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Abstract: There is an increasing interest in the broad-scale implementation of coastal erosion early
warning systems (EWS) with the goal of enhancing community preparedness to extreme coastal storm
wave events. These emerging systems typically rely on process-based models to predict the storm-
induced morphological change. A key challenge with incorporating these models in EWSs is the need
for up-to-date nearshore and surf zone bathymetry data, which is difficult to measure routinely, but
potentially important for accurate erosion forecasting. This study evaluates the degree to which up-to-
date bathymetry is required for accurate coastal erosion predictions using the morphodynamic model
XBeach and, subsequently, whether a range of “representative” and/or “synthetic” bathymetries
can be used for the bottom boundary, when a survey of the immediate pre-storm bathymetry is not
available. Twelve storm events at two contrasting sites were modelled using six different bathymetry
scenarios, including the expected “best case” bathymetry surveyed immediately pre-storm. These
results indicate that alternative bathymetries can be used to obtain sub-aerial erosion predictions that
are similar (and in some cases better) than those resulting from the use of an immediately pre-storm
surveyed bathymetry, provided that rigorous model calibration is undertaken prior. This generalized
finding is attributed to specific parametrizations in the XBeach model structure that are optimized
during the calibration process to match the particular bottom boundary condition used. This study
provides practical guidance for the selection of suitable nearshore bathymetry for use in operational
coastal erosion EWSs.

Keywords: numerical modelling; early warning systems; coastal hazards; disaster preparedness;
model calibration

1. Introduction

Coastal hazard early warning systems (EWS) are an evolving disaster risk reduction
tool that can provide information several days in advance of an impending storm, poten-
tially providing a “window of opportunity” to implement a range of emergency responses.
These systems typically incorporate coastal numerical models within their workflow to
simulate nearshore hydrodynamic and morphodynamic processes, with the goal of predict-
ing the location and magnitude of coastal flooding and erosion along coastlines [1–5]. The
resulting coastal hazard predictions are subsequently applied in a decision support module,
triggering emergency managers to undertake an escalating series of actions depending on
the level of coastal risk that is forecasted [6].

Prototype and operational EWSs have to date focused primarily on the coastal flooding
component of coastal hazards (e.g., [7]), which is typically determined by the landward
extent of the time-varying “total water level” (comprising wave run-up, storm surge and
tides). Forecasting coastal erosion, where the hazard is caused by rapid morphological
change induced by the storm (most notably on the sub-aerial beach and dune), is an
emerging area of disaster risk-reduction research. Coastal erosion hazards are particularly
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relevant along wave-dominated, sandy coastlines [8], and the dynamic nature of these
nearshore systems may result in additional forecasting challenges.

Nearshore and surf zone bathymetry is a key bottom boundary condition required by
many coastal process-based numerical models. Previous work by Splinter and Palmsten [9]
using XBeach [10] showed that model performance is sensitive to the choice of initial
bathymetry when modelling storm impacts. Consequently, immediately pre-storm sur-
veyed bathymetry is considered as the ideal dataset to use, providing the most up-to-date,
accurate representation of the nearshore and surf zone at the time of storm impact. How-
ever, within the context of an operational coastal erosion EWS, repeatedly surveying the
initial bathymetry at short notice when a storm is approaching is a logistically impractical
task that is simply not feasible at most sites. Consequently, a range of more pragmatic
approaches can be implemented. These include: (1) using a prior “one-off” beach survey,
often collected several months or years prior; (2) incorporating real-time data assimilation
using remote-sensing techniques such as video or satellites (e.g., [11,12]); or (3) adopting
a time-invariant “representative” or “synthetic” bathymetry that is specific to the site of
interest. In the context of operational early warning, the use of this third time-invariant
approach is an appealing concept, as it requires neither updating the bathymetry provided
to the model (i.e., removing the need for ongoing and/or rapid-response surveying) nor
the installation of dedicated remote-sensing infrastructure.

The aim of this study is to evaluate the degree to which reliable predictions of the
eroded sub-aerial beach and dune can be obtained using a range of possible time-invariant
synthetic and/or representative nearshore and surf zone bathymetries. This is evaluated
using the process-based coastal numerical model XBeach [10] to simulate a range of ob-
served storm wave events at two contrasting sites in Australia and the USA, where detailed
bathymetry data (including immediately pre-storm surveys) are available. The results of
this analysis provide practical guidance on the selection of initial bottom boundary condi-
tions for XBeach erosion forecasting when immediately pre-storm surveyed bathymetry is
unavailable. This is particularly pertinent for coastal erosion early warning systems where
the timely but skillful prediction of coastal erosion is of the utmost importance.

