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Abstract: Gravel beaches and barriers form a valuable natural protection for many shorelines.
The paper presents a numerical modelling study of gravel barrier beach response to storm wave
conditions. The XBeach non-hydrostatic model was set up in 1D mode to investigate barrier volume
change and overwash under a wide range of unimodal and bimodal storm conditions and barrier
cross sections. The numerical model was validated against conditions at Hurst Castle Spit, UK. The
validated model is used to simulate the response of a range of gravel barrier cross sections under a
wide selection of statistically significant storm wave and water level scenarios thus simulating an
ensemble of barrier volume change and overwash. This ensemble of results was used to develop a
simple parametric model for estimating barrier volume change during a given storm and water level
condition under unimodal storm conditions. Numerical simulations of barrier response to bimodal
storm conditions, which are a common occurrence in many parts of the UK were also investigated.
It was found that barrier volume change and overwash from bimodal storms will be higher than
that from unimodal storms if the swell percentage in the bimodal spectrum is greater than 40%. The
model is demonstrated as providing a useful tool for estimating barrier volume change, a commonly
used measure used in gravel barrier beach management.
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1. Introduction

Gravel beaches and barriers form a significant proportion of world’s beaches at mid
to high latitudes [1]. They act as natural means of coast protection and are capable of
dissipating a large portion of incident wave energy under highly energetic wave conditions
(e.g., [2,3]). Gravel beach and barrier morphodynamics is dominated by the highly reflective
nature of steep beach face, energetic swash motions generated by waves breaking on
the lower shoreface and potential overwash of the beach crest [4]. Overwashing and
overtopping of gravel beaches and barriers can occur during extreme storm conditions and
can lead to crest build-up, crest lowering, landward retreat and potentially breaching [1,5,6].

Studies of gravel beach and barrier morphodynamics date back to a few decades.
Powell [7] investigated the hydraulic behaviour of gravel beaches using a set of physical
model testing results. Following that, Powell [8] presented a parametric model for gravel
beach morphodynamic evolution against short term wave attack, based on a comprehensive
series of physical model tests. The application of his model to a number of field sites
proved it to be a useful tool to determine short term cross-shore profile evolution of gravel
beaches. However, Powell’s [8] model does not consider barrier overwash thus limiting its
application to ordinary wave conditions. Bradbury [9] investigated a relationship between
incident wave conditions and the geometry of barrier beaches under storm wave conditions
using an extensive series of physical model experimental results on cross-shore profile
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change of gravel beaches. He developed an empirical dimensionless threshold called
‘barrier inertia parameter’, which is a function of emergent barrier cross-sectional area,
freeboard and the incident wave height, to detect barrier breaching. Bradbury et al. [6]
applied the Bradbury [9] empirical parameter to detect the morphodynamic response of
a number of barrier beaches in the southern England. The barrier inertia parameter is
found to be a useful tool to identify incident wave conditions leading to barrier beach
although the parameter is not able to predict morphodynamic change of the barrier. Also,
the range of validity of it is limited to incident wave steepness below a certain value
and extrapolation of the parameter to higher incident wave steepness has found to be
problematic and unreliable [6].

Most investigations on gravel beach and barrier overwash and morphodynamics
found in literature are based on either experimental investigations e.g., [7–13], or field stud-
ies e.g., [1,3,4,14–16]. Some attempts have also been made to apply numerical models to
simulate morphodynamic response to incident waves and water levels. Williams et al. [17]
used XBeach process-based coastal morphodynamic model [18] to investigate overwashing
and breaching of a cross-shore profile of a gravel barrier located in a macrotidal environ-
ment in the south-west coast of the UK. They had some success but, the model, which
was developed for sandy beaches, over-predicted the erosion of the upper beach face
although the model was able to identify the threshold water level and wave conditions for
overwashing. Jamal et al. [19] modified the XBeach model to investigate the morphody-
namic behaviour of gravel beaches by introducing a coarse sediment transport formula
and groundwater infiltration/exfiltration phenomena. The modified model (XBeach v12)
was found to capture gravel transport and beach morphodynamics satisfactorily. McCall
et al. [20] also presented an extension to XBeach to simulate morphodynamics of gravel
beaches. This model, called XBeach-G, captured berm building and roll-over of gravel
barriers. Gharagozlou et al. [21] used the XBeach-G model to simulate overwash, erosion
and breach of barrier islands during extreme storm conditions. Subsequently, Phillips
et al. [22] used the non-hydrostatic version of XBeachX [23] to study intertidal foreshore
evolution and runup of gravel barriers. They concluded that the sandy intertidal area in
their study site plays an important role in runup and overwash of gravel barriers.

Critical to the need to investigate barrier beach morphodynamics is the ultimate
objective for practitioners to make sustainable long-term decisions on the management of
these systems. As the climate continues to change, multiple questions arise that require
consideration for coastal managers. E.g., when should failure/breaching of barrier beach
be managed? Can this system function effectively as flood/erosion protection in the future?
How might the barrier have to be adapted to continue to manage risk? Are long-term
adaptation requirements technically and economically feasible? In the UK, the above type
of decision making is typically made assuming a 100-year period for new interventions.
Given the inherent uncertainty in all aspects of this process it is important that coastal
engineers have tools available that can quickly support decision making on the critical
aspects and provide focus for more detailed studies if required.

