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Abstract: Intertidal bars are common features on meso-and macro-tidal sandy beaches with low to
moderate wave energy environments. Understanding their morphodynamics is, hence, crucial for
enhancing our knowledge on beach processes which is beneficial for coastal management. However,
most studies have been limited by assessing bar systems two-dimensionally and typically over the
short-term. Morphology and dynamics of an intertidal bar system in a macro-tidal environment
have been investigated using bi-annual LiDAR topographic surveys over a period of seven years and
along 3.2 km at Groenendijk beach (Belgium). The detected bars demonstrate that a morphology of
an intertidal bar is permanently on the beach. However, these individual features are dynamic and
highly mobile over the course of half a year. The mean height and width of the bars were 1.1 and
82 m, respectively. The highest, steepest, and asymmetric features were found on the upper beach,
while they were least developed in the lower intertidal zone. The bars were evenly distributed over
the entire intertidal beach, but the largest concentration observed around the mean sea level indicated
the occurrence at preferential locations. The most significant net change across the beach occurs
between the mean sea level and mean-high-water neap which corroborates with the profile mobility
pattern. The seasonal variability of the bar morphology is moderately related to the seasonally driven
changes in storm and wave regime forcings. However, a distinct relationship may be inhibited by
the complex combination of forcing-, relaxation time- and feedback-dominated response. This work
conducted from bi-annual LiDAR surveys has provided an unprecedented insight into the complex
spatial organization of intertidal bars as well as their variability in time from seasonal to annual scale.
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1. Introduction

Meso-and macro-tidal sandy beaches with low to moderate wave energy are commonly
characterized by the presence of intertidal bars and troughs known as “ridge and runnel topography”,
‘low amplitude ridges”, or “multiple inter-tidal bars” [1]. Multiple intertidal bars occur in groups of
two to six that are parallel to the coast. They occur mostly between the mean tidal levels and rarely
exceed 1 m high and 100 m wide [2]. The intertidal gradient of bar-trough beaches is usually very
gentle (<0.015) while the seaward slopes of the bars can be more than three times steeper. Bars promote
beach stability by protecting the upper-beach from wave erosion [3] and also constitute sediment
storage for beach progradation [4].
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Bars and troughs are permanent or semi-permanent features on most beaches (e.g., [2,5,6]).
Although macro-tidal multi-barred beaches have been well-studied over recent decades, the investigation
of long-term variability in bar morphodynamics has been little documented due to the limitation of
topographic monitoring rarely extending up to three years (e.g., [5,7,8]). The development of intertidal
bars is conditioned by time-varying interactions of forcing factors between tides and incident wave
energy level and variability. Ref. [9] found that surf zone wave processes play a primary role in
onshore migration of the intertidal bars. Also, longshore sediment transport processes can be significant
particularly within troughs due to longshore currents over the tidal cycle [10]. The intertidal bar—trough
system has a capacity for self-organization and may experience strong morphodynamic feedback on
forcing factor condition as well as relaxation time effects [11]. In such a system, the correlation between
hydrodynamic forcing and morphological response is weak, while the morphological evolution
arises from the internal dynamics of the system including cross- and alongshore process-response
function of time. Therefore, multiple intertidal bar-trough features must ideally be considered as a 3D
morphological system as recently emphasized by [8].

Investigation of the 3D bar—trough dynamics and evolution is a challenge due to the logistics
of acquiring repeated high-resolution measurements over a large spatial area (>1 km) and various
temporal scales (season to decades). Most studies have focused on a single beach profile (survey) or at
most, a few of such profiles spacing in the order of 0.5 to 1 km, and are commonly carried out several
times a year. These do not allow for the detection of the spatio-temporal 3D behavior of a bar-trough
system, and in particular to assess the longshore bar variability. The high-resolution airborne LiDAR
(light detection and ranging) system has been successfully applied in coastal monitoring [12] and
makes possible the identification of the in detail spatio-temporal dynamics of the 3D intertidal bar
morphology [8]. This study relies on a unique and exceptional dataset of bi-annual LiDAR surveys
(typically in spring and autumn seasons) carried out over a seven-year time span along the Belgian
coast. The aim of this paper is to investigate the morphodynamics of multiple intertidal bars from
seasonal (six months) to long-term (one year) and on a large scale (>1 km). Also, the variability of bar
morphometric characteristics and their relationships are examined to gain insight into bar morphology.

