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Abstract: Intertidal bars are common features of sandy beaches in meso- and macro-tidal environ-
ments, yet their behaviour under storm impact and subsequent recovery remain poorly documented.
Intensive surveys provide valuable information; however, it takes time to process the vast amount
of data. This study presents the morphological response of a multibarred macro-tidal beach along
the Belgian coast after a severe storm that happened on 8–12 February 2020, and to develop and
apply an oPen-source Raster prOcessing Toolbox for invEstigation Coast intertidal bar displacemenT
(PROTECT) in Python for automated bar extraction. This toolbox was applied to the digital surface
models of pre- and post-storm airborne LiDAR surveys of a multibarred intertidal beach. The PRO-
TECT toolbox is capable of detecting the position and elevation of intertidal bars accurately. The
uncertainty in the elevation characteristics of the bars induces an error in the elevation dimension of
0.10 m. Using the toolbox, the results showed that the intertidal bars changed in term of variations
in bar number, dimensions and shape across the storm event. Overall, the storm significantly eroded
the dune and the upper-beach zone with a sand loss equivalent elevation decrease of −0.14 m. This
was followed by a continuous and full recovery after 9 months under fair weather conditions. In
contrast, the sand budget in the intertidal zone did not change over the entire monitoring period
although the bars showed significant morphological change. Applying the PROTECT toolbox on
high-resolution 3D topographic datasets allows to increase the temporal mapping resolution of
intertidal bars from long-term (years) to short (storm events) time scales. Similar assessments at
locations worldwide would allow the improvement of our knowledge on the morphodynamical role
of multibarred beaches and to forecast their evolution, thus contributing to manage future storm
response and the progressively accelerating sea level rise.

Keywords: automatic bar detection; LiDAR survey; beach morphology; storm; macro-tidal
environment

1. Introduction

Multiple intertidal bar systems comprise include shore-parallel morphological features
characterised by sandy bar crests-troughs. They are commonly present in low to moderate
energy coastal environments (i.e., exposed to fetch-limited waves) characterized by a
surplus of sand and tidal ranges larger than about 3 m [1]. The multiple intertidal bar
systems are well-developed around semi-enclosed epicontinental seas such as the eastern
English Channel, the Irish Sea and the North Sea (e.g., [2–5]). Bars are permanent or to
semi-permanent features, <1 m high and attaining covering up to lengths of up to several
kilometres. They play an important role in protecting the subaerial beach from storm
erosion by being a natural buffer and sediment storage. The genesis and morphodynamics
(i.e., development, configuration and migration) of bars are affected by external forcing
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factors such as energetic waves with and water level modulations over a broad range of
time and space scales [6]. Intertidal beach morphologies are still poorly studied so that our
understanding remains limited [1]. Better insights of the dynamics of intertidal bars, and
in particular their behaviour under storm impact and subsequent recovery is beneficial
for coastal managers and engineers since the evolution of such morphological features is
key in governing controlling beach levels elevation as well as in understanding sediment
transport across the beach zone.

Ref. [7] have emphasized the importance of considering intertidal bar systems as
three-dimensional (3D) morphologies to characterize and analyze their behaviour. The
investigation of the 3D bar-trough dynamics and evolution is a challenge due to the
logistics of acquiring repeated high-resolution measurements over large spatial (>1 km)
and temporal scales (from weeks to years). Most studies have focused on a single beach
profile per survey or at most, a few of such profiles spaced over distances in the order of
0.5 to 1 km, which are commonly repeated several times over a limited time period (e.g., a
year) [2]. These do not allow the detection of the spatio-temporal 3D behaviour of a bar-
trough system. Thus, understanding beach morphology requires collecting datasets to
monitor its natural change in a suitable temporal and spatial resolution which is challenging,
especially when it is intended to assess bar behaviour in relation to a storm occurrence.
Nowadays, high-resolution airborne LiDAR (Light Detecting and Ranging), an active
remote sensing system, represents one of the most effective and successful technologies to
monitor large beach areas with an accuracy of 5–10 cm [8]. The application of LiDAR data
is thus well suited to study small scale features such as sand bars due to their high accuracy
and the larger spatial coverage and continuity in repeated LiDAR surveys. LiDAR surveys
were acquired over the Belgian coast in the past with a large spatial scale that enable the
detection of intertidal bars [9], but not with a suitable temporal resolution for resolving the
dynamics of these features in response to storm events, conversely to the present study.