2. Materials and Methods
2.1. Study Sites

Two contrasting sites (Narrabeen-Collaroy Beach, Australia and Duck, USA) were
selected for this study, where high-resolution immediate pre- and post-storm topography
and bathymetry surveys are available through on-going long-term beach monitoring pro-
grams. The first study site, Narrabeen-Collaroy Beach (hereafter referred to as Narrabeen),
is a 3.6 km embayed beach located in Sydney, southeast Australia (Figure 1a). The site
experiences a moderate to high energy wave climate (Hsig ∼= 1.6 m, Tp ∼= 10 s) that is
dominated by south to south-easterly swell waves and semidiurnal tides with a mean
spring tidal range of 1.3 m. Storms at this site are locally characterized as events with a
deep-water significant wave height greater than 3 m. The storm wave direction varies from
northeast through to south depending on the source: tropical cyclones; east-coast lows; or
intensified mid-latitude cyclones.

In this study, the XBeach numerical model was used in phase-averaged (surfbeat),
profile (1DH) mode at the cross-shore transect (PF4) shown in Figure 1a, located at the
center of the Narrabeen embayment. This regularly surveyed transect has a relatively steep
beach face slope (~0.1 between the 0 m and 1.2 m elevation contours) and upper shoreface
(~0.04 between the −10 m depth and 0 m contours), and the morphological beach state is
typically intermediate, as defined by Wright and Short [13]. As the location of this profile
is the pivot point of beach rotation between the embayment extremities at Narrabeen [14],
it is well established that cross-shore processes dominate on the timescale of individual
storm events at this location. Storm-induced profile changes in the sub-aerial beach (i.e.,
beach face, berm, and dune) at PF4 are generally a result of berm erosion below the 3 m
elevation contour, which can result in a reduction in beach width by up to 60 m. In contrast,
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the vegetated dune (above ~3 m) has remained relatively unchanged over the past 15 years.
A detailed description of this study site and its extensive monitoring program is described
in Turner et al. [15].
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Figure 1. (a) Narrabeen and (b) Duck study sites used in this study. The cross-shore profiles used for the XBeach modelling
as well as the location of the wave buoys and tide gauges from which hydrodynamic data were obtained are shown at
each site.

The second study site, located at the US Army Corp’s of Engineers Field Research
Facility in Duck, North Carolina, is shown in Figure 1b. This site (hereafter referred to as
Duck) is situated along a 100 km long section of barrier island on the east coast of the USA.
Duck experiences a more moderate wave climate compared to Narrabeen (Hsig ∼= 0.95 m,
Tp ∼= 8.7 s) with offshore waves predominately from the east. The tides are microtidal and
semidiurnal with a mean spring tidal range of approximately 1.1 m. Storm wave conditions
are locally defined by a smaller deep-water Hsig threshold of 2 m. Storm waves at Duck
can originate from tropical cyclones (hurricanes) and mid-latitude cyclones (Nor’easters).
The dominance of hurricanes as well as the wide continental shelf at Duck (compared to
Narrabeen) typically results in higher storm surges at this site compared to Narrabeen.

XBeach numerical modelling at Duck was carried out at a representative cross-shore
transect, coinciding with the location of ongoing high-resolution topographic data collec-
tion by a continuously scanning fixed LiDAR [16] as well as regular surf zone and nearshore
bathymetric surveying. This location is typically characterized by an intermediate beach
state with an offshore sand bar. Both the beach face and upper shoreface slope of this
location have a gentler gradient (~0.06 and ~0.009, respectively) compared to Narrabeen,
with a less well-defined berm. The sub-aerial beach width is also less variable, with the
mean high high water level (MHHWL) contour (0.6 m elevation contour) varying by ~40 m
spanning the 10 year survey period 2009–2019. Much of the profile variability at Duck is
observed in the surf zone and is associated with the cross-shore migration of sand bars [17].
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2.2. Representative and Synthetic Pre-Storm Bathymetries

A total of six different approaches to represent the initial surf zone and nearshore
bottom boundary conditions were explored at both Narrabeen and Duck. As described
below, these comprise three “representative” bathymetries based on the availability of
extensive historical survey data at both sites, two “synthetic” bathymetries based on
equilibrium beach profile theory, and one immediately pre-storm surveyed bathymetry.

