010).

Our decision to use the XBeach model is motivated in part by the
fact that most existing models for gravel beaches and barriers are
parametric and fail to simulate hydrodynamic and sediment process-
es (e.g. wave transformations, run-up, sediment transport etc.). Fur-
ther, existing numerical modelling approaches all have a range of
deficiencies when considering coarse sediments and steep beaches.
Although XBeach in its original form has been developed principally
for sandy barrier environments, there are no obstacles to its applica-
tion for gravel-sized material. However, swash asymmetry due to in-
filtration is an important physical process on gravel beaches and until
recently has not been represented well in XBeach. To address this
problem an XBeach variant has been developed by Jamal et al.
(2010) that accounts for swash velocity asymmetry using: 1) a La-
grangian interpretation of velocity in place of Eulerian for driving sed-
iment movement; 2) Packwood's (1983) model of infiltration; and 3)
a new morphological module based upon Soulsby's (1997) sediment
transport equation for waves and currents. Comparisons between
laboratory results for gravel beaches presented by Pedrozo-Acuña et
al. (2006) and predictions obtained using the modified XBeach
model agree reasonably well. Although the predicted results are
shown to compare well with the selected experimental data, the
model has not yet been tested with varying mean water levels and
for the real-world situations posing the greatest threat to life, proper-
ty and the environment when gravel barriers and beaches are sub-
jected to destructive overwashing.

In this paper we also account for swash asymmetry and infiltra-
tion, albeit in a different manner to Jamal et al. (2010), and use
XBeach to simulate erosion and overwash measured in the BARDEX
experiments (Williams et al., this issue). We also use XBeach to sim-
ulate the measured morphological changes on a natural gravel beach
during a moderate storm lasting approximately 70 h. The paper first
describes briefly the hydrodynamic and sediment components of
the XBeach model. It then present results from a contrasting range
of BARDEX tests and from the field site where the measured waves
and tides are used to force the XBeach model, and comparisons are
3 http://oss.deltares.nl/web/xbeach/.
made betweenmeasured andmodelled gravel barrier profiles. Attention
is then focussed on the present ability of XBeach to contribute to the
practical engineering requirement concerned with predicting threshold
wave and water level conditions for gravel barrier overwashing.

2. XBeach model description

In the 2DH (depth-averaged) XBeachmodel, themost important hy-
drodynamic and sediment processes are modelled and coupled on the
time-scale of wave groups (cf. Van Dongeren et al., 2003). The linkages
between the primary modelling components are shown in Fig. 1a. In
Fig. 1b the short and long wave components in XBeach are defined
and are shown schematically. In XBeach, short (wind and swell) wave
transformations are achieved using a wave action balance (e.g.
Holthuijsen et al., 1989), and a roller energy balance is used to parame-
terise complex wave break processes in shallow water (e.g. Nairn et al.,
1990; Stive andDingemans, 1984).Wave forces accelerate or decelerate
the flow described by the nonlinear shallow water equations (NSWE)
and account is taken of long wave motions. Using thewave group vary-
ing mass flux associated with the short waves and rollers (e.g. Phillips,
1977), the Generalized Lagrangian Mean (GLM) approach (e.g.
Walstra et al., 2000) is used to obtain Eulerian flow velocities thereby
allowing inclusion of the mass flux contribution to the long wave mo-
tion and undertow. The equilibrium sediment concentration is obtained
using computed hydrodynamic conditions and acts as a source term for
the advection–diffusion equation for sediment (e.g. Galapatti, 1983).
Bedload and suspended load sediment transport rates are computed
Fig. 1. a) Links between the primary modelling components of XBeach. b) Schematic
representation of the short and long wave components in XBeach.
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Table 1
BARDEX test conditions examined in XBeach simulations.

Test hS (m) hL (m) Hs (m) Tp (s)

D2 1.75–3.25–1.75 1.50 0.8 4.5
D3 1.75–3.25–1.75 3.50 0.8 4.5
E8 2.50–3.63 3.50 1.0 8.0
E10 3.75 3.75 0.8 8.0

Fig. 2. a) Component parts of a typical BARDEX experiment. b) instantaneous, zero-mean time-series of wave-induced horizontal (u) and vertical (w) components and wave-
modulated water depth (h) [upper panel] and typical incident wave time-series (and reflected waves) derived using the co-located gauge method [lower panel].
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using the Van Rijn (2007) formulae. These are considered to be applica-
ble for gravel-sized sediments in the present study. Bed level changes
are computed from sediment transport gradients and take account of
avalanching when slope gradients exceed pre-defined thresholds.
XBeach accounts for feedback between the evolving bathymetry and
the hydrodynamics at each time step. Recently XBeach has been ex-
tended by Van Thiel de Vries (2009) with an adapted wave dissipation
model, an equilibrium sediment concentration formulation that de-
pends on the bore averaged turbulence energy, and a wave shape
model from which the bore interval is estimated. The wave shape
model is also used to estimate intra-wave sediment transport and the
dissipation rate in bores that develop after wave breaking.

On gravel beaches, bedload and sheet sediment flow are predomi-
nant. However, sediment transport equations applicable to gravel-sized
sediments are scarce, largely empirical and are not well-tested in field
or laboratory situations (e.g. Chadwick, 1989; Kleinhans and Van Rijn,
2002; Lawrence et al., 2001; Soulsby and Damgaard, 2005; Van Wellen
et al., 2000). In the present study, the equilibrium sediment concentra-
tion, Ceq (Roelvink et al., 2009), is calculated using the extended trans-
port formulation, ETF, of Van Rijn (2007). This method is built into
XBeach and is considered to be suitable for the sediments used in the
BARDEX experiments and for those at the field study site. In the ETF, sed-
iment ismobilised inwater depth h by the Eulerian flow velocity, uE, and
the near-bed short wave orbital motion, urms,2, in the form

Ceq ¼
Asb

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uE
� �2þq

0:64u2
rms;2−ucrit

� �1:5

þ Ass

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uE
� �2 þ 0:64u2

rms;2−ucrit

q� �2:4
ð1Þ
where Asb and Ass are bedload and suspended sediment transport coeffi-
cients, respectively, and ucrit is the threshold sediment entrainment ve-
locity (see below). Following Reniers et al. (2004), urms,2 also includes
the effect of wave breaking-induced turbulence so that

urms;2 ¼
ffiffiffiffiffiffiffiffiffi
u2
rms

q
þ 1:45kb ð2Þ

where kb is the bore-averaged near-bed turbulence (Van Thiel de Vries,
2009), and the peak wave orbital velocity is obtained from the wave
group varying wave energy using

urms ¼
πHrmsffiffiffi

2
p

Tm sinh kwhð Þ

 !
ð3Þ

where Tm is the mean intrinsic wave period and kw is the wavenumber.
The critical transport velocity for currents ucrit,c is based on the Shields
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curve (cf. VanRijn, 1993) and the criticalflow forwaves ucrit,w is obtained
using Komar and Miller (1975) so that

ucr ¼ αucr;c þ 1−αð Þucr;w; where α ¼ uE

uE þ urms;2

� � : ð4Þ

In XBeach, changes in bed level, zb, are computed using gradients
of sediment transport rate which are assumed to occur on a time-
scale that is much longer than that associated with the hydrodynamic
processes. In the 1D form of XBeach this is expressed as

∂zb
∂t ¼ 1

1−pð Þ
∂Sedx
∂x

� �
ð5Þ

where p is the sediment porosity and Sedx is the computed sediment
transports in direction x:

Sedx ¼ hC uE þ uA sinθm
� � ∂

∂x Dhh
∂C
∂x

� �
; and ð6Þ

where C is the actual depth averaged sediment concentration, θw is the
mean wave angle, uA mean flow component due to nonlinear waves,
and Dh is a sediment diffusion coefficient=γviscνh (Van Thiel de Vries,
2009) where γvisc is a calibration factor (≈1) and νh is the horizontal
viscosity. XBeach also implements an algorithm to simulate avalanching
Fig. 3. The mean water level, hS, and the combined water level and wave
if the bed slope exceeds a user-set critical value for wet or dry points in
the model domain.