Multiple intertidal bars are ubiquitous along the Belgian coast. The combination of
spring high water level and energetic waves can lead there to the occurrence of severe storm
such as Ciara event on 8–12 February 2020 that caused widespread beach erosion in the area.
Pre- and immediately post-storm LiDAR surveys, extended by surveys up to 9 months after
the event were carried out thus offering an exceptional dataset. Traditional analyses of bar
system behaviour have been mainly based on extracting a limited amount of cross-shore
profiles which may not capture its complete picture or lead to misinterpretation [10]. There
is thus the need of suitable tools to automate the detection and extraction of intertidal bars
from multiple high-resolution surveys. This research aims to investigate storm impact
and recovery of multiple intertidal bars, and to apply the newly developed automatic bar
detection algorithm PROTECT toolbox.

2. Study Site

The Belgian coast extends for 67 km from the French Opal coast to the border with the
Netherlands and is oriented SW-NE (Figure 1). The study site is located at Groenendijk, a
natural sandy beach, 500 m wide, with an overall slope of less than 1% and characterized
by multiple parallel bars in the intertidal zone. A system of four to five bars is present
from which the first bar is usually located seaward of the first troughs. The shoreface also
displays a subtidal bar. Bar dimensions are typically around 1.1 m high and 82 m wide [5].
Cross-shore drainage channels segment the bar-trough system. The sediment on the beach
consists of medium fine sand with a D50 of 200 µm. The intertidal bars are backed by an
upper-beach of about 50 m wide following by well-developed foredunes that reach to 10 m
high above TAW (Belgium Ordnance Datum corresponding to the low spring tide located
just below 0 m TAW in Ostend) and are relatively well covered by marram grasses. The
annual gain in sediment volume is about 21 m3/m over the last decades [11]. The study site
is characterized by a macro-tidal, semi-diurnal tidal regime with a small symmetry. The
mean tidal range varies from 3.5 m during neap to 5 m during spring tide resulting in strong
alongshore tidal currents reaching about 1 m/s in the nearshore area [12]. The shallow
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subtidal zone of this region is characterized by numerous sandbanks and channels. The
wave regime is characterized by an onshore average wave height below 1 m and a mean
wave period of 3.5–4.5 s. Waves are typically short-crested mainly due to the short fetch
and the shallow water depth. Storms are recorded at least once a year during the winter
season and may cause beach erosion [13]. This occurred also during the 8–12 February 2020
Ciara storm surge when the water level exceeded 5.78 m TAW associated with energetic
waves coming from NW.
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Figure 1. (A) Location map of Groenendijk beach, (B) typical beach profile and (C) schematic
multiple bar (B) trough (T) morphology system superimposed on an aerial photograph. The tide
contour levels are: mean high water spring (MHWS) of 4.84 m; mean high water neap (MHWN) of
3.88 m; mean sea level (MSL) of 2.31 m; mean low water neap (MLWN) of 0.77 m.

3. Materials and Methods
3.1. LiDAR Dataset Collection and Processing

Pre-storm (29 October 2019), immediately after storm (28 February 2020), 2 months
after (14 April 2020) and 9 months after (18 November 2020) airborne LiDAR surveys were
commissioned by the Coastal Division of the Flemish Authorities. The datasets consist of
3D point clouds (x, y, z) with a cover density of 1 to 5 points per m2. For each survey, a
smooth Digital Surface Model (DSM) of 1 m cell size was generated using a 2D Gaussian
filter of 10 m (i.e., standard deviation for Gaussian kernel). In addition, a beach filtering
to apply a labelling on the valid data in the DSM was carried out to exclude pixels with
no data value. The root-mean-square errors of the generated DSMs range from 0.04 to
0.05 m. For the current analysis, a DSM extent of 2 km long and up to 0.46 km wide, was
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used, with a landward limit located up to 20 m beyond the dunetoe. DEMs of Difference
(DoDs) between the DSMs were produced by subtracting the elevation in each grid on a
cell-by-cell basis. To further investigate sediment dynamics, the beach was horizontally
split into two areas of interest: the upper-beach from the landward edge of the DSM to
the MHWS line; and the intertidal zone from the MHWS to the seaward edge of the DSM.
The sediment budget of areas of interest was calculated from the DoDs and classified into
erosion, stability, deposition. Volumetric changes per unit surface per time were then
computed, enabling comparison of volumetric results despite differences in the duration
between surveys.