This paper aimed at answering some questions laid out above and addressing two
research needs identified in literature: (i) Although process-based models are useful tools
to investigate gravel beach and barrier response to extreme conditions, establishing a
high-resolution numerical model to a given site can be time-consuming and costly. Also,
significant uncertainties surround deterministic simulations due to uncertain input param-
eters and inadequate process-descriptions in those models thus requiring a large number
of simulations to quantify uncertainties. Therefore, the application of these models may
have limited scope within the coastal engineering industry where time and resources are
restricted and expensive; (ii) Simple gravel barrier models have their own limitations:
Powell’s [8] parametric model is not able to capture barrier overwash. The barrier inertia
parameter defined by Bradbury et al. [6] links barrier inertia into breaching thresholds
but does not capture morphodynamic change. Poate et al. [24] was successful with an
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attempt to parameterise wave runup on a gravel beach but did not investigate gravel
barrier morphodynamics.

The first part of this paper will address the need to develop a simple parametric
model to capture gravel barrier beach morphodynamic response to extreme conditions.
The second part is devoted to gravel barrier response to bimodal storm conditions. Al-
though gravel beach response to waves has been studied extensively, for regular and
irregular waves, there is little reported investigation of their response to bimodal wave
conditions, quite commonly experienced at midlatitudes. Bradbury et al. [25] highlight
the damaging effects of bimodal storms on gravel barriers, which was consolidated by
Thompson et al. [26] and a few others. The results of barrier response to bimodal storms
will be compared with that of unimodal storms.

A large ensemble of numerically simulated barrier evolution and overwash results,
taking the Hurst Castle Spit gravel barrier beach located in the south coast of the UK as the
study site, is used to develop the parametric model in the first part of the paper. The same
study site is used in the second part of the paper to investigate the impacts of bimodal
storms on gravel barrier morphodynamics.

2. Hurst Castle Spit

Hurst Castle Spit (HCS) gravel barrier beach system forms the Christchurch Bay and
provides protection from wave attack to an extensive area of low-lying land in the Western
Solent in the south coast of the UK [5,27] (Figures 1 and 2).

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 3 of 21 
 

 

inertia parameter defined by Bradbury et al. [6] links barrier inertia into breaching thresh-

olds but does not capture morphodynamic change. Poate et al. [24] was successful with 

an attempt to parameterise wave runup on a gravel beach but did not investigate gravel 

barrier morphodynamics. 

The first part of this paper will address the need to develop a simple parametric 

model to capture gravel barrier beach morphodynamic response to extreme conditions. 

The second part is devoted to gravel barrier response to bimodal storm conditions. Alt-

hough gravel beach response to waves has been studied extensively, for regular and ir-

regular waves, there is little reported investigation of their response to bimodal wave con-

ditions, quite commonly experienced at midlatitudes. Bradbury et al. [25] highlight the 

damaging effects of bimodal storms on gravel barriers, which was consolidated by 

Thompson et al. [26] and a few others. The results of barrier response to bimodal storms 

will be compared with that of unimodal storms. 

A large ensemble of numerically simulated barrier evolution and overwash results, 

taking the Hurst Castle Spit gravel barrier beach located in the south coast of the UK as 

the study site, is used to develop the parametric model in the first part of the paper. The 

same study site is used in the second part of the paper to investigate the impacts of bi-

modal storms on gravel barrier morphodynamics. 

2. Hurst Castle Spit 

Hurst Castle Spit (HCS) gravel barrier beach system forms the Christchurch Bay and 

provides protection from wave attack to an extensive area of low-lying land in the West-

ern Solent in the south coast of the UK [5,27] (Figures 1 and 2). 

 

Figure 1. Location of Study, Hurst Spit Beach SW England located in the English Channel, UK 

(Google Earth). 

Figure 1. Location of Study, Hurst Spit Beach SW England located in the English Channel, UK
(Google Earth).

The Spit is approximately 2.5 km long, orientated 130◦ North. The beach foreshore
has an average slope of 8◦, with crest height varying significantly along the beach, ranging
from 7 m–3 m mODN, from East to West, where ODN is ‘Ordnance Datum Newlyn’ which
refers to height of mean sea-level in the United Kingdom, with reference to a location
named Newlyn [28].

The Spit is mostly shingle composition, with sediment diameter varying between
6 mm and 45 mm, with the mean sediment diameter D50 of 15 mm and D90 of 45 mm [5,29].
It is estimated that the main body of the HCS is declining in volume by approximately
7000–8000 m3/yr and retreating by 3.5 m/yr on average [27]. The littoral transport rate in
the nearshore region has been estimated at 11,000–13,000 m3 per/yr [30]. Littoral transport
results in accumulation of sediment on the eastern tip of the spit, towards the Hurst Castle
(Figure 2) [30].
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Figure 2. (Top image)—Hurst Spit aerial photograph, showing salt marshes and Hurst Castle located at the end of the spit
(Channel Coastal Observatory). (Bottom image)—Hurst Spit Beach, showing gravel composition of the beach.