2. Study Site

Groenendijk beach is part of the main multi-barred beach that runs from the north of France to
the western part of the Belgian coast and fronts the North Sea basin (Figure 1). The subtidal zone
of this region is characterized by numerous shallow sandbanks. The beach is oriented SW-NE and
about 500 m wide. It is typically characterized by an intertidal bar—trough system parallel to the coast.
A system consists of four to five bars from which the first crest is usually located offshore of the first
inner troughs (Figure 1). The shoreface also displays a subtidal bar. The beach is generally concave
with a gentle intertidal gradient ranging from 0.5° to 0.75°. Perpendicular drainage/rip channels are
sometimes present, segmenting the bar—trough system. The intertidal beach is composed of fine to
medium and well-sorted sand with a median diameter (Ds5g) of 200 um. The intertidal bars are directly
backed by well-developed foredunes approximately 10 m high above TAW (Belgium Ordnance Datum
corresponding to the low spring tide in Ostend). The dune and beach have propagated at a rate of
about 17 m3/m/year over the last decade [13].

Groenendijk beach is characterized by a macro-tidal, semi-diurnal tidal regime with a small
symmetry. The mean tidal range is between 3.5 m during neap and 5 m during spring tide resulting in
strong tidal currents of approximately 1 m/s in the nearshore area [14]. Tidal currents generally flow in
an NE direction during the flood following the coastal outline and in an SW direction during the ebb.
The sediment transport along the coast is primarily wave-driven toward the east and is estimated to be
200,000 m3/year [15].
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Figure 1. (A) Location of the study site, (B) ground photograph, (C) typical beach profile at Groenendijk
extracted from LiDAR survey (B: bar, T: trough). The tide levels were: 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;
mean low water neap (MLWN) of 0.77 m and mean low water spring (MLWS) of —0.02 m TAW.

The coast is subject to moderate wave energetic conditions (<1.5 m for at least 80% of the time).
Offshore wave regime recorded 20 km from the study site indicate a clear seasonality (Figure 2).
In general, waves come predominantly from the SW and NNE directions, however, they are more
spread during autumn to spring. Monthly average significant wave height is 0.8 m from spring to
autumn, while it reaches 1.1 m from autumn to spring. The mean wave period is about 3.5 to 4.5 s.
Waves are typically short-crested due to the shallow water depth and the short fetch. Storms are

recorded at least once a year during the winter season [14].
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Figure 2. Offshore wave roses from 2013 to 2019: (A) spring to autumn (from 15 April-14 October),

(B) autumn to spring (from 15 October—14 April). Black lines correspond to the coastline orientation.

3. Material and Methods

3.1. Multi-Temporal LiDAR Dataset Collection and Processing

This study is based on a time series of bi-annual LiDAR survey data covering seven years from
2013 to 2019 (Table 1). Seasonal surveys are typically carried out in spring (around April to May) and
autumn (around October to November). The dataset consists of 3D point clouds (x, y, z) ranging from
one to five points per m?. The error (root-mean-square) for the survey acquisitions ranges from 0.018
to 0.031 m in X, y, z. The surveys were commissioned by the Coastal Division of the Flemish Authority,

as a part of a coastal monitoring program.

Table 1. Description of the LiDAR bi-annual surveys (S: spring, A: autumn season).

Survey

Date

Error Vertical

Duration between Surveys

Survey (m) (month (m), day (d)

13S 29 April 2013 0.018 X

13A 10 December 2013 0.029 7mlld
14S 15 April 2014 0.02 4mbd
14A 6 November 2014 0.017 6m22d
15S 17 May 2015 0.023 6mlld
15A 27 October 2015 0.02 5m10d
16S 11 April 2016 0.022 5m1l4d
16A 14 December 2016 0.025 8m4d
175 26 May 2017 0.027 5m12d
17A 06 November 2017 0.026 5m11d
18S 17 April 2018 0.029 5m1l1ld
18A 06 November 2018 0.027 6m20d
19S 20 April 2019 0.031 5m1l4d
19A 29 October 2019 0.019 6m9od

For every survey, point clouds were processed, filtered, and classified to provide the ground point

data (Figure 3). These were used to derive digital surface models (DSM) of 1 m cell size. Then they
were smoothed by applying a two-dimensional Gaussian filter of order zero and kernel standard
deviation of two meters in order to assess intertidal bars on a larger scale and not take into account the
potential influence of small effects. The size of every DSM was approximately 3.2 km long and up to



Remote Sens. 2020, 12, 3841 5o0f 14

0.4 km wide with the landward margin located around 15 m seaward from the foredune toe and the
seaward margin of 0.5 m TAW.