3.2. Bar Detection Procedure

The detection of bar location was automated by developing the PROTECT toolbox,
an algorithm written in the Python programming language and made available through
open-source access (https://zenodo.org/record/5750179#.Yaj-LbnMKUk (accessed on 16
February 2022)) [14]. Figure 2 presents the workflow from LiDAR data processing to bar
analysis. A series of cross-shore profiles from the low water line to the dune crest is
extracted from the DSMs, with alongshore distances of 2 m between subsequent profiles.
The intertidal bar feature points (crest and trough positions of the bars) are determined
from the cross-shore profiles by detecting each inflection point (i.e., transition between crest
and trough, defined a position along the profile where the curve change from being concave
to convex, or vice versa) along the beach slope. Then, the crest points (local maxima) and
trough points (local minima) could be extracted (Figure 3). Two strict conditions are further
applied to avoid tagging irrelevant points. First, elevation of the crest point must be higher
compared to the trough point for the same intertidal bar. Second, the absolute distance
between the crest and trough points within the same inflection interval has to be above a
user-specified threshold between 3 to 5 m. A neighbourhood filtering on the intertidal bar
feature points is then used to remove isolated crest, trough or inflection points related to
drainage channels or local variations in topography which unrepresented intertidal bars.
A filter window of 20 m by 10 m is applied parallel to the coastline orientation. Based on
the locations of the intertidal bar features points (i.e., crest and trough), bar parameters are
subsequently derived such as bar elevation, width, height, symmetry and volume (Table 1).

To delineate the actual intertidal bars, a grouping of the bar feature points is performed
using an unsupervised machine learning technique, i.e., density-based spatial clustering of
applications with noise (DBSCAN), available in scikit-learn. The algorithm views clusters
as areas of high feature point density separated by areas of low density. Feature points
of intertidal bars (crest, trough or inflection points) are in general well aligned with the
coastline and beach topography clearly increases towards the dunes. Detected bars are
then imported into a geographic information system (ESRI ArcGIS) to be visualized and
assessed by overlapping on their respective DSM. A numbering system is applied to crest
points to identify the bar structure to which they belong (Figures 1 and 3).

Table 1. Definition of parameters to characterize bar morphology.

Parameter Description

Bar elevation (m TAW) Height value at the position of the crest point

Bar width (m) Distance between two consecutive troughs related to a bar

Bar height (m) Difference of elevation between the crest and seaward trough point

Bar symmetry
(dimensionless)

Horizontal distance between the crest and landward trough point,
divided by the horizontal distance between the trough points on both

sides of the bar.

Bar volume (m3/m)
Area below the profile curve between the landward trough and

seaward trough minus the area under the linear curve when
connecting the seaward and landward trough points.

https://zenodo.org/record/5750179#.Yaj-LbnMKUk
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To evaluate the performance of the algorithm, the bar extraction result was validated
by comparing with a manual extraction of every survey along 6 profiles homogenously
distributed with an interval of 200 m. The six profiles were extracted from the DSMs. Then
a second-order polynomial curve was fitted to the profiles using least-squares analysis in
order to determine the maxima and minima residual values, following [2]. In total, 102 bar
position were detected. In general, the difference between the automatic and manual
extraction is low with an average of 0.09 m for the bar elevation and 4 m for the bar position
(Figure 4). The results also suggest that the algorithm slightly overestimates the elevation of
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the bar. A high coefficient of determination (R2) is found for the bar elevation and position
are of 0.96 and 0.99, respectively. Therefore, the algorithm is capable to identify accurately
the bar crests across the intertidal beach.
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4. Results
4.1. Storm Activity

Water level and significant wave height (Hs) were examined to determine the con-
ditions of the forcing factors over the entire monitoring period. Five-minute measure-
ments of the water level were obtained from the nearest tide gauge located at Nieuw-
poort, 2 km distance from the study site (Figure 1A). Bi-hourly onshore wave heights
were recorded at Trapegeer wave buoy, located at 6 km from the study site. Measure-
ments of wind speed and direction with an interval of 10-min were acquired from the
weather station at Nieuwpoort. All these data were supplied by Meetnet Vlaamse Banken
(https://meetnetvlaamsebanken.be/ (accessed on 20 November 2021)).