One of the critical features distinguishing a gravel beach from a
sandy beach is the much greater permeability. This causes rapid infil-
tration of water during swash uprush, and much weaker backwash
flows and gives rise to the widely reported asymmetry in swash ve-
locity. To account for this, a refinement to the XBeach model used in
the present study is the inclusion of a groundwater model computed
according to the Darcy law in the form

Q ¼ −κA
μ

P
L

ð7Þ

where the total discharge is Q, κ is beach permeability, A is the cross-
sectional area to the flow, μ is the dynamic viscosity and P is the
pressure drop over distance L. In XBeach this head gradient is found
numerically. The use of the Darcy equation to model groundwater
flows in gravel beaches is supported by strong evidence presented
by Turner and Masselink (this issue). Further details of the exfil-
tration and infiltration algorithms used in XBeach are given
by Roelvink et al. (2010). The 1D XBeach model equations used in
the tests reported here are listed in Appendix A. Further details of
XBeach are given by Roelvink et al. (2010) and Van Thiel de Vries
(2009).

Owing to its widespread use in assessing the skill of coastalmorpho-
logical models (e.g. Davidson et al., 2010; Pedrozo-Acuña et al., 2006;
time-series used to run XBeach for BARDEX tests D2, D3, E8 and E10.

image of Fig.�3


Fig. 4.Map of Slapton Sands, SW UK showing the location of the barrier test profile P12,
the directional wave buoy and the PT at Matthew's Point.
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Sutherland et al., 2004) the ‘skill’ of a numericalmodel can be quantified
using the Brier Skill Scores (BSS) statistical descriptor defined as

BSS ¼ 1−
xx−xmð Þ2

D E
xb−xmð Þ2	 


2
4

3
5: ð8Þ

In the discussions below BSS values are used to quantify the agree-
ments between observed beach profiles and beach profiles simulated
by XBeach. Here xb is the initial beach profile (baseline), xm is the
measured beach profile after the storm, and xx is the beach profile
predicted by XBeach. BSS values are used to define poor, moderate,
good and excellent agreement between model predictions and obser-
vations (Van Rijn et al., 2003).

3. XBeach simulations of BARDEX experiments

Fig. 2a illustrates the components of a typical BARDEX experiment
(see Williams et al., this issue) and defines a number of terms used in
the sections below. These include: a) the gravel barrier; b) a water
body termed ‘sea’with a depth hS, occupying a region of length approx-
imately 82 m from the wave paddle to the barrier; and c) a water body
termed ‘lagoon’ with a depth hL, occupying a region of length approxi-
mately 25 m between the barrier and the water reservoir behind a
gate in the flume at approximately 130 m from the wave paddle. In
the BARDEX test, the 1D supra-tidal and sub-tidal barrier profiles
were defined usingmeasurements obtained using a roller and actuator,
mounted on an overhead carriage (Fig. 2a, Williams et al., this issue),
and in situ samples were used to determine a range of sediment
properties required by XBeach. The measured values used were
D50=0.011 m, D90=0.0159 m, ρs=2630 kg/m3, p=0.32 and hydrau-
lic conductivity, K=0.16 m/s (Turner and Masselink, this issue). In
order to optimise model run time and accuracy, the horizontal resolu-
tion of the XBeach model grid was set to 1 m. The initial groundwater
profile was defined by quadratic interpolation between mean water
levels measured by PTs on the seaward (X=76m) and lagoon
(X=125m) sides of the barrier at the start of a given test sequence.
Changes in mean water level during tidal simulation tests were mea-
sured by the seaward PT at X=76m and defined the ‘tidal’ input into
XBeach. The incident wave time-series were derived using the co-
located gauge method (Guza et al., 1984; Hughes, 1993; Kubota et al.,
1990; Tatavarti et al., 1988; Walton, 1992) from a pressure transducer
(PT) and a 40 mm-diameter electromagnetic current metre (ECM) at
X=76m (Fig. 2a). These instruments measured water depth and the
stream-wise and vertical wave-induced flows, respectively. PT and
ECM data were smoothed using a digital 5-point forwards–backwards
filter and the PT data were corrected for frequency-dependent depth
attenuation. The upper panel in Fig. 2b shows instantaneous, zero-
mean time-series of wave-induced horizontal (u) and vertical (w) com-
ponents and wave-modulated water depth (h). The lower panel in
Fig. 2b shows typical incident wave time-series (and reflected waves)
derived using the co-located gauge method.

In BARDEX tests, waves were used to drive the XBeach model using
two approaches. In Case A the model domains in the x and z directions
were 50 mbXb125 m and 0bzb5 m, respectively, with a horizontal
resolution of 0.5 m. Tests showed that the use of higher resolution
model grids added greatly to the model run time and had little effect
on XBeach predictions. The “offshore” boundary was located close to
the BARDEX beach and measured incident waves were imposed at
this boundary. This allowed short waves to be input using the standard
non-linear shallowwater equations (cf. Peregrine, 1972). An absorbing-
generating boundary condition developed by Van Dongeren and
Svendsen (1997) allows long waves to propagate freely out of the
model on the offshore and lagoon boundaries with minimal reflection.
Wall boundary conditions were applied for the flow and sediment
transport on the lateral (shore-normal) boundaries.
Although this approach is useful when measured incident wave
time-series are available, it is very unlikely that such data will be
available for field sites. In these circumstances the simulation of fu-
ture storm impacts must rely on less well-defined wave conditions
at the offshore boundary of the model. However, this uncertainly
can be accommodated in XBeach through the use of wave spectra in
a range of common formats. Therefore before using XBeach to predict
the storm impact at our selected field location where only wave spec-
tra are available to define offshore wave conditions, we first evaluate
model performance using measured wave spectra as the wave forcing
in a second series of tests for a range of BARDEX experiments. In Case
B, we keep the same model setup as Case A and input waves as JONS-
WAP spectra at the location of the wave generator in the Delta flume.
Parameters defining the spectral estimate of significant wave height,
Hm0, peak wave period, Tp, and mean wave direction, θw, were deter-
mined using the incident wave time-series measured at X=76 m.
The peakedness factor, γj, and spreading function, ns, were defined
as 3.3 and 2, respectively. This approach allowed direct comparison
between XBeach model results in the laboratory experiments with re-
sults from the field test case where only wave spectra were available
to drive the XBeach model.

The BARDEX experiments selected here to demonstrate typical re-
sults from the XBeach model include: a) tests D2 and D3, with high
and low lagoon levels, a complete tidal cycle and moderate waves;
b) test E8, with a high lagoon level, rising tide and large waves; and

image of Fig.�4
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c) test E10 with high lagoon and sea level and large waves (for over-
wash). These test conditions are summarised in Table 1. The mean
water level, hS, and the combined water level and wave time-series
used to run XBeach for each of the tests are shown in Fig. 3. In
Fig. 3a and 3b, the time-series are split into rising and falling limbs
to distinguish simulated ‘flood’ and ‘ebb’ tides, respectively. Individu-
al ‘runs’ in a given test are identified using arrows. The beach profiles
used to define the initial topography and bathymetry in the XBeach
model at each tidal step in a given tidal sequence (Fig. 3) were de-
fined in twoways: a) using the measured profile at the end of the pre-
vious test; and b) using the profile predicted by XBeach at the end of a
given test in the sequence. These two approaches are referred to
below as ‘reset’ and ‘no-reset’ tests. This approach had two objectives:
a) reset tests aimed to examine short-term XBeach performance over
a range of tidal and lagoon levels and prevented model prediction er-
rors from influencing subsequent tests in a sequence; and b) no reset
tests aimed to include all prediction errors from the model as the sim-
ulation progresses through the test sequence. This allowed examina-
tion of longer-term model performance and the cumulative effect of
prediction errors.
Fig. 5. a) to c) Wave data for the period October 2009 to March 2010. d) Tidal residuals for t
XBeach storm simulation for Slapton profile P12. (f and g) Significant wave height and pea
4. XBeach simulations of storm conditions and overwash at
Slapton Sands

Although XBeach simulations of BARDEX tests allow a good assess-
ment of model performance at the laboratory scale, it is also considered
important here to assess the performance of the model at the full field-
scale, and over an extended period during a storm. Doing so allows an
objective assessment of XBeach in its present state of development and
an appraisal of its utility as a predictive tool for some practical engineer-
ing and coastal management purposes. To do this we have elected to use
field measurements obtained on a natural gravel beach and to make
comparisons between observed changes in beach morphology with
XBeach predictions of beach profile responses to a real storm.