The tidal range around the HCP is 2.2 m where the spit is subjected to a meso-tidal
regime. The predominant wave incidence is from the SSW. The Offshore bathymetry is
complex. Shingles Bank is located offshore of the HCP, which is exposed at low tide [31].
The North Heads bank runs parallel to the shoreline. The banks have a sheltering effect on
the spit from on-coming wave attack (Figure 3).

HCS is part of three international nature conservation designations, meaning it is of
considerable environmental and geological interest in developing an understanding of
coastal geomorphology. Numerous overwash and breaching events of HCS have been
reported over the past 200 years, prior to the implementation of a management plan in
1996–1997. The spit underwent a major recharge in 1996 as part of a 50-year shoreline
management plan. Despite having an artificial beach crest following beach recharge, the
spit is still prone to severe damage from storms, most recently seen in February 2020 and
in much greater effect during the 2013/2014 winter storms.
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Figure 3. Nearshore bathymetry of Hurst Castle Spit gravel barrier beach and the surroundings. Bathymetry data are from
Channel Coastal Observatory.

A wave buoy is situated to the East of the HCS, at a water depth of 10 m–12 m
ODN [9] (Figure 3). The waves have been measured since 1996 at 1 Hz from which
significant wave height, peak wave period and mean wave period have been calculated
every 30 min [32]. Using the historical wave buoy data from the buoy the annual average
significant wave height (Hs), average peak wave period (Tp) and average wave direction
have been determined to be 0.65 m, 8.2 s and 211◦ respectively. Through nearshore
wave modelling and studying previous literature Bradbury and Kidd [29] found that the
maximum significant wave height varies between 3.57 m (240◦) and 2.89 m (210◦) annually
on the eastern end of the spit and between 2.10 m (210◦) and 2.68 m (240◦) at the western
end of the spit. Bradbury and Kidd [29] suggest that the mean value of the maximum
nearshore wave height declines along spit from the east to the west due to the attenuating
or dissipating influence of the Shingles Bank and the North Head Bank, resulting complex
wave refraction and wave train “crossover”. Wave shoaling and breaking (at low water)
induced by the complex bathymetry of the banks and channels seawards of the spit reduces
the height of offshore waves by almost one third [29]. The spit is highly vulnerable to high
energy waves travelling across the Atlantic Ocean [27].

The south-west of the UK where the HCS is located is also subjected to frequent
storms with bimodal characteristics as a result of swell-dominated waves with peak wave
periods exceeding 16 s reaching from the Atlantic [26]. Bradbury et al. [25] found that
bimodal conditions occur 25% of time during winter months where storms are frequent
and severe. Nicholls and Webber [27] and Thompson et al. [26] and some others reveal
that bimodal storms may induce greater beach erosion and damage during storms than
their unimodal counterparts at certain occasions in the south and south-west of the UK.
The swell percentage in the bimodal wave spectrum had found to exceed 50% at certain
instances. When these swell conditions combine with mean high-water springs and storm
surges, the chance of overwash of barrier beaches is found to be significantly increased [33].

3. Model Development and Numerical Simulations

To develop a reliable parametric model of gravel barrier beach change needs a sub-
stantial amount of data. As the availability of field or laboratory data covering a wide
range of beaches and wave conditions are limited, we take the advantage of the open
source process-based XBeach non-hydrostatic beach morphodynamic model (XBeachX)
to generate a large number of realisations of overwashing and morphodynamic change
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of gravel barriers from a wide range of unimodal and bimodal storm conditions. XBeach
model will be set up in 1D mode to a wide selection of cross sections of HCS to simulate
overwash and barrier volume change.

3.1. XBeach Model

The open source, process-based XBeach model was developed by Roelvink et al. [18]
as a sandy beach-dune erosion model. XBeach was originally developed as a short wave-
averaged wave group resolving model and allowed short-wave variations in the wave
group scale. The model resolved depth-averaged non-linear shallow water equation and
the short wave motion is solved by the wave action balance equation using the HISWA
equation [34].

Later, the XBeach model was extended to include a non-hydrostatic pressure cor-
rection [35,36] to the depth-averaged non-linear shallow water equation which allows
modelling of the instantaneous water surface elevation. The depth-averaged dynamic
pressure is derived using a method similar to a one-layer version of the SWASH model [37].

The development of XBeach [18,35] and XBeach-G [19,20,38,39] led to wide ranging
studies on gravel beaches and barriers. Williams et al. [17] used early development of
XBeach to compare the results to experimental data on gravel profile development and
found the model accurately reproduced the results of erosion with accuracy Briers Skill
Score (BSS) of 0.6 [40], however the model underpredicted the location and size of the
storm berm. McCall et al. [20,39] and Masselink et al. [41] used XBeach-G to predict the
morphological response of gravel beaches and compared them with Bradbury et al., [6]
barrier inertia model. Masselink et al. [41] highlighted the importance of Bimodal wave
spectrum on increased overwash events, which is further supported by Orimoloye et al. [42]
and Thompson et al. [26].

Williams et al. [33]) used XBeach to develop an empirical framework for modelling
the response of high energy coastlines. They demonstrated that XBeach can effectively
model the breaching and overwash of barrier island with 70% of BSS scores ranging from
good to excellent (0.6–0.8). Another comprehensive study using XBeach to derive an
empirical expression for the overwash and runup on gravel beach has been presented by
Poate et al. [24]. Their results were capable of improving run-up estimations on gravel
beaches. Pairing of XBeach model-derived synthetic data with field data has been used by
Almeida et al. [43], to find that spectral shape of wave forcing conditions plays a key role
in morphological response of gravel barriers. Several other papers have used XBeach to
model, with large success the processes of gravel beaches and barriers.