2.2.1. Pre-Storm Surveyed Bathymetry

This bathymetry represents what can be anticipated to be the “best case”, whereby
an in situ survey completed shortly prior to each individual storm is used as the initial
bottom boundary condition for XBeach modelling. At Narrabeen, these pre-storm surf
zone and nearshore surveys were carried out using a single-beam echo sounder mounted
on a jet-ski (refer [15]). At Duck, the pre-storm bathymetry was extracted from a surface
created by combining the approximate monthly surf zone and nearshore surveys with
an available regional dataset [18] to create a seamless bathymetry that extends out to the
offshore model boundary.

2.2.2. Average Bathymetry

This representative bathymetry comprises the average of all available surveys of the
surf zone and nearshore bathymetry at each site. This equated to a total of 10 surveys at
Narrabeen (between 2011 and 2016) and 123 surveys at Duck (between 2009 and 2019).

2.2.3. Dean5 Bathymetry

This synthetic bathymetry is based on the equilibrium shoreface profile concept
detailed in Dean [19], where the depth h at a cross-shore distance x from the mean sea level
contour is given by the equation h = Ax2/3. The parameter “A” is determined based on the
best fit to the cross-shore position of the 5 m depth contour, as determined from the average
of all bathymetry surveys at each site. This depth contour is chosen, as this is a location
that is often available from hydrographic survey charts and, hence, can be estimated along
coastlines where beach surveys are not available.

2.2.4. Dean10 Bathymetry

This synthetic bathymetry is similarly defined by the Dean equilibrium shoreface
profile, but with the parameter “A” this time determined by the cross-shore position of the
10 m depth contour. Similar to above, this depth contour is chosen as this is a location that
is typically found on hydrographic survey charts.

2.2.5. Upper Bathymetry

This bathymetry represents the upper envelope of all available surveys of the surf zone
and nearshore bathymetry, obtained at each site. The upper level was defined by the highest
5% of all elevation data for a given cross-shore position in the surf zone and nearshore.

2.2.6. Lower Bathymetry

This bathymetry represents the lower envelope of all available surveys of the surf zone
and nearshore bathymetry, obtained at each site. The lower level was defined by the lowest
5% of all elevation data for a given cross-shore position in the surf zone and nearshore.

While neither of these final two “envelope” bathymetries were anticipated to be the
optimum choice for practical erosion prediction, they are included in this study to assist
the evaluation of alternative approaches.

For each of the twelve storms that are available in this study (see next Section 2.3),
a complete bottom boundary was obtained by combining the immediate pre-storm in
situ survey of the sub-aerial beach with each of the six different surf zone and nearshore
bathymetries outlined above. At the shoreline, the two profile segments were joined using a
piecewise cubic interpolation. Using this approach, a seamless pre-storm cross-shore profile
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extending from the dune crest to the seaward model boundary was obtained (Figure 2).
Importantly, the pre-storm sub-aerial profile matched the observed beach and is identical
for each individual storm, while seawards of this the pre-storm bathymetry was varied.
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Figure 2. Examples of the six alternative nearshore and surf zone bathymetries used to explore the
sensitivity of XBeach sub-aerial erosion predictions to pre-storm bottom boundary conditions. The
pre-storm surveyed sub-aerial beach (black) and Pre-Storm Surveyed bathymetry (blue) are shown for
the June 2016 storm event at Narrabeen (left) and September 2017 storm event at Duck (right).

2.3. Storm Events

A total of twelve unique storm events were modelled using XBeach, only limited by
the availability of suitable pre- and post-storm survey data at each site. This comprised
seven storms at Narrabeen and five storms at Duck, spanning a range of storm wave
conditions and water levels (Figure 3). The bulk statistics for each of these storms and
the timings of their associated pre- and post-storm surveys are summarized in Table 1.
The measured sub-aerial beach erosion volumes that were observed during each of these
twelve storm events are shown in Figure 4, indicating the range of erosion responses to
be predicted.