The field site chosen for the study is located at Slapton Sands, a
steep (average tanβ=0.12), 4.5 km-long and 100 m to 140 m-wide
macrotidal gravel barrier (average D50=6mm, ρs=2500 kg/m3) be-
tween two cliff outcrops in Start Bay, southwest England, (Fig. 4). A
beach profile located at the northern end of The Ley (P12, Fig. 4) is se-
lected as the test case. XBeach is used to model the response of this
profile to an easterly storm that began during spring tides on 17
he period 3rd March to 4th March, 2010, e) tide and tide plus surge time-series used in
k wave period time-series used in XBeach storm simulation for Slapton profile P12.

image of Fig.�5


Table 2
Typical XBeach parameter settings for BARDEX and Slapton tests.

Parameter Setting Parameter Setting

Grid input nuhfac 0.8
nx 100 nuhv 5
ny 2 turb 2
xori 0 Limiters
yori 0 gammax 5
alfa 0 hmin 0.01
vardx 1 eps 0.01
depfile bathy.txt umin 0.01
xfile X.grd hwci 0.01
yfile Y3.grd scheme 2
posdwn −1 carspan 0
Waves Boundaries
thetamin −80 front 1
thetamax 80 back 2
dtheta 10 left 1
instat 3 right 1
taper 0 Sediments
order 2 z0 0.006
ARC 1 form 2
dir0 270 dico 5
rt 1200 tsfac 0.1
dtbc 0.2 D50 0.011
break 3 D90 0.016
wci 1 rhos 2530
wcits 1 thetanum 0.5
roller 1 Tsmin 0.01
beta 0.2 tfac 0.1
gamma 0.9 tsfac 0.1
alpha 0.5 CFL 0.7
delta 0 Morphology
n 10 morfac 1
swtable RFTable.txt morstart 0
dzsdx_cr 0.1 por 0.4
facthr 7.5 dryslp 1
Tide wetslp 1
tideloc 2 hswitch 0.01
zs0file tide.txt facua 0.5
tidelen 2 facsl 1.6
paulrevere 0 Time steps
Groundwater tstop 914.4
gwflow 1 tstart 0
kx 0.05 tintg 0.2
kz 0.05 tintp 0.2
dwetlayer 0.2 Output
aquiferbot 0 nglobalvar 4
gw0file gw0.dat zb –
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April 2008 and lasted for approximately 70 h causing erosion of the
supra-tidal beach profile. Wave data from a directional wave buoy lo-
cated approximately 2 km offshore from Slapton Sands in approxi-
mately 10 m ODN4 (Fig. 4) showed that during this time Hs

exceeded 2.5 m and Tp was approximately 7 s.
Although the beach profile was measured using RTK-GPS well be-

fore the storm on the 7th April 2008, calmwaves (Hsb0.3 m) predomi-
nated during the period from 7th to the 17th April, and thus this beach
profile is considered to approximate closely the pre-storm condition
and is used to define the pre-storm topography and bathymetry in the
model. A second beach survey obtained at the end of the storm on
19th of April 2008 is used to define the post-storm beach profile. It
was not possible to obtain profile measurements at more than 1.5 m
below the low water line and it was necessary to infer the initial off-
shore profile by taking the measured sub-tidal beach slope at z=
−1.5 m ODN and extrapolating to z=−5 m ODN. The water depth in
a region extending a further 50 m offshore was then set to −5 m
ODN. To enable the investigation of beach overwashing thresholds,
and to allow inclusion of a realistic beach groundwater profile in
XBeach, the beach profile was extended to the lagoon. The initial
groundwater profile used in the model was idealised to represent the
normal situation at Slapton Sands with the lagoon level approximately
2.5 m above ODN (Austin and Masselink, 2005). In all XBeach simula-
tions of Slapton Sands, themodel domains in the horizontal and vertical
directions were 0 mbxb200 m and −5 mbzb6 m, respectively, with
horizontal and vertical resolutions of 1.0 m and 0.5 m, respectively.

Tidal levels during the storm examined in the XBeach model were
estimated using a validated tidal model. This was developed for Slapton
Sands using Fourier analysis of existing pressure sensor data to obtain
tidal constituents. However, a lack of tidal measurements at Slapton
during the storm considered here prevented estimation of the residual
surge component, hsurge, known to be particular significant during east-
erly storms. Data from the directional wave buoy and from a pressure
sensor deployed at Matthew's Point (Fig. 4) during the period October
2009 to March 2010 were used to find recent easterly storm events
with Hs O(2.5 m) and Tp O(7 s). These wave data are shown in Fig. 5a,
b,c and a grey shaded area, spanning the period for 3rd to 4th March
2010, denotes the easterly storm most similar to the one examined
here. The tidal residuals for this storm are shown in the lower panel of
Fig. 5d. Thesewere obtained from the tidal record and de-trended to re-
move wave effects using a Fourier fitting technique.

Owing to uncertainty in the actual hsurge value for the April 2008
storm, moderate hsurge values of 0.4 m were added to the peak tidal
elevations using a smoothing function. Fig. 5e shows the predicted
tidal time-series and the estimated surge component used in the
XBeach model of the Slapton profile P12. Spectral wave data recorded
at half-hourly intervals by the directional wave buoy (Fig. 5f,g) were
transformed using the Mike21 SW flexible mesh spectral wave model
and used to define the wave spectra at the offshore boundary in the
XBeach model (z=−5 m). D50, D90 and ρs values were measured at
P12 (0.006 m, 0.009 m and 2500 kg/m3, respectively). Changes in
mean tidal level and wave spectra were input into the model in a se-
ries of steps, each lasting 1800 s. During execution, XBeach uses inter-
polation to produce a seamless change between varying tidal and
wave conditions. The value of z0 in the sediment transport formulae
was set to the recommended value of 0.006 m (Soulsby, 1997). As
other parameter settings in XBeach have thus far remained untested
for gravel beaches, we start by using the recommended settings for
sandy beaches in the knowledge that the majority of these only affect
hydrodynamic behaviour and are largely unaffected by the composi-
tion of the bed sediments. However, two parameters have been
found to influence the model predictions. These are the friction factor
(or drag coefficient), normally set to 0.002 for sand-sized sediments
4 Ordnance Datum Newlyn.
in XBeach (cf. Soulsby, 1997) and the hydraulic conductivity, K. The
value, role and influence of these parameters in the present applica-
tion of XBeach for gravel-size sediments are discussed below. The
groundwater module in XBeach was invoked in all model runs.

5. Results and discussion

In the presentation and discussion of results from the BARDEX
tests and from Slapton Sands we make the assumption that good
agreement between measured and predicted beach profiles indicated
by BSS values, demonstrates that the parameter settings used in
XBeach are appropriate for each test case considered. In general
these have been selected following the guidelines in the XBeach man-
ual (Roelvink et al., 2010) and are listed in Table 2.