The non-hydrostatic XBeach model (named XBeachX) includes provisions for applica-
tions to gravel beaches [20,39]. It also has a ground water model that allows infiltration-
exfiltration through the permeable gravel bed, which is a key process contributing to gravel
beach morphodynamics and, gravel transport formulation of van Rijn [44] and numerous
other sediment transport formulations [20,43,45].

The hydrodynamic equations solved by the 1D XBeach non-hydrostatic model are:

∂η

∂t
+

∂hu
∂x

= 0 (1)

∂u
∂t

+ u
∂u
∂x
− ∂

∂x

(
υh

∂u
∂x

)
= −1

ρ

∂(ρpnh + ρgη)

∂x
− τb

h
(2)

where t is time, η is the water surface elevation from the still water level, u is the depth
averaged cross-shore velocity, h is the total water depth, υh is the horizontal viscosity, ρ
is the density of seawater, pnh is the depth averaged dynamic pressure normalised by the
density, g is the gravitational acceleration and τb is the total bed shear stress given by:

τb = ρc f u|u| (3)

in which cf is the dimensionless friction coefficient.
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Transport of coarse sediment is calculated using Shields parameter:

θ =
τb

ρg∆iD50
(4)

where τb is bed shear stress and D50 is mean sediment diameter and ∆i is the relative
effective weight of the sediment. Equation (4) is used to calculate sediment transport using
the bed load transport equation of van Rijn [44], excluding silt sediment:

qb = γD50D−0.3
√

τb
ρ

(θ′ − θcr)

θcr

τb
|τb|

(5)

qb is the volumetric bed load transport rate, γ is the Van Rijn calibration coefficient set at
0.5 [44] and θ′ is critical shields parameter. D is non-dimensionalized grain size and θcr is
critical shields parameter, initiating sediment transport.

Bed level change is then calculated in the centre of each grid cell, using the Exner equation:

∂ξ

∂t
+

1
(1− n)

∂qb
∂x

= 0 (6)

where ξ is the elevation of the bed above a horizontal datum and n is the porosity.
If the gradient of the beach dtan βe is greater than the angle of repose θ, avalanching

occurs and alters the beach profile shape.
The reader is referred to McCall et al. [20,39] and XBeach Manual [46] for full details

of the model.

3.2. XBeachX Model Calibration and Validation

Prior to the application of the XBeachX model for gravel beaches to generate a synthetic
series of gravel barrier overwash and profile evolution from extreme conditions, the model
was calibrated using field measurements at the HCS. The primary focus of this study was
morphological change of the barrier crest above 0 mODN. A numerical XBeachX model
was first established to HCS in 1D form, to two cross sections (Figure 4) of the barrier
beach using measured pre-storm barrier cross-sections. Table 1 shows cross-sections and
storm conditions used for model calibration. The selected cross-sections vary in size, shape
and crest height and have different degrees of susceptibility to storm erosion. The model
domain was extended until the 15 m water depth using a 1:50 beach slope [46], which is
sufficiently steep to have no effect on waves at the model boundary in the subtidal region to
ensure no wave transformation between Milford wave buoy and the model boundary. The
offshore and nearshore bathymetry required for numerical model domain development
were obtained from the bathymetry measurements of the Channel Coastal Observatory
(CCO) [32] of the UK. A 1D, non-equidistant grid system, oriented with the x-axis in the
cross-shore direction along the cross-section, positive towards the shoreline, was used. The
grid cell size varied from 2 m–3 m offshore to 0.1 m–0.3 m onshore, which allowed the
model to capture the complex morphodynamics of the beach cross section, whilst offshore
grid sizes are sufficient in size to capture wave transformations occurring in the non-hydro
static model.

The input storm wave boundary conditions were derived from the wave data from
the Milford wave buoy (50◦42′75 N, 01◦36′91 W) located 10 m water depth off the coast
of Milford on Sea. The wave buoy is located to the left side of the shingle bank and
the North Head Bank (Figure 3). The two selected storms vary considerably in their
characteristics where S1 dominated by long distance swell approaching from the Atlantic
Ocean and show evidence of strong bimodal seas while S2 is dominated by local wind
waves. It should be noted that the selection of storm conditions used for model calibration
was limited by the availability of accurate pre- and post-storm beach profile measurements
at HCS. Water levels during the storms were derived from the nearest tide gauge located
in Christchurch Bay, from the UK tide Gauge Network of the British Oceanographic Data
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Centre (BODC) [28]. Storms were determined based on the storm threshold wave height
defined by the CCO for south-west region of the UK where waves are considered as storm
waves if the significant wave height exceeds the 0.25-year return period significant wave
height [32]. Storm surge was derived from Coastal flood boundary conditions for UK
mainland and islands (DEFRA 2018) [47].
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Figure 4. Cross sections of the Hurst Castle Spit gravel barrier beach used for model calibration and their locations.
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Table 1. HCS gravel barrier cross-sections and storm conditions extracted from the Milford wave buoy for model calibration,
used for XBeach model validation. (Hs)max = maximum significant wave height; Tp = peak wave period from the JONSWAP
spectrum; θ = wave approach direction from the north; MHWS = mean high water spring during the storm. S1—storm 1,
S2—storm 2.

