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ABSTRACT

Coastal zones are highly dynamic, and their topography is subject to constant deformation. These
deformations are governed by sediment transports that are forced by environmental conditions of
waves, tides and wind which result in topographic changes at various spatial and temporal scales. In
the view of climate change and intensification of extreme weather events, it is important for coastal
management to monitor the deformation and coastal topography with high accuracy. To demonstrate
a novel way of deriving these deformations and of analyzing the underlying processes, we use
permanent laser scanning (PLS) to monitor part of the typical urban coastal beach in Noordwijk, The
Netherlands. A laser scanner permanently installed on a hotel building acquired one 3D point cloud of
the sandy beach and dunes every hour, continuously, for a duration of two years. The resulting spatio-
temporal data set consists of ~ 15 000 point clouds and contains the evolution of a section of the coast
of ~ 1 km length at great detail. The elevation changes are observed at centimeter level, allowing to
monitor even small scale and slow processes. However, this information is not readily available from
the extensive data set. By deriving digital elevation models (DEMs) from each point cloud and
collecting elevation data as time series per spatial grid cell, we structure the data in an efficient way.
We use the DEMs to estimate two parameters describing the coastal deformation, beach width and
intertidal width. We also extract the shoreline at low and high tide for a part of the data set and
estimate beach width and intertidal width from them. We find that heavy storms influence the
location of the shoreline and the intertidal width in particular. Ultimately, the estimated beach width
and intertidal width at high temporal frequency (monthly) and with high spatial accuracy (meters)
helps coastal management to improve the understanding of coastal deformation processes.

I. INTRODUCTION measurements (small scale, local, low temporal
frequency/incidental). In the middle of this spectrum

lays permanent laser scanning (PLS). PLS makes use of a

Sandy coasts are very dynamic areas, undergoing  permanently installed programmable laser scanner to
constant topographic changes. Observation of specific  ghserve small-scale changes (theoretically up to cm
topographic deformations in these areas are of great  (ange) at high temporal frequency (up to hourly). The
importance for coastal maintenance and research. The  changes in CSis discussed in this article are in the range
long-term development of the coast is closely followed  of several decimetres to meter due to lower point

by the establishment and analysis of so-called coastal spacing at the edges of the point clouds and high
state indicators (CSI). Examples are the width of the \3jabjlity of the shoreline due to waves.

beach and dune volume (Davi.dson et al.,, 2007; Van The resulting data set contains a large number of
Koningsveld et al., 2005). The importance to quantify  cgnsecutive point clouds and thus provides a 3D
beach width and derive optimal/acceptable values for  rapresentation of a section of the coast and its
coastal management was stressed by (Tucker et al.,  ayolution over time. This source of information on

2019). Also, the long-term development of beach width  geformations and processes is comprehensive, but the
has been related to dune evolution (Galiforni Silva et al., analysis of CSls is not immediate. The subject of this

A. Background

2019)- ' research is to make information on the evolution of the
Different types of data are used to quantify these  (,ast from PLS data accessible in the form of coastal
CSls. Observations range from satellite data (large scale,  gtate indicators.

medium to high temporal frequency) to in-situ
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B. Research Questions

In this work we are analysing the possibilities to
estimate two coastal state indicators that give
indications on the development of a sandy beach with
permanent laser scanning, by answering the following
research questions:

1. How can the width of the beach be detected
automatically from laser scanning point clouds?

2. How can we detect the separation between dry
beach and intertidal area?

3. How do extreme weather conditions influence
these parameters?

To answer these questions, we derive digital

elevation models, estimate the extent of the point
clouds and locate the approximate shoreline at high
tide and low tide per month.

C. Related Work

Beach width is mentioned by (Van Koningsveld et al.,
2005) as a coastal state indicator, relevant for coastal
management as recreational factor as well as for
disaster prevention. Optimal values for recreational use
were derived by (Tucker et al., 2019). Definition of
coastal state indicators and the observation of the coast
with regular imaging from fixed positions have been
studied for example by (Davidson et al., 2007).
Additional studies deriving coastal state indicators for
the Dutch coast have been presented by (Giardino et
al., 2014) and (Jimenez et al., 2007). The latter derived
automatic methods to estimate beach visitor
distribution from video images of the beach. Also, CSls
are an important tool for the Dutch Ministry of
Infrastructure and Water Management to make
decisions about coastal management, for example
about the necessity and quantity of beach
nourishments.

A long-term study on monitoring the position of the
shoreline with the help of laser scanning data was
performed by (Caudle et al., 2019) for a part of the
Texan coast in the US over a period of 13 years. (Castelle
et al., 2021) presented a method to monitor the long-
term development of the shoreline on a part of the
French coast from satellite data. Next to satellite image
data they made use of wave and tide hindcast data to
limit the considerable uncertainty that resulted from
large tidal ranges and relatively low-resolution satellite
images. Beach width is estimated from yearly JARKUS
data by (Keijsers et al., 2014) and related to dune
development by (Galiforni Silva et al., 2019). The study
of (Van lJsendoorn et al. 2021) makes use of JARKUS
data to quantify dune growth and relates it to sea level
rise.

A study of the set-up of a permanent laser scanner
with the same equipment as used for this research was
presented by (Vos et al., 2022). The resulting data set
has subsequently been analysed to detect 4D objects of
change (Anders et al., 2020), and change pattern with
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the help of k-means clustering (Kuschnerus et al., 2021).
The latter resulted in a separation between a cluster
dominated by erosion in the intertidal area and a
relatively stable cluster on the dry part of the beach.