5.1. BARDEX test cases

5.1.1. Case A: forcing XBeach with short waves
Measured and predicted gravel barrier profiles from the XBeach

model driven by short waves at the end of the runs indicated by
Flow zs –

cf 0.007 gwhead –

nuh 0.5 Subg –
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arrows in Fig. 3 are shown in Fig. 6a for BARDEX experiments D2, D3
and E8. Panels on the left show results obtained approximately mid-
way through a stated BARDEX test and those on the right show re-
sults at the end of the same test. All the figures show the mean
water level measured by the PTs and predicted by XBeach, the mea-
sured beach profile before and after a test run over the range of
70 mbXb110 m, and the predicted barrier profile for reset and no
reset model runs. Looking at the reset results first, Fig. 6a shows that
although XBeach predicts beach erosion losses at approximately the
correct location, the losses are larger in magnitude than the measured
values. Similarly, the zone of accretion, seaward of the erosion region,
predicted that accretion exceeds the observed values. Although the no
reset test results are similar to the reset tests with regard to the loca-
tion of erosion and accretion zones, the amount of erosion and accre-
tion is larger in all no reset cases. As expected this shows that XBeach
errors in the early stages of a test run influence subsequent beach
profile development. In all cases, good agreement between the mea-
sured and predicted mean water levels is demonstrated indicating
that the groundwater module in XBeach is functioning accurately.

5.1.2. Case B: forcing XBeach with long waves
Measured and predicted gravel barrier profiles from the XBeach

model (no reset) using long wave forcing are shown in Fig. 6b for
runs D2-13, D3-12 and E8-8 at the end of a given test sequence. Also
shown are the results from the XBeach model (no reset) using short
wave forcing. In these cases measured and predicted mean water level
Fig. 6. XBeach results for BARDEX tests D2, D3 and E8. Panels on the left show results obtain
results at the end of the same test. All the figures show the mean water level profile predict
60 mbXb110 m, and the predicted barrier profile for reset and no reset model runs.
are identical to that shown in Fig. 6a and are not illustrated again
here. Although Fig. 6b shows that in these typical test results, the
XBeachmodel results using short and longwave forcing are closely sim-
ilar, in all test cases examined, XBeach tends to predict slightly more
erosion for the long wave case (approximately 3% by volume). There
is also a correspondingly larger accretion volume offshore that tends
to be distributed along the profile in a manner closely similar to the
short wave cases.

5.1.3. Predicted beach profile evolution
XBeach results for Case A experiments D2, D3 and E8 shown in

Fig. 7 show temporal and spatial differences between predicted and
measured beach profiles over the range of 50 mbXb100 m for reset
and no reset tests. Tests D2 and D3 show the spatial translation of
the erosion/accretion zone up and down the beach profile in response
to the full tidal cycle forcing (Fig. 3). Test E8 only shows the active
erosion/accretion zone moving up the beach profile in response to a
rising tidal level (Fig. 3). For reset tests, the maximum differences be-
tween observed and predicted profiles are only 0.1 m for tests D2 and
D2, and only 0.2 m for test E8. In all cases the locations of maximum
discrepancy between measured and predicted profile values are asso-
ciated with regions of accretion. For the no reset tests we observe
quite different results. For tests D2 and D3, the over prediction of ac-
cretion at X=c. 60 m tends to increase through time as the tide rises
to its maximum level and eroded sediment is added to this portion of
the profile. At the same time, erosion further up the profile is larger
ed approximately mid-way through a stated BARDEX test and those on the right show
ed by XBeach, the measured beach profile before and after a test run over the range of
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Fig. 6 (continued).
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and results in beach lowering of approximately 0.2 m around the time
of the maximum tidal level in the test. The same trends in predicted
beach profile response are also observed for test E8. During the falling
tide in tests D2 and D3, the eroded beach does not recover and further
offshore accretion occurs. In these cases XBeach fails to replace all the
eroded sediment as the tidal level falls.

Changes in measured and predicted beach volume per metre
width were also examined to further assess XBeach performance.
The beach profile was split into three regions: a) sub-tidal; b) inter-
tidal; and c) supra-tidal. Fig. 8 shows the Case A results of this analysis
and includes a definition of each tidal region. For tests D2 and D3,
beach volume changes predicted in the sub-tidal region in reset
tests are closely similar to the measured volumes. Not surprisingly,
differences between predicted and measured beach profile evolution
in the inter-tidal and supra-tidal regions through time are larger. For
the no reset tests, differences between measured and predicted beach
volumes in each tidal region are larger than the in the reset cases. Al-
though also showing a tendency to increase through time, Fig. 8
shows evidence that the differences between measured and pre-
dicted profiles tend towards a constant value by the end of the test se-
quences thus indicating that the predicted profile has attained a form
of equilibrium with the applied forcing conditions. We see similar re-
sult in the case of test E8. However, in this case, probably owing to the
larger waves, the differences between measured and predicted beach
volumes are larger.
5.1.4. Overwash
Results from the Case A overwash tests E10 are shown in Fig. 9 for

runs 2, 4 and 6 (identified in Fig. 3). Fig. 9a shows that for run E10-2, ero-
sion of the front face of the barrier, lowering of the barrier crest, and de-
position of sediment on the lagoon-facing side of the barrier are well
reproduced in the XBeach simulation. Similarly, Fig. 9b shows good
agreement between the measured and simulated barrier profiles for
overwash test E10-4. Together, these results provide compelling evidence
that overwash sediment transport is accurately simulated in XBeach. In
Fig. 9c, depicting results from overwash test E10-6, erosion of the sea-
ward face of the barrier is reproduced with some skill. However, in the
XBeach simulation the crest region is lowered by approximately 20 cm
more than is measured and the resulting sediment is deposited on the
lagoon-facing barrier slope, where further discrepancies between mea-
sured and predicted profiles are evident. It is also noted that in run
E10-6 gravel ‘mega-ripples’ are present on the seaward-facing slope of
the barrier at approximately 80 mbXbapproximately 90 m in water-
depths ranging between approximately 1.5 mand 2.5 m. These bedforms
are shown in the inset photograph in Fig. 9c. These bedforms were pre-
sent in the later series of BARDEX tests with large waves (Hs=1.0 m,
Tp=8 s,) and XBeach always tended to smooth these features out.

Since in Case A tests XBeach is driven by incidentwave time-series, it
was possible to compare the temporal occurrence of predicted over-
wash events with overwash events measured using the instrument ar-
rays deployed across the barrier (cf. Williams et al., this issue; Matias



Fig. 7. Temporal and spatial differences between predicted and measured beach profiles over the range of 50 mbXb100 m for reset and no reset tests for BARDEX tests D2, D3 and E8.
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et al., this issue). XBeach results for test series E10 demonstrated that
the model was able to simulate accurately both the flow depth and
flow velocity associated with most measured overwash events. XBeach
also provided reliable information on threshold wave heights for the
first observed overwash event in a test sequence. However, the thresh-
old prediction was less reliable as test sequences proceeded owing to
the overestimation of barrier crest lowering and an underestimation
of berm formation by swash uprush events. Nevertheless XBeach dem-
onstrated an ability to predict the thresholdwave andmeanwater level
conditions resulting in initial barrier overwash and accounted for
changes in barrier morphology attributable to sediment transport by
overwash flows.

BSS scores for the present XBeach model predictions at the end of
each run in the Case A BARDEX test (i.e. short waves) are given in
Table 3. Also shown are mean BSS ( �X) and standard deviation BSS
(σx) values for each test. These data show that for the majority of BAR-
DEX tests considered here, BSS value exceeds a critical value of 0.45
which is judged to be ‘reasonable/fair’ according to criteria established
by van Rijn et al. (2003). In many other cases, BSS values exceed 0.6
and indicate ‘good’ agreement between measured and predicted pro-
files by the same criterion. Table 3 shows that BSS values for no reset
tests were O(10%) lower than for the reset tests for the first runs in
tests D2, D3, E8 and E10. For tests D2, D3 and E8, these differences in-
creased to approximately 25% by the end of a run and to approximately
80% in the case of E10. BSS scores for the present XBeach model predic-
tions at the end of each run in the Case B BARDEX test (i.e. long waves)
are given in Table 4. In virtually all examples BSS values for Case A tests
are slightly higher than for Case B. Further, these differences increase as
a given BARDEX test proceeded so that differences between Case A and
Case B BSS scores at the end of a given test were approximately twice
the initial values. In spite of these differences, it is considered that
XBeach model predictions are reasonably accurate irrespective of the
wave forcing method.
5.2. Slapton Sands test case

Storms cause large shoreline variability at Slapton Sands (Ruiz de
Alegria-Arzaburu et al., 2010b), and a combination of field measure-
ments and ARGUS video observations have shown that this variability
is highly dependent on the wave direction (Ruiz de Alegria-Arzaburu
et al., 2010b). Although during easterly storms the beach profile ad-
justs primarily in the cross-shore direction, greater erosion frequently
occurs at the northern end of the barrier, and the greatest alongshore
sediment exchanges occur during southerly storms (Ruiz de Alegria-
Arzaburu and Masselink, 2010a). However, as easterly storms are
dominated by cross-shore sediment transport, the use here of a 1D
version of XBeach is considered to be justified.