Cross
Section

Crest Height
m ODN

Pre-Storm
Profile Date

Post-Storm
Profile Date

Storm
Duration (h) (Hs)max (m) Tp

(s) θ
MHWS above

ODN (m)

HS1-S1 6.27 28/10/2011 31/10/2011 10 (S1) 2.75 18 220 1.1

HS1-S2 6.27 09/11/2011 13/11/2011 24 (S2) 3.85 8.3 216 0.928

HS2-S2 3.96 09/11/2011 13/11/2011 24 (S2) 3.85 8.3 216 0.928

Figure 5 shows a comparison of measured and XBeach-simulated post-storm cross-
shore profile response of the HCS for storm conditions given in Table 1, following model
calibration. The majority of the profile change in those cases are seen in the middle and
lower part of the profile while the upper beach remains unchanged. This may be due
to wave run-up not reaching the upper beach. The model used gravel beach sediment
transport formulation given in McCall et al. [20] and D50 of 15 mm and D90 of 45 mm [29]. To
accurately quantify the comparisons, the Briers Skill Score (BSS) [40] and RMSE are utilised.
The BSS categorises the model’s ability to correctly predict profile changes, where a score
of 0–0.3 indicates ‘poor’ prediction, 0.3–0.6 indicates a ‘reasonable/fair’ model prediction,
0.6–0.8 indicates a ‘good’ score and lastly a score of 0.8–1.0 an excellent prediction. Both the
skill score and RMSE were calculated using the profile change above 0 mODN due to the
lack of accurate pre and post storm bathymetric measurements below 0 mODN available
for storm calibration. Whilst morphological changes below the MSL dictate the evolution of
the submerged beach step [15], the primary focus of this study was morphological change
of the barrier crest above 0 mODN and therefore step dynamics are outside the scope of this
study. The primary calibration parameters and the final selected values are given in Table 2.
All selected parameter values were within the ranges recommended in the XBeach manual.
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Table 2. Calibration parameters of the XBeach non-hydrostatic model of the Hurst Castle Spit gavel
barrier beach and the final selected values which gave the best fit profile with measured profile.
dryslp is critical avalanching slope above water level, wetslp is critical avalanching slope below
water level, CFL is maximum courant Friedrichs-Lewy number, repose angle is the angle of internal
friction of sediment, kx is hydraulic gradient, ci is mass coefficient in shields inertia term, morfac is
the morphological acceleration factor and cf is the bed friction factor.

Model Parameter Recommended Range Default Value Selected Value

dryslp 0.1–2.0 1.0 1.0
wetslp 0.1–1.0 0.3 0.3

CFL 0.7–0.9 0.7 0.9
reposeangle 0–45 30 45

kx 0.01–0.3 0.01 0.15
ci 0.5–1.5 1.0 1.0

morfac 1–1000 1 1
Cf 3D90 3D90 3D90

The calibration results reveal that the model is capable of satisfactorily capturing the
morphodynamic response of the HCS gravel barrier to storms. Profile change at HS1-
S1 case scored BSS of 0.62 and RMSE 0.24. HS1-S2 scored BSS of 0.6 and RMSE of 0.14
while HS2-S2 scored BSS of 0.78 and RMSE of 0.094, providing either ‘good’ or ‘excellent’
predictions. It should be noted that the model underpredicted the berm formation in
HS1-S1 (Figure 5.) but the erosion of the lower beach is captured well. The model slightly
overpredicted the erosion of the intertidal zone in HS1-S2 but upper beach, which is the
most important areas in terms of barrier area change, is correctly modelled. In HS2-S2, the
accretion of sediment on the upper beach area is captured very well although there was
some overprediction of profile erosion in the lower beach area.



J. Mar. Sci. Eng. 2021, 9, 135 10 of 20

Direct validation of the HCS model against barrier overwash was not possible due
to lack of overwash data. Therefore, the model was used to simulate if overwash occur at
HS1 and HS2, during a series of storms given in Table 3 [6].

Table 3. Storm conditions used to model barrier overwash for comparison with Bradbury et al. [6] results.

Storm Return Period Hs (m) Tm (s) Storm Surge Imposed on MHWS (m)

1:1 3.69 8.64 1.0
1:10 4.22 9.30 1.0
1:20 4.39 9.48 1.0
1:50 4.6 9.71 1.0
1:100 4.75 9.87 1.0

Using the Barrier Inertia Model (BIM) developed by Bradbury [9] and Bradbury et al. [6]
given in Equation (7), which states that if the barrier inertia parameter RcBa

H3
s

is smaller than

0.0006
(

Hs
Lm

)−2.5375
, overwashing will occur:

RcBa

H3
s

= 0.0006
(

Hs

Lm

)−2.5375
for 0.15 <

Hs

Lm
< 0.032 (7)

where Rc is barrier freeboard, Ba is barrier cross sectional area above MHWS + storm surge
elevation (ESL), Hs is the significant storm wave height and Lm is deep water wavelength
corresponding to mean wave period. Please refer to Figure 6 for definitions of variables.
Using Equation (7), Bradbury et al. [6] estimated HS1 will not overwash during any of the
storms given in Table 3 while HS2 will overwash during all storms except 1 in 1 year storm.
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level mODN + MHWS, Rc = initial barrier freeboard and Zc = initial barrier crest height.