To encompass both the range of erosion response and the pre-storm bathymetry
observed at each study site, three unique events (highlighted in grey in Table 1 and
distinguished with dark green in Figure 4) were chosen to calibrate the XBeach model
specific to each site. The remaining four storms at Narrabeen and two storms at Duck were
used to assess the accuracy and reliability of sub-aerial beach erosion predictions based on
the optimum parameters for each bathymetry derived from the calibration process.
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Figure 3. Storm events used for XBeach modelling at Narrabeen (top 2 panels) and Duck (bottom 2 panels). Storms are ordered from left to right in order of increasing observed erosion
above the MHHWL for each event. The top panels show the water level (blue) and the significant wave height (black) during that event. The pre- (green) and post-storm (red) topography
for the event are shown in the bottom panel for each site.
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Table 1. Summary of all storm events modelled in this study and the surveyed datasets available for these events. Pre-Storm Surveyed bathymetry is available only for a limited number of
storms at Narrabeen. Storm events where these data are not available have been left blank. The three storms used for model calibration at each site are highlighted in grey.

Storm Storm Start Storm End
Pre-Storm Surveys (Days

before Storm Start)
Post-Storm Surveys

(Days after Storm End)
Storm

Duration
(Days)

Hsig at Storm
Peak (m)

Tp at Storm
Peak (s)

Wdir at Storm
Peak (deg TN)

Topo Bathy Topo

N
ar

ra
be

en

2007 June 7-Jun-07 12-Jun-07 24 1 5 6.9 10.8 135
2011 June 14-Jun-11 18-Jun-11 1 57 1 4 4.5 9.3 159
2014 July 18-Jul-14 21-Jul-14 1 51 1 3 6.0 12.9 183
2014 Sept 3-Sep-14 9-Sep-14 2 1 6 6.2 13.8 172
2015 April 19-Apr-15 23-Apr-15 5 1 4 8.1 14.9 147
2016 June 4-Jun-16 10-Jun-16 1 2 3 6 6.5 13.0 103
2017 Aug 18-Aug-17 23-Aug-17 3 1 5 5.6 12.9 166

D
uc

k

2016 Feb 7-Feb-16 9-Feb-16 1 23 1 2 4.3 9.1 65
2016 Oct 8-Oct-16 10-Oct-16 1 5 1 2 4.9 10.2 92
2017 Sept 18-Sep-17 20-Sep-17 1 12 1 2 4.2 12.7 80
2018 Sept 12-Sep-18 15-Sep-18 1 29 1 3 4.4 13.4 115
2019 Sept 6-Sep-19 7-Sep-19 1 2 1 1 4.4 7.6 10
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Figure 4. Storm events used for XBeach modelling at Narrabeen (left) and Duck (right) distinguished in terms of storms
used to calibrate the model and storms used to validate the skill of the fully calibrated XBeach model. The storm events are
sorted from left-to-right by the observed sub-aerial erosion above MHHWL.

At both study sites, observed wave and water level measurements obtained from
nearby gauges (Figure 1) were used in XBeach to define the offshore hydrodynamic bound-
ary conditions for each storm. At Duck, the offshore boundary of the XBeach domain was
extended out to the −17 m contour where hourly directional wave data are recorded at
an offshore wave buoy. At Narrabeen, hourly directional wave data were obtained from a
wave buoy located 11 km offshore of the study site in 90 m water depth. An established and
validated SWAN look-up table [15] was used to subsequently transform the deep-water
waves to the −15 m contour where the offshore domain of XBeach was located. At both
study sites, the XBeach model was forced with a JONSWAP spectrum created from the
time series of measured bulk wave parameters and assuming constant values for the peak
enhancement factor (γr = 3.3) and directional spreading of waves (24.43◦). Measured ocean
water levels were obtained from the nearby tide gauges. Further details of the XBeach
modelling workflow are presented below.