( LiDAR Acquisition J

Pre-processing
- Filtering ground points
- Generating DSM of 1m cell size
- Smoothing DSM with Gaussian filter

~—

- Determining inflection points between crest and through
- Extracting local extrema on the profiles
using intervals determined by the inflection points
- Applying strict conditions to the local extrema points

- Manual extraction of residuals along profile
- Comparig automatic and manual bar detection

Automatic bar detection
validation - Extracting cross-shore topographic profiles with 2 m interval

( Assessing bar morphometric parameters )

Figure 3. Workflow from LiDAR data processing to bar analysis.

3.2. Bar Detection Techniques and Analysis

The 3D morphology and variability of bars were investigated between surveys. The detection
of the bar location was automatized by developing an algorithm written in Python programming
language (Figure 3). A series of cross-shore profiles were extracted from the smoothed DSM with an
alongshore inter-distance of 2 m between subsequent profiles The crest and trough positions of the bars
were determined from the profiles by detecting each inflection point (i.e., transition between crest and
trough) and then by extracting the local maxima and minima points along the beach slope (Figure 4).
Two strict conditions were further applied to avoid tagging irrelevant points. First, the absolute
distance and the elevation difference between the crest and trough points within the same inflection
must be at least 5 and 0.10 m, respectively. Second, a neighborhood filtering with a window dimension
of 20 X 10 m was used to remove isolated points. Most of the drainage channels were oriented parallel
to the cross-shore profiles. Thus, their presence was not identified by the local extrema points, while the
bars continued to be detected on each side of the channels. In the case of bisected channels, the bars
were not considered continuous and were excluded from the analysis. Extracted bars were then
imported into a geographic information system software (ESRI ArcGIS) in order to be visualized and to
be assessed by overlapping on their respective DSM. A comparison between an automatic and manual
bar detection was carried out along the same cross-shore profile for each survey. The manual detection
consisted of extracting a profile from DSMs and then fitting a second-order polynomial curve to the
profile in order to determine the maxima and mina residuals [2]. The error of the automatic detection
was 4.37 and 0.11 m horizontally and vertically, respectively. Finally, the position and elevation of
the bars were used to determine parameters such as number (total number of detected features in the
study site), height, seaward slope, width, symmetry (i.e., bar width divided by landward bar width),
orientation, and volume of the bar (Figure 4).
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Figure 4. Morphometric bar parameters computed using bar crest and trough positions indicated by
green and blue vertical lines respectively. The locations of the corresponding inflection points are
marked by the dashed red lines.

3.3. Hydrodynamic Forcings

Subhourly significant wave height (Hs) and direction records were collected from the Kwintebank
buoy, situated 20 km from the study site. In addition, five-minute water level records were acquired
from Nieuwpoort tide gauge (1.4 km from the study site). A storm was defined as an event characterized
by a water level and 95% Hs exceeding 5.4 (TAW) and 1.5 m, respectively.

Hydrodynamic conditions over the survey periods are presented in Table 2. It indicates that
external forcings are characterized by a seasonal variability with alternance of low and high energetic
conditions. A storm exceeding a water level of 4.5 m TAW, usually associated with high waves,
occurs generally at least once per year, especially between November and January. The seasons
135-13A, 16A-17S, and 17A-18S were very energetic with the occurrence of three storm events,
while no events were recorded in 13A-14S, 155-15A, 165-16A, 175-17A, and 185-18A. Thus, it seems
that more storms and higher waves are likely to occur in autumn to spring.

Table 2. Summary of the hydrodynamic conditions over the monitoring period from 2013 to 2019:
number of storms exceeding 5.4 m TAW, maximum water level (m TAW), average and 95th percentile of
offshore significant wave height (m). A: autumn, S: spring. The survey periods are delimited according
to the day of the respective LiDAR surveys. Grey highlights indicate periods of high energetic condition.