Measured beach profiles at P12 before and after the easterly
storms described above are shown in Fig. 10a. This figure also
shows end-of-storm profiles predicted by XBeach for a range of
surge level enhancements to the tidal forcing from no enhancement
to a maximum value of +0.4 m indicated by the PT data from Mat-
thews Point for a storm with similar characteristics. This approach is
justified here for two reasons: a) preliminary tests using only the as-
tronomical tide resulted in a significant under-prediction of erosion at
the correct location along the measured profile; and b) measured
tidal levels during storms indicate strongly that a surge component
O(0.4)m is associated with easterly storms with approximately the
same characteristics as the one studied here. In common with the
BARDEX results discussed above, there is a tendency in the XBeach
predictions for significant accretion along the lower part of the
beach profile. However, it is not possible to assess how realistic this
is as no data for this part of the beach profile could be obtained.
This uncertainty is indicated in Fig. 10a by the “?” symbol. Fig. 10a
also shows that XBeach tends to over-predict erosion of the upper
section of the profile irrespective of the surge level considered. The
best agreement between measured and predicted profiles at the end
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Fig. 8.Measured and predicted changes in beach volume per metre for sub-tidal, inter-
tidal and supra-tidal regions for BARDEX tests D2, D3 and E8.
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of the storm were obtained using a surge enhancement of 0.4 m
(BSS=0.66).

At Slapton Sands, the groundwater dynamics are normally charac-
terised by a seaward directed groundwater flow (Austin et al., 2009).
XBeach model results showed that when the lagoon water table
(LWT) was bMHWS, the beach drained with greater efficiency and
eroded less. Consequently the beach face remained steep. Austin
and Masselink (2005) have previously attributed a reduction in sedi-
ment transport at mid-upper swash zone on gravel beaches to larger
rates of infiltration, which by reducing sediment transport competen-
cy of backwash, tend to bias onshore sediment transport. When
LWT>MHWS, supra-tidal erosion was greater and more inter-tidal
accretion occurred resulting in flattening of the beach face. These re-
sults agree well with findings of Austin et al. (2009) for BARDEX ex-
periments, and with Masselink et al. (2010) based on field data
collected at Slapton Sands. XBeach results for Slapton are therefore
consistent with previous findings and show that the decision to in-
clude the beach groundwater in XBeach simulations is well-justified.

It was noted above that the two XBeach parameters thought most
likely to influence model performance for gravel beaches were K and
Cf. As both were found in initial trials to influence beach profile devel-
opment in the XBeach model, it was necessary to establish appropri-
ate values. Setting K to 0.05 m/s, a value reported by Austin et al.
(2009) for Slapton Sands, sensitivity analyses were undertaken for
Cf. Fig. 10b shows that for Cf=0.005, erosion on the upper beach
and accretion on the lower beach are overestimated. Increasing Cf to
0.01 results in the opposite effect. A Cf value=0.007 was found to
give the highest BSS values for the measured and the predicted
beach profile for the measured K value of 0.05 m/s. With a suitable
Cf value now established, sensitivity analyses were then undertaken
for K in the range of 0.01 m/s to 0.16 m/s. Results of these tests are
shown in Fig. 10c. These show that for K=0.01 m/s, erosion on the
upper beach and accretion on the lower beach are overestimated. In-
creasing K to 0.16 m/s results in less accretion on the lower beach and
an underestimation of erosion on the upper beach. The highest BSS
value was obtained for K=0.05 m/s.

Masselink and Li (2001) report that enhanced beach accretion in the
swash zone only occurswhen the total infiltration over awave cycle ex-
ceeds approximately 2% of the total uprush volume. This can only occur
when the hydraulic conductivity exceeds 0.01 m−1 and thus requires
grains coarser than approximately 1.5 mm. Since D50 for BARDEX and
Slapton are 11 mm and 6 mm, respectively, it would be expected that
around 15% to 30% of the swash volume per wave cycle would infiltrate
into the beach face, thus reducing sediment transport and influencing
beach morphology (Austin and Masselink, 2005, 2006; Mason and
Coates, 2001; Masselink and Li, 2001). The results support previous
finding by Masselink and Li (2001) and Austin (2005) indicating that
K is a factor controlling swash infiltration and this in turn influences
beach morphology.

Fig. 11 shows temporal and spatial changes in the Slapton beach
profile predicted by XBeach during the easterly storm period. It shows
areas of erosion and accretion sweeping up and down the beach profile
in response to the tidal variations in the mean water level and to the
waves. At the start of the simulation, when the tidal level is low, a
zone of erosion, attributable to wave action, yields material that is de-
posited in a zone extending approximately 10 moffshore fromaweakly
developed step feature similar to the feature observed in the field (cf.
Austin and Buscombe, 2008). As the tidal level rises, the zone of erosion
translates up the beach, and material previously deposited offshore is
mobilised and swept up the beach, restoring the profile approximately
to its configuration before erosion. On reaching the maximum tidal
level, erosion of the upper beach extends a few metres and results in
some scarping of the upper beach face. During the falling tide material
deposited in the offshore accretion zone is remobilised and is moved
progressively offshore in a zone between approximately 2 m and 3 m
below themean tidal level. As the tide again rises, the offshore material
is once more swept back up the beach and replaces material eroded
during the previous falling tide. Further beach scarping occurs during
high water. After a few tidal cycles the beach profile adjusts to the ap-
plied tide and wave forcing, and subsequent changes in the profile are
greatly reduced.

The second feature in this simulation concerns the erosion along
the upper part of the profile in the cross-shore region between ap-
proximately 90 m and approximately 120 m. At the start of the simu-
lation, Fig. 11 shows that erosion extends a cross-shore distance
approximately 15 m from approximately 75 m to approximately
90 m. By t+40 h, the eroded portion of the beach has extended a fur-
ther 25 m to approximately 115 m and by t+70 h, erosion reaches
nearly 120 m. It is notable that the rate at which this erosion zone ex-
tends up the beach decreases approximately exponentially through
time, indicating that the beach profile in the model is evolving to-
wards a quasi-equilibrium state. Although peak tidal levels increase
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Fig. 9. Measured and predicted barrier profiles from overwash tests E10 for runs 2, 4 and 6 (identified in Fig. 3).
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throughout this simulation, these results probably also reflect the de-
crease in Hs values during the storm period (Fig. 5f).

Although reference is made here to a step-like feature that moves
up and down the beach profile with the rising and falling tide, the
modelled feature is not strictly speaking the step reported by Austin
and Buscombe (2008). This erosive feature is most likely the result
of offshore sediment transport by the undertow. Given its position
relative to the mean water level suggests the feature would be more
accurately described as a breakpoint bar.