2.4. XBeach Modelling

Each of the 12 storm events were modelled at the location of the two cross-shore
transects shown in Figure 1 using 1DH XBeach (version: v1.23.5527_XbeachX) in surfbeat
mode with default parameters unless otherwise stated below. Figure 5 summarizes the
modelling workflow used to separately calibrate XBeach for each of the six bathymetries
and, then, evaluate the predictive skill when these calibrated models and their associated
bathymetries were used to simulate storm events.
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Figure 5. Flowchart visualizing the modelling workflow used to obtain erosion estimates for the six bathymetries used in
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2.4.1. Model Calibration

Initially, a subset of XBeach parameters to be used in the model calibration were
identified using a general sensitivity analysis following the methodology described by
Simmons et al. [20]. Table 2 summarizes the four key parameters that were identified
through this process as having the greatest influence on model output at these two sites
and, therefore, were used in the subsequent model calibration.
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Table 2. XBeach parameters used for model calibration at each study site.

Parameter Name Description Associated Study Site

facAs

Parameterizes the effect of wave asymmetry on
cross-shore sediment transport, with larger

facAs values simulating more onshore
sediment transport [21].

Narrabeen and Duck

facSk

Parameterizes the effect of wave skewness on
cross-shore sediment transport, with larger

values of facSk also encouraging more onshore
sediment transport [21].

Narrabeen and Duck

gamma

Breaker index that affects energy dissipation
due to wave breaking. A larger (smaller)

gamma value results in increased (decreased)
dissipation of wave energy due to wave

breaking in the surf zone, so that less (more)
wave energy reaches the shoreline [21].

Narrabeen and Duck

bermslopefac

A parameter newly introduced into the version
of XBeach utilized in this study in order to

better simulate erosion at coarser-grained, less
dissipative beaches [22].

Narrabeen only

bedfriccoef

Defines the bed friction. When using the Chezy
bed friction formulation in XBeach, a larger

(lower) bedfriccoef value results in less (more)
bed shear stress from waves and currents.

Duck only

The generalized likelihood uncertainty estimation (GLUE) methodology [20,23,24]
was used to rigorously calibrate XBeach and determine the optimal and site-specific pa-
rameters to best predict sub-aerial erosion corresponding to each of the six bathymetries.
To maximize prediction accuracy across multiple storms [25,26], all three calibration storm
events at each site (see Figure 4) were utilized in the GLUE calibration. This resulted in
a set of site-specific optimal parameter values that are not biased towards a single event.
A total of 9000 model runs (i.e., 3000 model runs per storm) were used to determine the
optimal parameter values. By repeating this GLUE calibration process for each of the
six bathymetries, six different combinations of optimal parameter values were obtained
per site.

2.4.2. Evaluation of Model Predictive Skill

Following model calibration, predictive skill at the two study sites was evaluated by
applying the calibrated model (for each of the six bathymetries) to each of the calibration
storms, as well as the “unseen” validation storms (refer Table 1 and Figure 4). These
storm events were modelled using their respective measured waves, measured water
levels, and surveyed pre-storm sub-aerial beach morphology. As illustrated in Figure 5,
for a given bathymetry, the parameter values that were identified through the calibration
process as optimizing performance for that particular bathymetry were used to evaluate the
subsequent predictive skill. Thus, a total of six erosion estimates (one for each bathymetry)
were obtained for every storm event. This allows for a direct comparison of model skill
where only the surveyed versus assumed surf zone and nearshore bathymetry is varied.
Following Simmons et al. [20], the predictive skill of modelled post-storm profiles is
quantified using the Brier skill score (BSS) [27]:

BSS = 1− MSE(m, o)
MSE(b, o)

= 1− ∑(|zo − zm|)2

∑(|zo − zb|)2 (1)
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measured above the MHHWL, corresponding to an elevation of 0.7 m at Narrabeen and
0.6 m at Duck. Here, zb and zo are the observed bed elevations of the pre- and post-storm
profile, respectively, and zm refers to the bed elevations of the XBeach modelled profile.
Erosion volumes (m3/m) above MHHWL are also calculated and compared.