Figure 7 compares numerically simulated barrier inertia with Bradbury et al. [6]
barrier inertia threshold at HS1 and HS2 from the 5 extreme storm conditions given in
Table 3. At HS1, only the most severe storm event, 1:100, resulted in small amount of
wave overtopping. In contrast, all storm events other than the 1:1 storm resulted in some
overwashing or overtopping at HS2. Both results are in good agreement with the BIM, as
shown in Figure 7, providing independent confirmation that the HCS model provides a
reliable assessment of whether overwashing will occur during a storm.
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3.3. Simulation of Gravel Beach Profile Change

In order to develop a simple parametric model to estimate gravel barrier profile change
of a wide variety of gravel barrier beaches under storm conditions, the validated XBeach
model was used to generate 880 barrier overwash and volume realisations. A range of
barrier cross-sections and storm conditions were used. Synthetic storm conditions were
developed following a statistical analysis of long-term wave measurements of the Milford
wave buoy, described in Section 2. Fifteen statistically significant storm wave heights with
varying return periods between 1:1 and 1:100 years, determined by Bradbury et al. [6], in
which a Weibull distribution was fitted to 19 years of wave buoy data. JONSWAP unimodal
spectrum was used to generate storm wave conditions. The duration of storms was kept
constant at 20 h which is the mean storm duration calculated using storms derived from
the wave data measured at Milford wave buoy. Storm threshold wave height of 2.74 m,
defined by the CCO was used to isolate storms from the wave measurements [46].

Six extreme sea levels (ESL) levels with return periods 1:1, 1:10, 1:20, 1:50, 1:100 and
1:200 were derived from Coastal flood boundary conditions for UK mainland and islands
(DEFRA 2018) [47]. Those were combined with tide data to determine total water levels. It
was assumed that the storm peak and the peak storm surge occur at the highest tide. Five
different barrier beach cross sections from HCS with varying shapes and crest elevations
were selected. The storm conditions, water levels and profile shapes were then combined
to generate 880 physically plausible realisations of input conditions (Table 4) to drive the
XBeach model to simulate profile change and overwash. 36 realisations of bimodal storms
with six different swell percentages were also generated using the data given in Table 4.
Bimodal spectra to derive offshore storm boundary conditions to the XBeach model, were
determined using the approach given by Polidoro and Dornbusch [48]. The significant
wave height Hs for bimodal waves was determined using:

Hs =
√

H2
wind + H2

swell (8)

where Hwind is the significant wave height of the wind wave component and Hswell is the
significant wave height of the swell wave component.
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Table 4. Significant wave heights, peak periods and storm surges with a range of return periods used to generate synthetic
unimodal and bimodal storm events.

Unimodal Cases Bimodal Cases

Hs (m) Tp (s) MHWS + Surge above ODN
(ESL) (m)

Hs (Bimodal)
(m)

MHWS + Surge above ODN
(ESL) (m)

Swell
Percentage

2.75, 2.94, 3.13, 3.31,
3.50, 3.64, 3.76, 3.87,
3.99, 4.11, 4.22, 4.34,
4.46, 4.57, 4.69, 4.75

8.0, 9.0,
10.0, 11.5 1.52, 1.80, 1.96, 2.07, 2.20, 2.40 2.75, 3.64,

4.10, 4.75 1.52, 1.80, 1.96, 2.07, 2.20, 2.40 10, 25, 35, 40,
50, 75

4. Results and Discussion

XBeach model simulations of gravel barrier overwashing and volume change were
carried out for both unimodal and bimodal conditions explained in Section 3. Several
modes of barrier response were observed (Figure 8), which have been categorised using the
conceptual barrier response model of McCall et al. [20] (please note only the cross section
change above + 0 mODN is shown):

(1) Beach face erosion—For wave heights above the storm threshold height (2.74 m) com-
bined with small peak wave periods (Tp < 11.5 s), where storm surge did not sig-
nificantly reduce barrier freeboard (Rc), wave run up was confined to the swash
zone. This resulted in sediment transported predominately offshore hence eroding
the beach face (Figure 8A). Similar observations were found in Sallenger [49];

(2) Crest accumulation—In cross sections with small freeboard and/or barrier area, crest
build-up due to overtopping was observed under moderate storm conditions. A simi-
lar process was observed in profiles with larger freeboard under higher energy storm
conditions. In both cases sediment was typically transported up the beach face due
to an increased run-up and deposited on the barrier crest (Figure 8B). This process
reduced the width of the barrier. Gravel sediment transport on beach face is well
described by [15]. Bradbury and Powel [5] state that crest accumulation can occur
when barrier is rolled over and, a new crest may form at a higher elevation and behind
the original location of crest if there is sufficient sediment in the system. However,
our results did not show evidence of this process;