The temporal evolution of the beach profile in the XBeach simula-
tion is further illustrated in Fig. 12 which shows changes in beach vol-
ume (assuming the profile is 1 m wide) for the supra-tidal (2 m to
6.2 m ODN), inter-tidal (−2 m to 2 m ODN) and sub-tidal (−5 m to
−2 m ODN) sections of the profile. It shows a net balance between
losses and gains, with erosion occurring primarily in the supra-tidal
region, and accretion in the inter-tidal and sub-tidal regions. It
shows also that erosion and accretion rates decrease through time
as the profile tends towards a stable form with the prevailing hydro-
dynamics. The step-like nature of erosion and deposition is one fre-
quently observed in the field on natural gravel beaches (cf. Austin
and Buscombe, 2008).
Fig. 9 demonstrates clearly that XBeach is able to simulate over-
wash processes with some success. In the final series of XBeach test
using the Slapton profile, threshold condition for barrier overwash
were investigated by increasing the mean tidal level. The hydrody-
namic conditions used in the overwash tests are shown in Fig. 13a.
The upper panel shows measured temporal changes in Hs and Tp
values measured at 2 km offshore (Fig. 4) at the peak of the storm.
These are used in all overwash tests spanning a 6.5 hour tidal period.
Tidal levels plus the surge enhancements used in the XBeach simula-
tion (0 m, 1.0 m, 1.4 m, 1.6 m, 2.0 m, 2.2 m and 2.4 m) are shown in
the lower panel for the same period. Note that not all are illustrated
for clarity. Although it is acknowledged from the outset that surge
levels of 2.0 m and 2.4 m are likely to be extremely rare events,
surge levels up to 1.4 m are possible, with a return period of approx-
imately 100 years, (cf. Lowe and Gregory, 2005). Tests using these hy-
drodynamic conditions were undertaken using both the pre-storm
and post-storm measured beach profiles in order to assess how pre-
established beach morphology affects overwash thresholds. Over-
wash model results for both cases are shown in Fig. 13b,c. Results
from the XBeach simulations using the pre-storm profile (Fig. 13b)
showed that with the imposed wave conditions, overwash occurred
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Table 3
Brier skill scores for BARDEX tests D2, D3, E8 and E10 using short wave forcing in the
XBeach model (Case A). Numbers in brackets in the no reset columns show % difference
between reset and no reset tests. Also shown are the mean (�x) and standard deviation
(σx) values for each test.

Test D2 Test D3

Run no. Reset No reset Run no. Reset No reset

2 0.83 0.76 (8) 2 0.88 0.77 (13)
3 0.79 0.73 (8) 3 0.79 0.64 (19)
4 0.77 0.68 (12) 4 0.75 0.62 (17)
5 0.76 0.62 (18) 5 0.68 0.63 (7)
6 0.69 0.61 (12) 6 0.66 0.57 (14)
7 0.67 0.57 (15) 7 0.65 0.55 (15)
8 0.66 0.53 (20) 8 0.63 0.52 (17)
9 0.67 0.51 (24) 9 0.59 0.48 (19)
10 0.65 0.50 (23) 10 0.61 0.49 (20)
11 0.64 0.49 (23) 11 0.62 0.44 (29)
12 0.66 0.48 (27) 12 0.60 0.42 (30)
13 0.67 0.47 (30) 13 0.58 0.44 (24)
14 0.65 0.48 (26)
�x;σx 0.70, (0.06) 0.57, (0.10) �x;σ x 0.67, (0.09) 0.55, (0.10)

Test E8 Test E10
2 0.69 0.64 (7) 2 0.57 0.54 (5)
3 0.65 0.56 (14) 3 0.53 0.41 (23)
4 0.63 0.53 (16) 4 0.51 0.31 (39)
5 0.59 0.46 (22) 5 0.42 0.24 (43)
6 0.55 0.44 (20) 6 0.31 0.16 (48)
7 0.56 0.38 (32) 7 0.22 0.08 (64)
8 0.49 0.37 (24) 8 0.09 0.02 (78)
9 0.47 0.33 (30)
�x;σx 0.58, (0.08) 0.46, (0.11) �x;σ x 0.38, (0.18) 0.25, (0.18)
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at surge levels of 1.8 m. This is indicated by the arrow showing small
washover deposits on the crest of the beach. Storm surge levels re-
quired for overwash reduced to approximately 1.2 m when both Hs

and Tp were increased by 25% (not illustrated). For the post-storm
profile, a surge level of 1.6 m was sufficient to result in the same im-
pact (Fig. 13c). Again increasing Hs and Tp by 25% resulted in over-
wash when the surge level was only approximately 1.0 m. These
results show that gravel beaches in a pre-existing eroded state are
Table 4
Brier skill scores for BARDEX tests D2, D3, E8 and E10 using long wave forcing in the
XBeach model (Case B). Numbers in brackets show% difference between short wave
and long wave tests.

Test D2 (no reset) Test D3 (no reset)

Run no. Short waves Long waves Run no. Short waves Long waves

2 0.76 0.72 (5.3) 2 0.77 0.75 (2.6)
3 0.73 0.69 (5.5) 3 0.64 0.61 (4.7)
4 0.68 0.65 (4.4) 4 0.62 0.60 (3.2)
5 0.62 0.60 (3.2) 5 0.63 0.62 (1.6)
6 0.61 0.60 (1.6) 6 0.57 0.56 (1.8)
7 0.57 0.56 (1.8) 7 0.55 0.56 (−1.8)
8 0.53 0.51 (3.8) 8 0.52 0.51 (1.9)
9 0.51 0.52 (−2.0) 9 0.48 0.46 (4.2)
10 0.50 0.49 (2.0) 10 0.49 0.45 (8.2)
11 0.49 0.45 (8.2) 11 0.44 0.41 (6.8)
12 0.48 0.43 (10.4) 12 0.42 0.40 (4.8)
13 0.47 0.42 (10.6) 13 0.44 0.41 (6.8)
14 0.48 0.45 (6.2)

Test E8 (no reset) Test E10 (no reset)
2 0.64 0.62 (3.1) 2 0.54 0.51 (5.6)
3 0.56 0.54 (3.6) 3 0.41 0.39 (4.9)
4 0.53 0.51 (3.8) 4 0.31 0.30 (3.2)
5 0.46 0.42 (8.7) 5 0.24 0.23 (4.2)
6 0.44 0.43 (2.3) 6 0.16 0.14 (6.3)
7 0.38 0.35 (7.9) 7 0.08 0.06 (6.3)
8 0.37 0.36 (2.7) 8 0.02 0.01 (10.0)
9 0.33 0.31 (6.1)

Fig. 10. a) Measured beach profiles at P12 before and after the easterly storm at Slapton
for a range of surge enhancements to the mean tidal level. b) Comparison between
measured and predicted barrier profile P12 for stated cf values (K=0.05). c) Compar-
ison between measured and predicted barrier profile P12 for stated K values
(cf=0.007).

Fig. 11. a) Contoured plot to show temporal and spatial changes in the Slapton beach
profile predicted by XBeach during the easterly storm period. b) Temporal changes in
elevation of P12 during the easterly storm at Slapton.
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Fig. 12. Changes in beach volume (assuming profile P12 is 1 m wide) for the supra-tidal
(2 m to 6.2 m ODN), inter-tidal (−2 m to 2 m ODN) and sub-tidal (−5 m to −2 m
ODN) sections of the profile.

Fig. 13. a) Hydrodynamic conditions used in the Slapton overwash tests. b) Measured and p
predicted barrier profiles for post-storm profile overwash simulations.
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more susceptible to further erosion and overwashing should storms
occur before a recovery period.
6. Conclusions

Using tidal, short and long wave forcing a 1D version of the
XBeach numerical model has been applied in an attempt to replicate
measured changes in gravel barrier profile morphology in a range of
laboratory experiments and at a field site during a storm.