3. Results and Discussion
3.1. Influence of Initial Bathymetry on Sub-Aerial Beach Erosion Predictions

Figure 6 shows the influence of the initial assumed pre-storm surf zone and nearshore
bathymetry on model performance for the storms used to calibrate the XBeach model.
Skillful (BSS > 0) estimates of the sub-aerial profile change were obtained for 12 of the 18
modelling permutations at Narrabeen, of which 11 of the 12 were considered “good” model
skill (BSS > 0.6). At Duck, 13 of the 18 modelling permutations resulted in skillful estimates
of sub-aerial profile change, all of which were considered good skill. Surprisingly, using
the Pre-Storm Surveyed bathymetry did not necessarily ensure consistent skillful model
output at either study site, instead resulting in a BSS > 0 for only four of the six calibration
storms and only one storm (the 2017 September storm at Duck) indicating the highest skill
out of the six bathymetric cases (BSS = 0.88). This is in contrast to the Average bathymetry,
which, though remaining unchanged between storm events, resulted in a BSS > 0 for all six
calibration storms across both sites, with five of these six events having a BSS > 0.6. The
model output from using the Average bathymetry was better in skill than the model output
obtained from using the Pre-Storm Surveyed for all but the 2017 September event at Duck.
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Figure 6. Modelled post-storm profiles and the associated skill for the calibration storms, corresponding to each of the six
bathymetries: Pre-Storm Surveyed (blue); Average (red); Dean5 (yellow); Dean10 (green), Upper (cyan); Lower (purple). Briar
skill scores (BSS) are calculated for the sub-aerial section of the profile above MHHWL, corresponding to the elevation 0.7 m
at Narrabeen and 0.6 m at Duck.

Model performance varied significantly for the two bathymetries Upper and Lower,
that together represent the upper and lower envelope of all available surveys of the surf
zone and nearshore bathymetry at each site. Despite being an end member in the envelope



J. Mar. Sci. Eng. 2021, 9, 1053 12 of 18

of observed bathymetric variability, the Upper bathymetry still resulted in BSS > 0 for five
of the six calibration storms (BSS > 0.6 for three of these storms). This is comparable to
the model performance achieved when using the Dean5 bathymetry. However, the Lower
bathymetry was the least skillful of all six initial bottom boundary conditions considered
here, resulting in a BSS > 0 for only two of the six calibration storms, and only one of these
events had a BSS > 0.6.

To further explore the influence of the initial bottom boundary on the ability of XBeach
to predict sub-aerial erosion, Figure 7 presents a comparison of the measured and modelled
sub-aerial erosion (m3/m) above MHHWL for both the calibration as well as the unseen
validation storms. This figure highlights that despite showing skillful model results for the
calibration storms in the previous analysis, sub-aerial erosion is overall poorly predicted
at Duck across all bathymetries (r2 = 0.00) once the skill of the model in predicting the
volumetric erosion from the “unseen” validation storms is also considered. At Narrabeen,
where the overall range of sub-aerial erosion for the calibration and validation storms
are much larger, sub-aerial erosion can be predicted skillfully (r2 > 0.8) depending on the
bathymetry used. A summary of the RMSE of these predicted versus observed erosion
volumes is given in Table 3 for each of the six bathymetries. This table indicates that despite
the overall poor predictions of sub-aerial erosion at Duck, the bed-level change error in
terms of RMSE values is comparable at both sites and ranges from 0.44m to 0.96 m.
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Figure 7. Comparisons of predicted and observed sub-aerial beach erosion volumes and RMSE of modelled profiles, for
each of the six assumed nearshore and surf bathymetries. Note that XBeach model calibration was undertaken specific
to each of these six bathymetries. In this figure, the RMSE results are arranged from left to right by increasing sub-aerial
erosion. The r-squared value for sub-aerial erosion was calculated by adopting the line of best fit without the requirement of
a y = 0 intercept. Additionally, note that there are no validation storms for the Pre-Storm Surveyed bathymetry at Narrabeen
due to the more limited availability of immediately pre-storm data at this site (refer Table 1).
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Table 3. Average RMSE for the six assumed initial surf zone and nearshore bathymetries used for
storm modelling. The calibration and validation storms (refer to Table 1) are shown separately.

Narrabeen Duck
Calibration

Storms
Validation

Storms
Calibration

Storms
Validation

Storms

Pre-Storm
Surveyed 0.57 0.36 0.58

Average 0.26 0.48 0.25 0.58
Dean5 0.61 0.65 0.24 0.57
Dean10 0.80 0.72 0.36 0.71
Upper 0.69 0.93 0.21 0.46
Lower 0.66 0.44 0.74 0.96

Focusing on the model predictive skill for each bathymetry and noting the overall poor
predictive performance at Duck in terms of volumetric erosion, the Average bathymetry
again indicates similar model performance at Narrabeen when compared to the Pre-Storm
Surveyed bathymetry (r2 = 0.92 and 0.93 for the Average and Pre-Storm Surveyed bathymetry,
respectively). In fact, other than for two storm events (the 2017 September and 2019
September storms at Duck), using the Average bathymetry resulted in an overall smaller
RMSE than using the Pre-Storm Surveyed bathymetry. This suggests that using a time-
invariant Average bathymetry may be a practical solution for applications such as early
warning when rapid erosion predictions are required.