Five energetic events with a water level exceeding 5.4 m TAW for an average duration
of 1.53 h took place between 29 October 2019–28 February 2020 (Table 2). The maximum
water level reached 5.86 m TAW on 10/02 at 12:30 when the waves reached 3.15 m high
associated with a strong wind coming from the North. The alert threshold of a ‘dangerous
storm’ of 5.60 m TAW was exceeded by a surge of 0.26 m. Right after the storm, the
wave heights rapidly decreased to reach typical fair-weather conditions below 1 m. Three
and two events occurred between 28 February 2020–10 April 2020 and 10 April 2020–18

https://meetnetvlaamsebanken.be/
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November 2020, respectively. The average wave height was lower associated with relatively
calm wind speed during the post-storm periods. Although the maximum Hs exceeded
2 m during the post-storm periods, these events were short-lived (<1.75 h) associated with
neither coast-normal wave directions nor surges. Thus, relatively calm conditions generally
prevailed after the storm event.

Table 2. Summary of hydrodynamic conditions over the monitoring period. Energetic event is
characterized by a water level above 5.4 m TAW.

29 October
2019–28 February

2020

28 February
2020–10 April

2020
10 April 2020–18
November 2020

Forcing factors

Number energetic event 5 3 2
Duration 1.53 [2.6] 1.44 [1.58] 1.62 [1.75]

Water level (m) 5.56 [5.86] 5.52 [5.68] 5.51 [5.56]
Significant wave height (m) 2.44 [3.15] 1.71 [2.09] 1.77 [1.99]

Wind direction (◦) 265 [277] 72 [126] 268 [272]
Wind speed (m/s) 17.2 [20.2] 3.89 [4.96] 11.74 [13.74]

4.2. Bar Detection, Mapping and Characteristics

Figure 5 shows the automatically detected bar positions across the study area obtained
from the LiDAR surveys and superimposed on their respective DSMs. The bars are
numbered from the sea to the dune. The black contour lines correspond to the tidal reference
levels of mean high water springs (MHWS) of 4.84 m; mean high water neaps (MHWN)
of 3.88 m, mean sea level (MSL) of 2.31 m, and mean low water neap (MLWN) of 0.77 m.
The bars are prominent on the intertidal beach and their number typically ranges from four
to five in cross-shore dimension. The subtidal bar at −2 m TAW cannot be observed in the
LiDAR dataset. Bars are usually parallel to the coastline and are distributed fairly evenly
across the beach. The bars are present across the intertidal zone and concentrated between
the MHWN and MLWN lines. Inner bars above the MHWN line (bar number 4–5) are
less commonly observed. The individual bars can be extended well over large alongshore
distances (>500 m) and be either continuous or laterally fragmented due to the presence of
modest drainage channels.

The identified bars present different trends on large-scale bar configuration change
over the storm monitoring period. The first is that five bars across the intertidal beach
were present before and 9 months after the storm, while only four bars were identified
immediately and 2 months after the event. Noteworthy, these features were continuous
in the alongshore direction over the post-storm monitoring period, while on 29 October
2019 they were intersected by frequent drainage channels and/or local beach topographic
ruptures.

Figure 6 presents the cluster plots of all the extracted bar crests along the cross-shore
profiles generated by the toolbox. The y-axis corresponds to the beach elevation and the x-
axis to the distance from the reference line located seaward. Another common pattern after
the storm is that the bars occupied a number of preferential elevational positions across
the intertidal beach: inner bar (number 4) between 3.5–3.7 m TAW, middle bar (number
3) around the MSL line, and the lower bar (number 2) around 1.6 m TAW. However, the
preferential positions were different before the storm located in average 0.3 m higher
than the post-storm positions. In addition, they had a more spread out configuration
as shown on the cluster plot. The position of the bar system is dynamic and complex
between consecutive surveys, exhibiting a large spatial and temporal variability. Although
the detected bar morphology displays some similarity, it is only with difficulty that the
development of some individual bars can be tracked between consecutive surveys due to
their temporal spacing. This thus precludes the following of individual bars to investigate
their migration rate and direction. It can at this stage not be concluded whether bars
migrated seawards or were flattened and rebuilt during the storm event.
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The bar system characterisation is detailed in Table 3. A clear spatial variability in
the bar parameters across the intertidal beach is observed. Regarding the whole monitoring
period, the bars are characterized by a mean height above 1.1 m with the highest ones
generally found on the upper-part of the intertidal beach (>=bar 4). The widest bars are
located in the middle part of the intertidal zone between MLWN and just above the MSL
(bar 3 and 2) followed by the ones on the upper-part of the intertidal beach. The same
pattern is found for the bar volume, ranging from 9 to 36 m3/m. In general, the bar shape
is asymmetric with a trend to skew towards the land, so that the landward slope is steeper
than the seaward slope, compared with the more seaward bars. Just after the storm, the
volume of the seaward features (Bar 1 and Bar 2) was lower associated with a decrease
of width and height. In contrast, the upper bars were larger and higher with a steeper
landward slope.