Survey Period Number Storm MaxWL  AvgHs 95%Hs Offshore  Period Description

135-13A 3 6.38 0.94 2.01 High energy
13A-14S 0 5.43 1.00 1.93 Low energy
14S-14A 1 5.67 0.80 1.70 High energy
14A-15S 1 5.47 1.09 2.34 High energy
155-15A 0 5.43 0.89 1.79 Low energy
15A-16S 2 5.68 1.29 2.57 High energy
165-16A 0 5.47 0.68 2.16 Low energy
16A-17S 3 5.89 0.85 1.99 High energy
175-17A 0 5.46 0.89 2.01 Low energy
17A-18S 3 5.83 1.16 2.46 High energy
185-18A 0 5.33 0.81 1.79 Low energy
18A-19S 1 5.58 1.04 2.04 High energy
19S5-19A 1 5.74 0.84 1.72 High energy
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4. Results

4.1. Bar Morphodynamics

The detected bars from the seasonal LiDAR surveys are displayed in Figure 5, which provide
a number of insights on large-scale bar morphology over time. These features are prominent on
the intertidal beach and their number typically ranges from three to six in cross-shore dimension.
The subtidal bar cannot be observed in the LiDAR dataset. The average annual number of bars,
corresponding to the total detected bars in the study site is 68 (Table 3). The larger number of bars in
spring suggests that the amount and probably the fragmentation of the features by channels are higher
than in autumn. Bars are distributed fairly evenly along the beach (except on 29 April 2013 when they
were only concentrated southwest of the study site), while they seem to be closer on the upper-intertidal
beach. The individual bars can be followed over large distances and be either continuous or laterally
fragmented with an alongshore length ranging from 25 to 880 m. Their fragmentation is due to the
presence of few modest tidal drainage channels and/or local beach topographic ruptures evolving
over the monitoring period. The bars are parallel to the coastline dominated by an orientation of 64°
relative to N. They are characterized by a mean height of 1.1 m with a width of 84 m and a seaward
slope around 1.1°. The mean volume of a bar is generally below 14 m?/m. In general, the bar shape
is asymmetric with a trend to skew toward the land, so that the landward slope is steeper than the
seaward slope.

Table 3. Bar morphometric parameters of the bar morphology from 2013 to 2019. Columns present
the average of annual, spring, and autumn characteristics. Values in brackets correspond to the
standard deviation.

Parameters All Spring Autumn

Bar number 68 (17) 70 (13) 66 (21)
Bar height (m) 1.07 (0.41) 1.09 (0.41) 1.04 (0.40)

Bar width (m) 84 (17) 86 (16) 83 (18)
Seaward bar slope (°) 1.13 (0.40) 1.14 (0.40) 1.12 (0.40)
Symmetry (dimensionless) 0.24 (0.09) 0.22 (0.07) 0.25 (0.10)
Orientation (° relative to North) 64.5 (2.19) 64.77 (2.58) 64.47 (1.80)
Bar volume (m3/m) 14.09 (4.9) 13.39 (5) 14.80 (4.8)

The bar position is dynamic and complex between consecutive surveys, exhibiting a large spatial
and temporal variability. Although the bar morphology detected about six months apart displays some
similarity and is generally characterized by an insignificant difference between spring and autumn, it is
only with difficulty that the development of some individual bars can be followed between consecutive
surveys. This thus precludes the following of individual bars to investigate their migration direction
and rate.

Figure 6 shows the temporal variability of the morphometric parameters in the entire study site.
The number of bars (i.e., total detected features) and their characteristics display some variations over
the monitoring period. A low number of bars (<55) was detected from 13A to 14S, and 18A, while it
exceeded 90 bars in 15A and 16S. The height and width pattern of the bars generally fluctuated similarly
over time with a maximum in 16A, while low values were recorded in 15A and 17A. Changes in height
and width were in the order of 0.2 and 19, m respectively. A maximum difference was 0.9 m high and
24 m wide. Regarding the bar volume, the largest intertidal bars were observed in 18 A with a mean of
18 m®/m, and they were two times lower in 14A. However, volumetric changes between consecutive
surveys was in general relatively low (3 m?/m). The bar orientation parallel to the coast and positive
symmetry stayed relatively constant over time. These results suggest that some seasonal variability
in bar dimensions and shape occurs between S and A, but no long-term trend in bar morphology
is obvious.
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Figure 5. Maps of bar crest positions extracted from the seasonal LiDAR survey dataset from 2013 to
2019. Note: aerial image background is fixed taken in 2015.
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Figure 6. Variability in bar morphometry: bar number detected over the study site, crest height (m),
width (m), seaward slope (°), symmetry (dimensionless), orientation (° relative to North), volume (m3/m).
Solid lines represent the average and grey envelopes indicate the +/— one standard deviation.