While the r-squared value at Narrabeen for the synthetic Dean5 (r2 = 0.37) and Dean10
(r2 = 0.05) model output suggests a lower predictive skill compared to using the Pre-Storm
Surveyed and Average bathymetries, it is evident from the figure that this statistic is skewed
due to overestimation of erosion for storm events that resulted in minimal sub-aerial
erosion. For larger erosion events (storm events other than the 2011 June calibration storm
and the 2014 September validation storm at Narrabeen), the comparison of the RMSE
values in Figure 7 shows that the Dean5 and Dean10 bathymetries, which only require
information about the location of a single contour at a site, results in similar model output
to the Pre-Storm Surveyed and Average bathymetries. For this reason, and if the primary
application is to predict the impact of major storm erosion events and no survey data are
available, the results suggest that the use of one of these synthetic alternatives may also be
a suitable approach.

3.2. Adjustment of Optimal Model Parameters to Pre-Storm Bathymetry

The above results suggest that time-invariant bathymetries such as a temporally
averaged bathymetry or synthetic bathymetry based on simple equilibrium formulae
may be a practical solution to use with XBeach in applications such as early warning,
when pre-storm surveys of the surf zone and nearshore are unlikely to be immediately
available. Indeed, at these two contrasting study sites, similar predictive skill and accuracy
are achieved with the Average bathymetry relative to the use of immediately pre-storm
bathymetric surveys, when the model is rigorously calibrated to the assumed bottom
boundary condition. In the absence of any survey data at a site, the results also suggest
that either of the Dean5 or Dean10 synthetic bathymetries can also be suitable alternatives.

Since it is widely observed that antecedent surf zone conditions are important in
determining the magnitude of sub-aerial beach response during extreme events (e.g.,
a pronounced storm bar helps dissipate wave energy prior to eroding the sub-aerial
beach; [28]), the lack of improved skill when using measured pre-storm data is likely due
to inherent model structural errors in XBeach under the standard 1DH and surfbeat mode.
While identifying the exact causes of these model structural errors is beyond the scope
of this present work (refer [29] for further discussion), model behavior is explored by
examining the adjustment in optimal model parameters obtained through the extensive
GLUE calibration process. Figure 8 presents the optimal model parameters for each of the
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six bathymetries at Narrabeen and Duck, considering best performance across all three
calibration storms at each site. This figure identifies an adjustment in optimal parameters to
the pre-storm bathymetry used, which is particularly noticeable for the end-member Upper
and Lower bathymetries. In these cases, it is clear that the model parameters are “tuned” to
the particular bathymetry, likely to compensate for errors in both the assigned bathymetry
as well as model structure. For example, for the Lower bathymetry, where the surf zone is
by definition much deeper than average (thereby enhancing wave attack of the sub-aerial
beach), the calibration process is shown to favor model parameters that temper sub-aerial
beach erosion (e.g., higher onshore transport by the parameter facAs and increased wave
dissipation by gamma). This is the opposite for the Upper bathymetry, where the GLUE
calibration process is shown to favour model parameters that enhance sub-aerial beach
erosion and compensate for the shallower surf zone (and, hence, less wave attack on the
sub-aerial beach) artificially caused by this bathymetry.
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To further explore model behavior in the calibration process, Figure 9 illustrates the
distribution in optimum model parameter for each individual storm, in comparison to the
optimal parameters across all storms shown previously (referred to here as “storm global”).
This figure highlights that optimal model parameters identified in the GLUE process
(comprising 3000 model runs for each storm event) are also sensitive to the particular storm.
In a similar manner to the variability in optimum model parameters for each bathymetry, at
the individual storm level, the model parameters are observed to adjust depending on the
magnitude of erosion caused by the individual storm. This is particularly evident for the
2011 July storm at Narrabeen, which was the least erosive of the three calibration storms at
this site (refer to Figure 4). In this case, the calibration process identifies optimal model
parameters that temper modelled erosion. These parameters are significantly different
from the “storm-global” optimal parameters, which were identified for all three storms,
and highlight the careful consideration required in the calibration process to ensure that
the model calibration spans a sufficient range of storm conditions. This is particularly
important in the context of coastal erosion early warning systems, where model predictions
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of coastal erosion are typically required across a range of forecast storm conditions, from
moderate (e.g., 1 in 1 year) to extreme (e.g., 1 in 100 year) events.
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Figure 9. The distribution of model parameter values for individual storms and bathymetry scenarios used in the calibration
of XBeach. The four parameters that were optimized at each site are shown in the figure. Note that bedfriccoef (bermslopefac)
was not used in the calibration of Narrabeen (Duck) and has been left blank. The black points show the spread of the
parameters for the top 10 BSS values of a given storm. The associated BSSs are shown on the far-right subplot. The green
point for each storm shows the parameter value that resulted in the top BSS for that storm. The hollow orange circle on the
BSS subplot is the BSS when the “storm-global” parameter values are used to simulate the given storm event. For these
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4. Conclusions