Irrespective of thewave forcing approach, XBeach simulation of BAR-
DEX experiments was successful provided the starting barrier profile
was defined using measured profiles (BSS typically approximately 0.6
for reset runs). Using predicted starting profiles (i.e. no reset runs),
XBeach tended to over-predict erosion on the upper beach face (BSS typ-
ically approximately 0.4). In BARDEX overwash tests, XBeach was suc-
cessful in identifying threshold water level and wave conditions and
redicted barrier profiles for pre-storm profile overwash simulations. c) Measured and
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reproduced the majority of the observedmorphological change over the
barrier crest region with skill. In most cases the use of short waves to
drive the XBeach model gave marginally better BSS values. Little differ-
ence was detected between XBeach model results using short (i.e. mea-
sured incident wave time-series) and long wave (i.e. JONSWAP spectra)
forcing at the offshore boundary.

A BSS value of 0.66 demonstrated that XBeach is able to reproduce
well the key features of storm-induced supra-tidal erosion and related
inter-tidal and sub-tidal accretions at Slapton beach profile P12 using
JONSWAP spectra to define incident wave conditions and a storm
surge enhancement of 0.4 m on the mean tidal level. An underestima-
tion of changes in the intertidal morphology is thought to be related
in part to the exclusion of longshore transport in the XBeach model
(cf. Ruiz de Alegria-Arzaburu and Masselink, 2010b). The model was
able to reproduce the migration of a step-like feature over a tidal
cycle. However, although similar inmorphology and behaviour, the fea-
ture is thought to be attributable to essentially erosional processes and
thus is different from the step found on natural gravel beaches. Despite
these uncertainties, the simulation at Slapton demonstrates that
XBeach has a good ability to simulate the primary cross-shore morpho-
logical responses of a gravel barrier to a storm event.

In both BARDEX and Slapton test cases, the modelled beach profile
behaviour showed a strong dependency on beach permeability. This in-
dicates the control on swash infiltration by hydraulic conductivity, and
supports the field results reported by Austin (2005) and modelling re-
sults by Jamal et al. (2010). Overestimation of K by approximately 30%
leads to under-prediction of the post-storm supra-tidal beach volume
by approximately 15%, while an under-estimation of K by approximate-
ly 20% over-predicts the supra-tidal beach volume by approximately 8%.
Using BSS values to identify the best model performance showed that a
K value of 0.05 and a drag coefficient value of 0.007 are themost appro-
priate values to use in the present laboratory and field tests. In all cases
the highest BSS values were attained only when groundwater was in-
cluded in the XBeach simulations reflecting its role as a principal deter-
minant of the rate of infiltration across the beach.

Although the erosional aspect of gravel beach dynamics is handled
with moderate success in XBeach, the model does not simulate well
the strong up-rush of water that follows wave breaking, and fails to
simulate accurately the much weaker backwash attributable to
rapid swash infiltration. As a consequence, XBeach is unable to repro-
duce the formation of the distinct berm observed in BARDEX experi-
ments and in the field. As this feature can provide some additional
protection to the upper beach during, for example, a storm event,
the present simulations may underestimate threshold conditions for
overwash. In this respect model performance might be improved by
establishing relationships between the bed shear stresses associated
with up-rush and backwash events and the infiltration characteristics
across the swash zone. Further, owing to the steep offshore bathym-
etry associated with gravel beaches, waves break very close to the
beach. This has a high impact on gravel beach morphodynamics (cf.
Pedrozo-Acuña et al., 2010) and may require special parameterisation
in XBeach.

The presentwork has shown the usefulness of XBeach for establishing
barrier overwash thresholds and for simulating storm-induced cross-
shore morphological change over time-scales ranging from minutes to
days. Both have utility for coastal engineering and beach management.

List of symbols

Roman symbols
A cross-sectional area to the flow
Ar roller area
Asb bed load coefficient
Ass suspended load coefficient
Aw wave action
C actual depth averaged sediment concentration
Cd drag coefficient
Ceq equilibrium concentration
Cg,x wave group velocity in the x-direction
Cg,y wave group velocity in the y-direction
Cθ, velocity in directional space
Cm time and depth averaged sediment concentration
D wave energy dissipation
�D total wave energy dissipation
Db expected dissipation rate in a breaking wave
Dh horizontal diffusion coefficient for sediment
�Dr roller energy dissipation
Dwaves energy dissipation due to wave breaking
Dv vertical diffusion coefficient for sediment
D50 median grain diameter
D90 grain diameter that 90% of the sediment is finer
D* dimensionless particle size
Eroller roller energy
Ew short wave energy
F wave and roller force
H wave height
Hs significant wave height
Hrms root mean square wave height
K hydraulic conductivity
L wavelength
P pressure drop over distance L
Pb the fraction of breaking waves
Q total discharge
S radiation stress
Sedx,y sediment transport in x and y directions
Sw wave energy in each directional bin
T wave period
Tm mean intrinsic wave period
Tp peak wave period
Ts adaptation time scale for sediment
Um time and depth averaged flow velocity
X horizontal distance from the wave paddle
a flow acceleration
c actual sediment concentration
cg wave group velocity
ceq equilibrium sediment concentration
cf bed friction coefficient
cm time averaged sediment concentration
cw short wave celerity
fmorf morphological ‘acceleration’ term
fp peak frequency
fw mean intrinsic frequency
g gravitational acceleration
h water depth
hL ‘lagoon’ depth
hS ‘sea’ depth
hsurge residual surge component
kb bore-averaged near-bed turbulence
kw wave number
n wave breaking calibration parameter
ns directional spreading coefficient
p sediment porosity
s relative density (ρs/ρw)
t time
u flow velocity in x-direction
uA mean flow component due to nonlinear waves
ucrit critical flow velocity for sediment entrainment
ucr,c critical flow velocity for sediment entrainment due to

currents only
ucr,w critical flow velocity for sediment entrainment due to waves

only
um time averaged flow velocity
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uE Eulerian flow velocity in x-direction
urms,2 near-bed short wave orbital motion
uS Stokes drift velocity in x-direction
v flow velocity in y-direction
vE Eulerian flow velocity in y-direction
vS Stokes drift velocity in y-direction
ws sediment fall velocity
x horizontal cross-shore coordinate
xb initial beach profile
xm measured beach profile after storm
xx beach profile predicted by XBeach
y horizontal alongshore coordinate
z vertical coordinate
zb bed level
z0 bed roughness length

Greek symbols
α calibration factor
αu coefficient for time averaged flow due to nonlinear waves,

related to the phase shift between intra wave sediment
suspension and flow

β beach slope
βw slope of the wave front
γ wave breaking calibration parameter
γc bed calibration coefficient for near-bed sediment

concentration
γflow flow calibration factor in equilibrium sediment

concentration
γmorf bed level multiplication factor
γj peak spectral enhancement factor
γturb turbulence calibration factor in equilibrium sediment

concentration
γvisc calibration factor (≈1.0)
η water surface elevation
κ beach permeability
μ dynamic viscosity
νh horizontal viscosity
νw vertical viscosity
θ wave angle
θw mean wave angle
ρs mass density of sand
ρw mass density of water
τw wave period-averaged shear stress
ω intrinsic radian wave frequency
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Appendix A. The XBeach model5

In the 2D co-ordinate system of XBeach the computational x-axis is
always oriented towards the coast, and the y-axis is directed alongshore
and is defined relative to world coordinates (xw, yw) through the origin
(xori,,yori) and the orientation α0, defined counter-clockwise with rela-
tion to the xw-axis. The grid applied is rectilinear, non-equidistant and
staggered. Bed levels, water levels, water depths and sediment concen-
trations are defined in cell centres. Velocity and sediment transport are
defined in u- and v-points, located at the cell interfaces. In the wave
model, wave action, roller energy and radiation stresses are defined in
5 The model description in this Appendix is derived from: Van Thiel de Vries (2009).
cell centres, whereas radiation stress gradients are defined at u- and
v-points. Here we give the equations in the XBeach model for the 1D
cases considered in this paper.