Table 3. Summary of averaged bar parameters across the profiles for pre- and post-storm surveys.

Elevation
(m TAW)

Width
(m)

Symmetry
(Dimensionless)

Volume
(m3/m)

Height
(m)

29 October
2019

Bar 1 (sea) 0.90 90 0.30 20 0.95
Bar 2 1.77 92 0.30 22 1.02
Bar 3 2.79 90 0.25 21 1.08
Bar 4 4.06 57 0.22 10 1.18

Bar 5 (land) 4.42 52 0.21 9 1.05

28 February
2020

Bar 1 (sea) 0.72 37 0.30 15 0.16
Bar 2 1.57 58 0.30 18 0.61
Bar 3 2.57 109 0.38 36 1.25
Bar 4 3.67 76 0.31 22 1.46

Bar 5 (land)

10 April 2020

Bar 1 (sea) 0.69 35 0.28 15 0.16
Bar 2 1.46 88 0.28 16 0.94
Bar 3 2.42 101 0.31 25 1.10
Bar 4 3.62 96 0.23 20 1.47

Bar 5 (land)

18
November

2020

Bar 1 (sea) 0.90 90 0.29 20 0.98
Bar 2 1.73 85 0.29 24 1.07
Bar 3 2.57 85 0.30 26 1.22
Bar 4 3.46 73 0.29 17 1.25

Bar 5 (land) 4.33 55 0.18 7 1.16

4.3. Barred Beach Morphodynamics

The spatial patterns of morphological changes are displayed in the DoDs, with green
showing deposition and red erosion (Figure 7). The immediate topographic change induced
by the storm is observed on the DoD between the pre- and immediately after the event
surveys (29 October 2019–28 February 2020). A significant sand loss of −12,214 m3 was
recorded in the upper-beach where the dune was undercut after the storm (i.e., uncertainty
of 4400 m3). A long and continuous strip line of erosion is visible landward of the MHWS
line with higher values of elevation change up to −0.6 m. The mean elevation change in
the intertidal zone was −0.01 m.
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lines. The uncertainty errors on the intertidal zone and upper-beach per survey are estimated to be
40,150 m3 and 4400 m3, respectively. Both are equivalent to an error on elevation difference of 0.05 m.
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Although the intertidal beach experienced volumetric stability with fluctuations within
the survey uncertainty error, a substantial sediment fraction of the intertidal beach was
reworked in the bar system, as reflected by the distinctive linear alongshore footprint of
alternating erosion and deposition. Erosion reached up to −1 m in the northeast of the
study site which was counterbalanced alongside by an equal accretion. After the storm,
the bars occupied a more seaward position of about 30 m. Over the 2 months after the
storm (28 February 2020–10 April 2020), no significant volumetric change occurred on the
upper-beach nor in the intertidal zone. However, linear patterns of erosion and deposition
again describe the shift in the bars position. The range of elevation change between −0.64
and 0.73 m is much lower than for the pre-immediate after storm DoD. However, significant
morphological changes occurred in the intertidal zone, which is largely attributed to the
specific dynamics and processes of the bars. As immediately after the storm, the distinct
linear, alternated and relatively symmetrical footprint of erosion and deposition parallel
to the coast is observed. The bars remained generally confined between the MHWN and
MLWN line, but were locally rearranged with limited displacement. Afterwards between
10 April 2020–18 November 2020, accretion took place in the upper-beach, mainly along the
seaward side of the dune. Regarding the intertidal zone, no significant volume change was
observed during this period. The DoD indicates a much more important rearrangement
of the bars compared to the previous period (28 February 2020–10 April 2020), which can
obviously be related to a larger time lapse between the surveys. The DoD between the
pre- and 9 months after storm surveys shows that the dynamics of the bars were greater
in the upper part of the intertidal zone between the MHWN line and just seaward of the
MSL line. In addition, a considerable alongshore variability of the elevation change is
observed there, ranging from 0.2 to 0.73 m. A small significant sand deposition occurred
on the upper-beach, especially at the dunetoe, while the intertidal zone was stable over
this period.