The extent to which a representative and/or synthetic bathymetry can be used to
obtain reliable predictions of storm-induced sub-aerial erosion using the XBeach coastal
numerical model has been evaluated in this study. Six different bathymetries were tested
for XBeach sensitivity, ranging from the benchmark “best case” scenario of the bathymetry
having been surveyed immediately pre-storm, to time-invariant scenarios based on tem-
poral averages of available historic survey measurements, or simple beach equilibrium
profile formulae. Following extensive calibration of each bathymetry using a rigorous
generalized likelihood uncertainty estimation (GLUE) methodology, model performance
was assessed both against storm events used in the model calibration, as well as a number
of “unseen” storm events. The analyses revealed that for two contrasting sites in southeast
Australia (Narrabeen Beach) and eastern USA (Duck), there is no obvious improvement
in model performance in predicting sub-aerial beach erosion using pre-storm surveyed
data and that the use of a time-invariant representative or synthetic bathymetry is an
appropriate alternative, as long as the representative/synthetic bathymetry that is used
as the initial bottom boundary condition to calibrate the model is also used as the initial
bottom boundary condition to model storm events. These approaches are appealing as they
negate the need for intensive bathymetric surveys to be undertaken pre-storm for accurate
erosion prediction and instead rely on only: (1) a database of historical bathymetric data at
the site of interest to construct a temporally averaged bathymetric profile; or (2) a simple
application of the Dean equilibrium shoreface profile based on the location of the 5 m or 10
m depth contour.

While field measurements highlight the important role of pre-storm bathymetry in
determining the magnitude of sub-aerial beach response (e.g., [28]), the results here are
attributed to present XBeach model limitations under the standard 1DH and surfbeat
configuration. Evaluation of the model parameters indicate a distinct shift in optimized
parameters depending on the bathymetry tested, revealing that approximations of the
actual bathymetry can be compensated for to a large degree through the model calibration
process. This emphasizes the need for careful model calibration to be undertaken prior to
applying representative and/or synthetic bathymetry in the XBeach modelling to ensure
that model parameters are optimized for that particular bathymetry. Model calibration
also shows that these optimized parameters can vary depending on the magnitude of
the storm, highlighting the additional importance of the type of storm(s) used in the
model calibration.

This study provides guidance for the rapidly growing establishment of operational
coastal erosion early warning systems worldwide, where XBeach in the standard 1DH
and surfbeat configuration is often proposed in the numerical modelling forecast chain
(e.g., [3,4]). As a practical step in implementing such systems, the results suggest that there
is little advantage in terms of improved forecast accuracy (not considering future XBeach
model developments) in regularly surveying and updating the pre-storm bathymetry, or
in installing specialist remote-sensing infrastructure capable of estimating surf zone and
nearshore bathymetry in near real time (e.g., [11]). Instead, the results highlight the critical
importance of rigorous XBeach model calibration to identify optimal model parameters
based on the representative or synthetic bathymetry adopted. These steps are likely to result
in improved erosion predictions for the range of storm conditions at the site, ultimately
leading to greater coastal preparedness.
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