4.2. Bar Location and Distribution

To explore the cross-shore variation in the bar morphology, the detected features were grouped
on the basis of their crest elevation relative to TAW in 0.4 m wide classes. For each crest elevation
class, the number of bars was analyzed. The bar height was also plotted versus the bar crest elevation
to assess whether the bar crest elevation varies systematically across the intertidal beach. The bars
are consistently present across the intertidal beach with a limited number above MHWN (Figure 7).
However, the largest concentration occurs around the MSL level suggesting that bar development is
the greatest at the mid-tide position. Also, a cluster of a large number of bars takes place around 3.4 to
4.2 m TAW.

100 } —

80 I mm—

Number

40 -1

20 : 1
0 L L L L | L L L 1l L N
4 5

1 2 3
Bar crest elevation (m TAW)

Figure 7. Frequency distribution of bar crest elevation. The number corresponds to the total detected
bars of all the surveys (n = 861, total number). The vertical dashed lines correspond to the tidal levels.

The mutual correlations between morphometric parameters characterizing the bar morphology are
presented in Figure 8. The mean height of the bar was 1.8 m on the upper-intertidal beach above MHWS
level and considerably less (0.2 m) on the lower part of the intertidal zone below MLWN level. It appears
that there is a relatively diffuse and linear increase in the bar height trend toward the land (R? = 0.57).
Another positive correlation is found between the bar elevation and the seaward slope (R? = 0.47),
so that the inner bars located on the upper-intertidal beach are more likely to have a steeper seaward
face. Indeed, the seaward slope of the bar depends on both the bar height as well as width in a such way
that steep slopes tend to occur on high bars and/or narrow bars. Noteworthy, this relationship is also
affected by the beach gradient since the upper-part is usually steeper with a concave shape (Figure 1C).
Additionally, the symmetry of the features decreases toward the land, suggesting that the inner bars
are more likely to be asymmetric and landward-skewed than the bars located on the lower part of
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the intertidal zone. As previously observed, the orientation of the bars across the beach is relatively
constant and aligned with the coastline (63% of the time between 60° to 70° to N). Weak correlations are
found between the bar crest elevation and width, or volume, suggesting the most pronounced features
do not occur systematically on the upper-intertidal beach.

R?=0.001

Height

R2=0.47 o S 0.8 R2=0.17
d~7°

R?=0.06

Orientation

20 0

3
Bar crest elevation (m TAW) Bar crest elevation (m TAW)

Figure 8. Correlations between morphometric parameters characterizing the bar morphology.
The vertical dashed lines correspond to the tidal levels. (p < 0.05).

4.3. Cross-Shore Bar Variability

Cross-shore beach profiles extracted from all the bi-annual DSMs and maximum morphological
change are presented in Figure 9. It confirms that most of the bars are located between MHWN
and MLWN. The most pronounced bars are on either side of the MSL. Also, the results highlight
an irregular saw-tooth pattern of beach profile variations generally characterized by high variability.
The most significant net morphological change occurs just above MSL and remarkably also above
MHWN. It contrasts with the low net change above MHWS. Net change reaches 1 m between A and S,
while it was only relatively moderate between S and A (<0.77 m). This largest morphological variation
is directly related to the storm observed from 15A to 16S.

7 - B

|
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Elevation (m TAW)
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Elevation (m TAW)

W0 %0 400 480 50 % o1 02 03 o4 06 o7 o8

250 (T3
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Figure 9. (A) Beach profiles for all the surveys from 135 to 19A, and (B) cross-shore distribution of
maximum net morphological change from spring to autumn (black dots) and from autumn to spring
(grey dots) for the entire profile dataset. The horizontal dashed lines correspond to the tidal levels.
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5. Discussion

This study has investigated, for the first time, the intertidal bar morphodynamics on a macro-tidal
beach using bi-annual LiDAR surveys covering seven years from 2013 to 2019. It emphasizes the utility
of a LiDAR dataset as a source of information for high-resolution coastal morphological evolution
from a seasonal to an annual scale. The analyses conducted from these dataset have provided further
insights on the temporal and spatial variability of bar morphology.