5. Discussion

Our analysis applied the PROTECT toolbox, a new open-source raster processing
toolbox for automated intertidal bar extraction developed in Python, to a unique dataset of
pre- and post-storm LiDAR surveys of a macro-tidal beach environment at Groenendijk.
Table 4 summarizes some key values of the hydrodynamics, and the morphodynamic
differences of the multibarred beach presented in the results section.

Table 4. Summary of average energetic events exceeding a water level of 5.4 m TAW related to
volumetric changes. Bracket values correspond to the maximum records. Bold values indicate
significant change.

29 October
2019–28 February

2020

28 February
2020–10 April

2020
10 April 2020–18
November 2020

Volumetric
difference

Absolute volume of the
intertidal zone (m3) −1464 24,153 −25,418

Volume of the
intertidal zone
(m3/month)

−366 16,855 −3498

Absolut volume of the
upper-beach (m3) −12,214 912 15,653

Volume of the
upper-beach
(m3/month)

−3054 636 2154

5.1. Beach Response and Recovery Periods

The Ciara storm caused an overall erosion of −12,214 m3 equivalent to −3054 m3/month
with the undercutting of the foredune concentrated in the south of the study site and with
an homogeneous erosion of the upper-beach slope (Figure 7, Table 4). The eroded sand
of the upper-beach may have been transported partly offshore to the upper part of the
shoreface and partly to the adjacent beaches by the eastward littoral drift as previously
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observed there after storm events [15]. The sand budget in the intertidal zone was neutral,
however the bars were mobile and showed changes in their characteristics (Table 3). Ref. [5]
further observed significant changes in bar dimension and shape with a clear seasonal
variability between spring and autumn associated with energetic and calm hydrodynamic
conditions, respectively. A continuous and full recovery of the upper-beach was observed
after 9 months when sand was deposited there and near the dunetoe. This evolution is
probably partly caused by constructive wave transport as they did not reach the upper-
beach during fair weather conditions [15]. Sediment was then transported by aeolian
processes to the dunes. Additionally, the relatively rapid recovery of the upper-beach
suggests that the recovery processes started right after the end of the storm (i.e., abatement
of wave energy) when recovery mechanisms may have taken place within weeks after the
severe storm event. This is in agreement with previous studies [15,16] who observed fast
recovery within a few months or even during the subsiding phase of the same storm [17].
Beach recovery after a storm depends on the available sediment to the system. At the study
site, the beach experiences a long-term accretion. This promoted a rapid dissipative beach
re-equilibrium.

The most dynamic bars at Groenendijk beach are found across the intertidal zone
between the MHWN to the MLWN line. This reflects a propensity for significant bar devel-
opment in this zone governed by the residence times of wave driven processes at particular
tidal elevations [2]. This pattern is fairly common on multibarred beaches, and it is probably
favoured at Groenendijk beach by the large sediment supply at the coast [11,15]. No ener-
getic event before Ciara storm resulted to significant bar morphological change as shown
on the cross-shore profiles extracted from LiDAR surveys and the Real-Time Kinematic GPS
(RTK-GPS) survey just before the storm (Figure 8). One of the most significant observations
is that the bars migrated seaward during the storm, while they seem to be more stable
in position during the two first recovery periods (from 28 February 2020–10 April 2020)
and to then move slightly toward the upper-beach. As previously reported, bars migrate
offshore during storms and move back under prolonged calm wave conditions [18]. There-
fore, hydrodynamic forcing factors influence intertidal bar responses including migration,
formation, flattening, construction and destruction [6].
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5.2. Suitability and Applicability of Toolbox