(3) Crest lowering—When energetic storm wave conditions (particularly with large wave
periods) coincided with large surges, wave run-up exceeded the barrier freeboard and
sediment was overwashed and deposited at the back of the barrier. As a result, the
barrier crest was lowered and the width increased (Figure 8C). It was also observed
that waves with low steepness increased overtopping. There were several cases where
crest was lowered through avalanching of the barrier beach face;

(4) Barrier Overwash—Once a barrier had started experiencing overwashing, the general
trend was that an increase in surge, Hs and Tp resulted in more overwash, leading
to more sediment being deposited further behind the barrier (Figure 8D). The larger
values of Tp resulted in sediment deposited further away from the back of the barrier.
If ESL is significantly large, overwashing occurred even during low wave energy
conditions. When the most energetic storms combined with largest storm surges
overwash sediment was deposited far behind the barrier thus losing sediment from
the active barrier morphodynamic system. As a result, the barrier may be more
vulnerable to future wave attack, with long term effect being landward translation of
the barrier, unless coastal management interventions take place.
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Figure 8. Observed morphodynamic responses of the barrier beach to storm events, from the simulated results. Black
line-Pre-storm, Blue line-Post-storm. (A) Beach face erosion; (B) Crest accumulation; (C) Crest lowering; and (D) Bar-
rier overwash.

Other observations of barrier morphodynamic response were as follows: Barrier
overtopping and/or overwashing was unlikely when both Ba and Rc are large; when Ba is
large but Rc is small, the barrier was more prone to overwashing. Cases with a small Ba
coupled with small Rc, experienced similar overwashing to that with large Ba and small Rc.
This highlights the importance of Rc as an essential defence against extreme run-up that
can occur during high surges. Ba appears to be of significance in controlling how soon the
barrier becomes susceptible to overwashing events whereas smaller values of Ba can result
in overwashing occurring earlier.

Bimodal impacts on HCS were found to be increase in barrier volume change and
also, more importantly, altering the mode of barrier response. Where a barrier cross
section was not previously susceptible to overwashing under unimodal conditions, bimodal
conditions with high swell percentages with same energy were capable of producing severe
overwashing events on the same barrier cross section.

To capture the change in barrier volume, an approach similar to Bradbury [9] was used
by coupling key hydrodynamic and geometric variables. The extreme sea level, Hs and Tp
were taken as the key hydrodynamic parameters while Ba, Rc and Zc (Figure 6) were taken
as the key barrier geometric parameters. In order to better categorise the observed barrier
responses using the controlling key parameters, a series of non-dimensional parameters
were derived using parametric testing, which includes the Barrier inertia parameter of
Bradbury [9] (hereafter known as Bi) given in Equation (9):

Bi =
RcBa

H3
s

(9)
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Bi has already been used to at numerous previous occasions to detect if barrier overwash is
likely to occur on gravel beaches, as mentioned in Section 4. It includes the importance of
surge level on barrier response, making it appropriate for use also in this study.

In Figure 9, the simulated non-dimensional barrier volume change above 0 m ODN
per metre length of the barrier multiplied by wave steepness is shown against the square
root of the barrier inertia parameter (Bi). The results show a clear trend where smaller Bi
will give rise to larger barrier volume change as expected. The trendline derived using
regression analysis and the 95% confidence intervals are also shown. The regression curve
with r2 = 0.82 is given by the equation:

∆Vol
Z2

c

Hs

Lp
= 0.02655

(
RcBa

H3
s

)−1.06
+ 0.01 (10)

where ∆Vol is volume change per metre width of the barrier and Lp is deep water wave
length corresponding to peak wave period Tp.
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red triangles and purple squares.

The valid range of the regression equation should not exceed, which are the physical
limits of conditions modelled in XBeachX:

0.27 <
RcBa

H3
s

< 13

and:
0.0133 <

Hs

Lp
< 0.047

It may be useful if the regression curve given in Equation (10) can be used as a
predictor to estimate change in barrier volume during storms, which can serve as a simple
parametric model.
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To check the validity of Equation (10) for conditions outside those used for numerical
simulations, barrier volume change measured at several cross sections of HCS and the
Slapton barrier beach located in the south-west of the UK during a range of storms were
used (Table 5). The historic pre- and post-storm barrier cross sections and, storm wave and
water level data are provided by the Channel Coastal Observatory of the UK, Bradbury [9],
Bradbury et al. [6], McCall et al. [38] and Chadwick et al. [14].

Table 5. Volume change measured at cross sections along HCS and Slapton beach during storm
events, used to validate Equation (10).

Validation Case Hs (m) Tp (s) Water Level above ODN (m) (ESL)

Hurst 89 2.9 10.96 0.87
Hurst 89 2.9 10.96 0.87
Hurst 1 3 12.6 1
Hurst 2 3.95 12.3 1.27
Hurst3 3.95 12.3 1.27

Slapton 1 4.87 8.3 1.905
Slapton 2 4.87 8.3 1.905
Slapton 3 4.87 8.3 1.905

The results reveal that two validation cases are outside the validity of Equation (10)[
RcBa
H3

s
> 13

]
. However, those cases resulted in very small barrier volume change and

therefore, not significant. Four validation cases fell within the 95% confidence limits
showing good degree of accuracy of the model while two cases were outside 95% confidence
limit (Figure 9). Although further validation is necessary before the Equation (10) to be
widely used as a parametric predictive model, these results give reasonable confidence to
use it to estimate the changes in gravel barrier volume during storm events.