5.1. Temporal and Spatial Variability in Bar Morphology

Intertidal bars appear to be permanent features of the intertidal beach at Groenendijk over the
monitoring period of seven years. The bar system is also permanent on other sandy coasts bordering
the North Sea, English Channel, and other coasts (e.g., [1,2]). Additionally, the semi-permanent nature
of the bar system found in other studies (e.g., [6,7]) was accompanied with the flattening or local
destruction of individual bars under high energy conditions. Nevertheless, the complete destruction
of intertidal bars has never been observed anywhere. At Groenendijk, the bars were also observed
on aerial photographs and field measurements back to the 1950s [16,17] and annually from 1990 to
the present [13,18]. This is evidence that bars are permanent features of the intertidal beach along
Groenendijk and not only on a time scale of years but decades.

Although the results of the detected bars indicate some seasonal variability between S and A,
a systematic intra-annual variation is not observed. In that respect, the seasonal variability of the
intertidal bars at Groenendijk is different from previous studies on macro-tidal beaches [2,7,19],
where more and well-developed bars were generally present in summer than in winter. Ref. [7] reported
that bar build-up and onshore migration occurred in summer, while bar destruction and lower migration
rates were observed in winter. In our study, the bars are very active over the course of six months. Thus,
the configuration of the bars was very dynamic with high mobility, which precluded the monitoring of
the individual bars from season to season. The low coherence in bar configuration between consecutive
surveys may be the result of important cross-shore and longshore bar migration rates and/or large
re-arrangement of the bar properties as a whole system. For instance, the genesis of a new bar,
the cross-shore migration of bars, filling of troughs, or the development of new tidal drainage channels
could occur. Additionally, the degree of morphometric changes was rather similar from season to season
(Figure 6), suggesting that the development of the bars is unlikely influenced by the long-term beach
accretion. However, this might be controlled by the subtidal sandbank playing a role in wave dissipation
as reported by [20]. Therefore, it may be concluded that the morphology of the multiple intertidal bar
system as an entity is a permanent characteristic of the sandy beach at Groenendijk, however individual
features are not permanent (i.e., static) but on the contrary experience a dynamic equilibrium [1].

Examinations of marine conditions were characterized by a seasonal variability with more storm
events and higher waves in autumn to spring. The most energetic periods occurred in 135-13A,
16A-17S, and 17A-18S when three storm events were reported. The first period corresponding to the
extreme 2013/2014 winter storms in north-western Europe [21] and the second one in 16A-17S were
related to a distinct reduction of bar height and width (Figure 5). In contrast, 17A-18S did not clearly
induce a decrease in bar morphology. In general, low volumetric changes occurred, suggesting some
local re-adjustment and sediment distribution. Notably, LIDAR data provides a snapshot of the beach
morphology at one specific moment, and usually not just after a storm. This might hide a distinct
relationship between bar morphology and external forcings since a post-storm recovery could have
taken place. Periods of calm conditions in 13A-14S, 155-15A, and 185-18A were associated with an
increase in the height and width of the bars. Nonetheless, a weak relationship is observed between the
other calm periods in 155-15A and 175-17A and bar morphology change. Furthermore, the degree
of coherence between hydrodynamic forcings and bar morphological response may be reduced by
feedback-dominated processes (i.e., in the case of a self-organizational system). As pointed out by [11],
bar behavior can only partly be explained by forcing factors and additional understanding of the role
of reaction, relaxation time, and morphological feedback is required.
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5.2. Tidal Level and Bar Morphology