Taking account of the directional distribution of the short wave ac-
tion density, and assuming a narrow banded incident spectrum (cf.
Holthuijsen et al., 1989), a solution to the time-dependent short
wave action balance is obtained on the scale of wave groups by reduc-
ing the frequency domain to a single representative peak frequency.
This simplifying approach provides computationally efficient solu-
tions for time-varying currents and directionally-spread infragravity
waves. The wave action balance is given as

∂Aw

∂t þ ∂cg ;xAw

∂x þ ∂cg ;yAw

∂y þ ∂cθAw
∂θ ¼ − D

ω
ðA1Þ

where thewave action Aw=Ew/ω, Ew is thewave energy,ω is the intrin-
sic wave frequency andD is thewave dissipation. The x- and y-group ve-
locities (i.e. Cg,x=cg cos(θ), Cg,y=cg sin(θ)) represent the respective
components of the wave group velocity, cg. The term Cθ, expressing the
propagation speed in θ-space, takes into account refraction due to bed in-
teractions so that

Cθ ¼
ω

sinh2kwh
∂h
∂x sinθ−∂h

∂y cosθ
� �

: ðA2Þ

Here h is the water depth and the wave number kw is derived from
the linear dispersion equation:

ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gkw tan hkwh

q
; and ðA:3Þ

cg ¼ cw
1
2
þ kwh

sinh2kwh

� �
: ðA:4Þ

The energy dissipation due to wave breaking, D, is modelled using
the approach of Roelvink (1993). Here the total dissipation, �D, is defined
as

�D ¼ 0:25 ∝ ρwPbf m
H3

rms

h
ðA5Þ

where α is a calibration factor O(1), ρw is the water density, g is the ac-
celeration due to gravity, fw is the mean intrinsic frequency, Hrms is the
root mean square wave height and Pb is the fraction of breaking
waves defined as

Pb ¼ 1− exp − Hrms

γh

� �n� �
ðA6Þ

where γ and n are calibration factorsO(0.5) andO(10), respectively and
Hrms is computed from the short wave energy using

Hrms ¼
ffiffiffiffiffiffiffiffiffiffiffi
8Ew
ρwg

;

s
where Ew ¼ ∫2π

0 Swdθ ðA7Þ

and �D is distributed over all wave directions using

D ¼ Sw
Ew

�D: ðA8Þ
Radiation stresses are then obtained from:

Sxx ¼ ∫
cg
cw

1þ cos2θ
� �

−1
2

� �
Swdθ; ðA9Þ

Sxy ¼ Syx ¼ ∫ sinθ cosθ
cg
cw

sw

� �
dθ ; and ðA10Þ
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Syy ¼ ∫
cg
cw

1þ sin2θ
� �1

2

� �
Swdθ: ðA11Þ

Using the dissipation of short wave energy as a source term in a
roller energy balance equation, XBeach is able to redistribute energy
from breaking waves using

∂Eroller
∂t þ ∂cw;xEroller

∂x þ ∂cw;yEroller
∂y þ ∂cθEroller

∂θ ¼ −Droller þ D ðA12Þ

where Eroller is the roller energy in each directional bin. The roller energy
propagation speeds are defined in terms of the shortwave celerity cw as
cw,x=cw cos(θ) and cw,y=cw sin(θ), and roller dissipation is given by
Dr?=cwτw, (Deigaard, 1993). The term τw represents the wave
period-averaged shear stress between the roller and the water surface
and is defined using the slope of the wave front, βw, and wavelength,
L, as

τr
ρwgAr sin βwð Þ

L
ðA13Þ

where Ar is the roller area (Reniers, 1999). Following Svendsen (1984),
roller energy is given by

Eroller

¼ 1
2
ρwArc

2
w

L
; where Eroller∫

2π

0

Srdθ:
ðA14Þ

Thus

�Dr

¼ 2g sin βwð ÞEr
Cw

ðA15Þ

where βw is calculated with a wave shape model (Van Thiel de Vries,
2009), and �Dr is distributed proportionally over all wave directions to
give

Dr ¼
Sr

Eroller
�Dr : ðA16Þ

The contribution to radiation stress by rollers is then added to the
wave-induced radiation stress using:

Sxx;r ¼ ∫ cos2θSrdθ; ðA17Þ

Sxy;r ¼ Syx ¼ ∫ sinθ cosθSrdθ;and ðA18Þ

Syy;r ¼ ∫sin2θSwdθ: ðA19Þ

The resulting wave forcing is then given by:

Fx ¼ − ∂Sxx
∂x

� �
; and ðA20Þ

In XBeach the wave energy balance, the roller energy and radia-
tion stress are defined at the cell centres, and the radiation stress gra-
dients are defined at u- and v-points. Surface elevation and flow,
including infragravity waves and unsteady wave-induced currents,
are solved using the shallow water momentum and mass balance
equations. To include short wave-induced mass fluxes and return
flows in shallow water, XBeach uses the Generalized Lagrangian
Mean (GLM) formulation (Andrews and McIntyre, 1978). Here La-
grangian equivalents, uL and vL, are defined as

uL ¼ uE þ uS and vL ¼ vE þ vS ðA21Þ

where the Stokes drift terms in the x- and y-directions are given by
Phillips (1977) in the form

uS ¼ Ew þ 2Erð Þ cosθ
ρwhcw

and vS ¼ Ew þ 2Erð Þ sinθ
ρwhcw

: ðA22Þ

In the present study the depth-average GLM-shallow water equa-
tions are expressed as:

∂uL

∂t þ uL ∂uL

∂x þ vL
∂uL

∂y −vh
∂2uL

∂x2
þ uL ∂2uL

∂y2

 !
¼

−g
∂η
∂x−

Cf u
E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:16urmsð Þ2 þ uE

� �2 þ vE
� �2q

h
þ Fx
ρsh

;

ðA23Þ

∂vL

∂t þ vL
∂vL

∂x þ uL ∂vL

∂y −vh
∂2vL

∂y2
þ uL ∂2vL

∂x2

 !
¼

−g
∂η
∂y−

Cf v
E
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:16urmsð Þ2 þ uE

� �2 þ vE
� �2q

h
þ Fy
ρsh

; and

ðA24Þ

∂η
∂t þ

∂uLh
∂x þ ∂vLh

∂y ¼ 0: ðA25Þ

Here L- and E-indices for the x (u) and y (v) velocities refer to La-
grangian and Eulerian framework, η is the water surface elevation, cf
is the bed friction coefficient (equivalent to the drag coefficient, Cd),
Fx and Fy are the wave and roller forces and νh is the horizontal viscos-
ity coefficient (modified by wave breaking in the surf zone), (cf.
Reniers et al., 2004). Bed friction is calculated using the parameterisa-
tion of Feddersen et al. (2000) using both the Eulerian flow velocities
(uE,vE) and the short wave orbital velocity, calculated using

urms ¼
πH

T
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 sinh khð Þ

p ðA26Þ

where the wave height H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8E

ρg

q
, and T is the wave period.

Sediment transport is modelled using a depth-averaged advection–
diffusion scheme with a source-sink term based on an equilibrium sedi-
ment concentration (e.g. Galapatti and Vreugdenhil, 1985). This takes
the form

∂hC
∂t þ

∂hC uE þ ua sinθm
� �

∂x

þ ∂hC
〚 v〛E þ ua cosθm
� �

∂y þ ∂
∂x Dsh

∂C
∂x

� �
þ ∂
∂y Dsh

∂C
∂y

� �
¼ hCeq−hC

Ts

ðA27Þ

where C represents the depth-averaged concentration (on the wave
group scale), ua is a flow velocity related to wave nonlinearity (Van
Thiel de Vries, 2009), θm is the mean angle of the incoming waves, Ts is
the sediment concentration adaptation time-scale. This is computed
using a simple expression based on localwater depth and particle settling
velocity, ws in the form

Ts ¼ max
h
ws

; Ts;min

� �
ðA28Þ

where Ts,min is a user-specified minimum adaptation time. For small
values of h, Ts≈Ts,min forcing sediment concentration to respond instanta-
neously with local hydrodynamic conditions. The erosion or accretion of
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sediment is determined by the difference between the actual sediment
concentration C and the equilibrium concentration Ceq.
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