4.1. Simulated Bimodal Conditions Compared to Simulated Unimodal Conditions

Although the parametric model given in Equation (10) is derived based on numerically
simulated barrier volume change during unimodal storm conditions, it is well known
that the south-west of the UK is subjected to frequent storms with bimodal characteris-
tics as a results of swell-dominated waves reaching from the Atlantic as mentioned in
Section 2 [25–27]. To examine the impacts of bimodal storm conditions on gravel barriers,
the model was used to simulate barrier volume change and overwash from bimodal storms
explained in Section 3. In Figure 10 the non-dimensional barrier volume change from
bimodal waves per metre length of the barrier are shown and compared with unimodal
results. It can be seen that during bimodal storms with swell percentage greater than
40–50%, the non-dimensional barrier volume change for a given barrier inertia is larger
than that from their unimodal counterparts, especially at low values of barrier inertia. There
is a noticeable increase in barrier volume change from storms with 50% and 75% swell
conditions. On the other hand, if the swell percentage is less than 30% non-dimensional
barrier volume change is less than that from the unimodal cases for a given barrier inertia.

To examine the impact of wave bimodality on barrier response in more details, barrier
volume change and overwash volume from storms under bimodal conditions at each
individual cross section was investigated in isolation and compared with unimodal results.
Figure 11 shows the results for cross section HS2, seen in Figure 4. Figure 11 clearly shows
that the increasing swell wave component leads to greater barrier volume change and
larger overwashing volumes and that when swell percentage is greater than 40% the barrier
volume change and overwash volume is greater than that from the unimodal waves, for a
given freeboard.
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(right) for a single cross section, HS2. ∆vol = barrier volume change per metre length and Vol = pre-storm barrier
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4.2. Simulation of Gravel Beach Sediment Overwash Volume

Gravel barrier beach overwashing is an important process which contributes to back
barrier flooding as well as barrier response to storms. Therefore, the relationship be-
tween the overwashing volume and the barrier inertia parameter Bi was also investigated.
Figure 12 gives the numerically simulated non-dimensional overwash volume from both
unimodal and bimodal storm conditions. Although there is significant data scatter, an over-
all trend of overwash volume reduction with increase in barrier inertia can be seen. Also,
similar to barrier volume change, overwash volumes from bimodal storms with higher
swell percentages are significantly larger than that from unimodal storms for the same
barrier inertia. During extreme cases where swell percentage is 75%, complete inundation
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of the barrier has taken place and a significant volume of sediment has been removed from
the active barrier beach systems and transported further away from the back barrier. An
event similar to this has been recorded at HCS where the barrier has breached following a
storm in 2005 [25]. On the other hand, storms with less than 25% swell component gave
rise to notably low overwash volumes.
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Figure 12. A comparison of simulated barrier overwash volumes from unimodal storms and bimodal
storms with varying swell percentages.

A probable reason for ‘positive’ and ‘negative’ swell effects on the barrier volume
change and overwashing may be explained by distinctly different behaviours of wind and
swell waves. Short period wind waves dissipate further away from shore due to shoaling
and steepening of the wave. This may limit the wave energy reaching the barrier beach
face and wave run up. On the other hand, longer period swell waves, with their low wave
steepness, can dominate the surf zone and propagate closer to the beach face without
dissipation due to breaking [41,50]. If the swell percentage is small, wind waves dominate
the surf, swash and runup while the contribution from swell waves may be small. For
sea states with larger swell components, undissipated swell waves drive large runup and
overtopping/overwashing. Polidoro et al. [13] observed that a swell percentage greater
than 20% could have a larger impact on the elevation of the beach crest than the horizontal
displacement of the beach, which agrees with our results.

5. Conclusions

The paper uses an extensive set of numerically simulated beach volume change and
overwash data to developed a simple parametric model to estimate gravel barrier change
under unimodal storm conditions and to investigate the response of gravel barriers to
bimodal storm wave conditions. Following conclusions were drawn from the results:

• The XBeach non hydrostatic model is capable of simulating barrier volume change
and overwash volume. The model was able to capture swash dynamics, sediment
movement, barrier face erosion, crest build-up and back barrier sediment accumulation
correctly, which was essential to the parametric model development in this study;

• The gravel barrier volume change during a collection of storms calculated using the
parametric model were in good agreement with volume change measured in the field.
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This proves that the model will be a useful tool to estimate barrier volume change
during storms, which can be taken as first estimates for coastal management purposes.

• Bimodal storm waves with large swell percentages (>50%) lead to greater barrier
volume change and larger overwash volumes than their unimodal counterparts. This
can be explained by the action of low steepness, high energy wave propagation on the
slope of the barrier giving rise to higher runup and sediment movement on the face of
the barrier.

• Following limitations of the approach are noted: Further validation of the parametric
model is necessary to extend its application to a wide range of gravel barriers; the
numerical simulations were carried out in 1D where the impacts of longshore transport
were not taken into consideration; sea level change due to global warming is not
considered in the simulations; and the parametric model may underestimate barrier
volume change from bimodal storm conditions. Further studies will be carried out in
the future to address those limitations.
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