High-resolution 3D topographic data surveys of multibarred beaches have increased
over the last years which allow the thorough investigation of bar morphodynamics. With
the PROTECT toolbox, we aimed to implement an automatic bar extraction algorithm
in a way flexible enough to be applied to any 3D topographic dataset such as DSMs.
Additionally, the bar maps and parameters derived from the PROTECT toolbox (Figure 5)
display enough information to investigate storm impact and recovery assessments over a
range of intervals from weeks, months to seasons. The validation based on topographic
LiDAR dataset demonstrated that the PROTECT toolbox is capable to extract the position
of intertidal crest bars accurately (Figure 4). The uncertainty in the elevation characteristics
of the bars induces an error in the elevation dimension of 0.10 m (root-mean-square error)
which is about 10 times lower than the bar topography. Topographic LiDAR cannot
penetrate the water due to the light absorption. This leads to the absence of data in the
deepest parts of the troughs and drainage channels where water could be still present at
low tide. Nevertheless, it only concerns a small proportion of the beach surface where the
accuracy of the toolbox for detecting the dimensions of these features and volume changes
could be limited due to the lack of measurements from the LiDAR sensor. In general, the
PROTECT toolbox can be applied to an array of spatially and temporally varying datasets
to assess intertidal bar morphodynamics from the short- (storm scale) to the long-term
(years).

The PROTECT toolbox can systematically be applied to explore bar morphodynamics
anywhere at a broad range of temporal scales. Application of the toolbox requires a
temporally dense dataset with a good coverage of the beach including the spring low tide
area to ensure a complete coverage of the intertidal zone. Even though LiDAR data surveys
are expensive and sometimes collected sporadically, they provide a detailed snapshot of
the multibarred beach at the specific time of the acquisition over a large spatial coverage.
However, bar dynamics are strongly influenced by a combination of processes interacting
on the beach over short- to long term time scales [1]. The comparison of irregular and
limited numbers of LiDAR datasets only reveals the cumulative results of processes taking
place on the beach, which makes it challenging to evaluate the true bar behaviour and
evolution [12]. In our study, the interpretation of the bar migration in alongshore and
cross-shore direction is incomplete due to the temporal scale at which the LiDAR surveys
were acquired, in disproportion to the scale of a few days at which the storm impact takes
place. To understand fully the morphodynamics of the multiple bar system, a topographic
snapshot should be provided within a sufficiently long period (> 6 months) and more
frequently on a regular interval [10]. The advance of high-resolution 3D survey methods
such as unmanned aerial vehicles and terrestrial laser scanners allows repeated surveys
at high temporal resolution and at relatively low cost to quantify bar morphodynamics.
Applying the PROTECT toolbox by integrating frequent low-cost 3D topographic survey
data with LiDAR datasets would permit the increase of the temporal mapping resolution.
Similar assessments of post-storm recovery instances at multiple worldwide locations can
be used to develop predictive models of multibarred beaches which will support decision-
making in relation to future storm response and the progressively accelerating of sea level
rise, assess vulnerability and to aid guide coastal management efforts.

6. Conclusions

This study investigated the severe event Ciara storm, and applied the newly devel-
oped PROTECT toolbox to evaluate multibarred beach storm response and post-storm
recovery. An exceptional high-resolution LiDAR digital surface models of pre, immediately
and after storm of Ciara event on 8–12 February 2020 were collected at Groenendijk beach.
This research demonstrates that the PROTECT toolbox is capable to detect the position and
elevation of intertidal bars accurately with an error 10 times lower than the observed bar
dimension. In addition, the comparison of the detected bars pre- and post-storm surveys
indicates that most of the features are concentrated in the middle of the intertidal zone
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from the MHWN to MLWN line. Five bars across the intertidal beach were identified
before and 9 months after the storm, contrasting with four bars only observed immediately
and 2 months after the event. Another common pattern after the storm is that the bars
occupied a number of preferential elevational positions across the intertidal beach. Typi-
cally, the inner bar was just below the MHWN, middle bar around the MSL line, and the
inner bar around 1.6 m TAW. However, the bars were different before the storm located
in average 0.3 m higher than the preferential post-storm bar positions and they had a
spreader clustering configuration. Furthermore, the severe storm resulted in an overall
erosion of the upper-beach equivalent to a decrease of elevation of −0.14 m. This was
followed by a continuous and full recovery after 9 months under fair weather conditions.
In contrast, sand budget in the intertidal zone remained stable over the entire monitoring
period although the bars showed significant morphological changes. Applying PROTECT
toolbox with high-resolution 3D topographic datasets acquired at frequent and broader
time scale enables the possibility to increase the mapping temporal resolution from short
(storm event) to long-term (years). This will provide useful information for evaluation
of the morphodynamics of intertidal bars and their influence on sand volume in beach
system. These assessments combined post-storm recovery stages at multiple locations
worldwide can be used to develop predictive models of multibarred beach and contribute
to the forecast of future storm response.
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