The bars detected from the LIDAR dataset resulted in an extended insight into the spatial properties
of bar morphology along the Groenendijk beach. They are parallel to the coastline and have an average
height and width of 1.1 and 82 m, respectively. Our observations are congruent with previous studies
reported in the literature [1,2,7]. Results of the cross-shore variation in the morphometric parameters of
the intertidal bars demonstrate that they are rather evenly distributed across the intertidal beach with
a peak of occurrence just above MSL. This is in accordance with previous studies [2,7,22] reporting that
bars occurred most frequently between MLWN and MHWN levels. Additionally, the highest bars occur
on the upper-intertidal beach, while a decrease in height is observed in the seaward direction (Figure 8).
This contrasts with [19] who argued that the height of the intertidal bars increases seaward. Additional
observations of the seaward decrease in bar height were made by [4,23]. The other relationships found
between the morphometric bar parameters are: (1) the seaward slope of the bar is positively correlated
to the bar elevation which partly depends on the bar shape as well as the overall slope of the intertidal
beach; (2) inner bars tend to be asymmetric and skewed landward probably reflecting wave swash and
surfing processes [8]; (3) the highest bars do not occur systematically on the upper-intertidal beach.
The profile mobility pattern highlights a high net morphological change/variability of bars and in
particular between MSL and MHWN while they are less active on the uppermost part of the intertidal
beach. [4] reported that bars build up and become immobile between MHWN and MHWS as a result
of large high-tide waves and low tidal translation, respectively. In addition, the net morphological
changes for the profiles was high, reaching 1 m cross-shore after half a year (0.17 m/month) bar
mobility. Recently, ref. [18] have found that the dissimilitude between elevations measured at the same
position on a profile at Groenendijk was about 25% and 90% for measurements separated by a time
lag of one month and three years, respectively. Thus, the profile elevations become uncorrelated for
a time lag exceeding a few years. In addition, the authors have reported that the rapid increase of
the dissimilitude between elevations over time is in agreement with the absence of observations of
bars and troughs on the average profiles determined over a 19-year period. This would suggest the
stochastic nature of the processes driving bar dynamics through time.

The mechanisms involved in the development of the intertidal bars are beyond the scope of this
paper, however, previous studies have suggested that they originate through surf processes [2,9].
Tidal translation rates govern locally the duration of these processes but their efficiencies are controlled
by the duration and also wave energy, which varies with tide-modulated water depths over the tidal
cycle. Formation, behavior, evolution, and destabilization of multiple intertidal bars are still enigmatic.
Thus, additional knowledge on the role of forcings, relaxation time, and feedback dominated response
of bar morphology is required. Improving the understanding of the development of intertidal bar
systems is crucial for coastal management since the evolution of the bars is a key factor governing
beach state and sediment transport in the intertidal zone. Associating a longer LiDAR time series with
short topographic and hydrodynamic monitoring would help to enhance our understanding of the
morphodynamics of the intertidal bar system and its control on beach state and sediment transport.

6. Conclusions

This study has investigated, for the first time, the morphodynamics of multiple intertidal bars
using bi-annual airborne LiDAR surveys covering seven years. The high-resolution and quality of the
LiDAR dataset have allowed for the accurat detection and assessment of intertidal bars on a macro-tidal
beach at Groenendijk. The results provide new insights into the characteristics and dynamics of an
intertidal bar system on the time scale of seasons to years. The observations show that a morphology
of an intertidal bar is permanently on the beach. Nonetheless, individual features are very dynamic
and mobile between surveys every half-year. Therefore, this may result in important cross-shore and
longshore bar migration rates and/or a large re-arrangement of the bar properties as a whole system.

The bars are usually parallel to the coast and rather evenly distributed across the intertidal beach
with a reduced number above the MHWN level. The largest concentration of these features occurs
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around the MSL level, thus suggesting that bar development is the greatest at the mid-tide position.
On average, the height and width of the bars were 1.1 and 82 m, respectively. The correlation analyses
between the morphometric parameters of the bar morphology indicate that the inner bars on the
upper-intertidal beach are characterized by a higher amplitude, a steeper seaward slope, and a more
asymmetrical shape than the least developed bars in the lower intertidal zone. In addition, the profile
mobility pattern highlights a high net morphological change of bars up to 1 m and in particular between
MSL and MHWN while they are less active on the uppermost part of the intertidal beach.

The seasonal variability of the bar morphology is moderately related to the seasonally driven
changes in hydrodynamic forcings. However, such a relationship may be hidden by the complex
combination of a forcing-, relaxation time-, and feedback-dominated response. This work based
on bi-annual LiDAR surveys emphasizes the potential and utility of LIDAR datasets as a source of
information for a high-resolution morphological study of intertidal bar systems but also other systems
operating on similar temporal and spatial scales.
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