D. Data Set

The data set used for this research is a selection of 3D
point clouds out of an hourly data set covering two
years of permanent laser scanning. The data set is
acquired with a RieglVZ-2000 laser scanner mounted on
the balcony of Grand Hotel Huis ter Duin in Noordwijk,
The Netherlands. It is overlooking a section of the coast,
including an about 1km long part of dunes and beach.
The coast consists of dunes and a sandy beach that is
varying in size (width and height) depending on tides,
wave heights and weather conditions and human
(maintenance) activities.

Our study covers the period of 1 January 2020 until
end of April 2020. This period includes three major
storms, on 9/10 February, 17/18 February, and 22/23
February 2020.

Each point of the point cloud is represented by 3D
coordinates (x,y,z-coordinates). For each point cloud
the respective inclination angles (pitch and roll) of the
laser scanner at the time are recorded by the internal
inclination sensors of the laser scanner. These angles
are used to correct each point cloud for small deviations
due to changes in the tilt and orientation of the laser
scanner.

We make use of tide data consisting of hourly
measured water levels above NAP, collected and
distributed by the Dutch Ministry of Infrastructure and
Water Management (Rijkswaterstaat, 2022) at
Scheveningen, a coastal city about 20 km south of
Noordwijk.

The methods are presented in three parts. First, we
explain the pre-processing steps that we take to
prepare the data set, then we present two different
methods to derive the beach width and the width of the
intertidal area.

METHODS

A. Pre-processing

In a first step we loop through each point cloud of the
four-months data set, get the inclination values and
align the data with a simple rotation matrix based on
the pitch and roll values per scan. Then we remove all
points with z-coordinates larger than 20 m and x-
coordinates larger than -100 m, as they are not part of
the beach. Of this reduced point cloud, we generate a
digital elevation model (DEM) with 1 m x 1 m regular
grid parallel to the coastline taking the mean elevation
of all grid cells that contain at least one point (for an
overview see Figure 1).
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Figure 1. Schematic of pre-processing steps from raw data
to DEM applied to each individual point cloud.

B. Estimating Beach Width and Intertidal Width
directly from DEMs

The waterfront is roughly perpendicular to the 0°-
scan-line (see Figure 2). Further, we assume that the
dune foot is constant throughout our observation
period at an x-coordinate of about -145 m in the local
coordinate system of the laser scanner (see Figure 2).
The exact location of the border between the dunes and
the beach is not covered by our data set, due to the
dunes blocking the sight of the dune foot.
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Figure 2. Point cloud of beach and dunes in Noordwijk on
01-01-2020 at 15:00, coloured with elevation. The estimated
width of the beach and width of the intertidal area are
shown as an example.
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We define the sandy beach as the part of the beach
that is more than 145 m (approximate location of the
dune foot) away from the laser scanner, which means,
all points of the point clouds with x-coordinate smaller
than -145. The observed part of the beach is limited by
the range of the laser scanner, and we discard areas
with very low point density. We consider the area
within 450 m along shore to the North and South of the
laser scanner (ie., all points with y-coordinate:
- 450 <=y <=450). The dry part of the beach is the sandy
beach that is never covered by high tides and therefore
mostly dry, unless it is raining. The width of the beach is
the distance in x-direction between the dune foot
(estimated to be at -145 m in local scanner coordinate
system) and the point on the beach with the lowest x-
coordinate at the lowest water level during one day.
This means that the beach width is determined only by
the variability of the water height. The most seawards
border between the water and the sandy beach at that
time is the shoreline at low tide.

The shoreline at high tide is the line between water
and sandy beach at the highest water level per day. The
area between the low tide shoreline and the high tide
shoreline is what we call the intertidal area in this
article. The width of the intertidal area is the across
shore distance between the highest point of the high
tide shoreline and the lowest point of the low tide
shoreline (see Figure 2 for an illustration).

To estimate the width of the beach and the width of
the intertidal area, as well as the approximate location
of the high tide shoreline, we remove all columns of the
DEM with less than ten non-empty grid cells. Then we
extract the lowest x-coordinate from each generated
DEM. We save this minimal x-coordinate per DEM and
find the smallest minimal x-coordinate and the largest
minimal x-coordinate per day and save the times at
which they occurred. This provides an estimate of the
times of low and high tide.

By subtracting the smallest minimal x-coordinate
from the location of the dune foot, we get the
estimated beach width for that day. Deriving the
difference between this value and the largest minimal
x-coordinate per day we get an estimated width of the
intertidal area. Both estimated widths are in meters
resolution because of the size of the grid cells of the
DEM.

To filter the results for the most reliable values, we
check if the estimated smallest beach width per day and
largest beach width per day match the actual low and
high tides. We compare the times that the respective
point clouds were taken with the tide data from
(Rijkswaterstaat, 2022). If these times roughly match,
i.e. agree within a threshold of two hours, we assume
that the estimated beach width is close to the actual
width of the beach at the lowest water level on that
day. If the times disagree, we discard the beach width
for that day. Subsequently we use the remaining points
to calculate the average width of the beach and average
width of the intertidal area per month.
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C. Estimating Shoreline at High and Low Tide

As an alternative method we use the data from
Rijkswaterstaat to select the point cloud that resulted
from a scan closest to the time of highest tide and
lowest tide per day. From this selection of point clouds,
we generate DEMs as described above and get the
location of the shoreline as the grid cells that are at the
border of the DEM in x-direction. This provides two
shorelines per day, one at high tide and one at low tide.
Each shoreline is then filtered for extreme outliers.

We collect all shorelines at high tide for one month
and take the most landwards point for each alongshore
position to derive the high tide shoreline of that month.
From all shorelines at low tide, we use the most
seaward point for each alongshore location to derive
the low tide shoreline of that month. Then we fit a
second-degree polynomial to both of these shorelines
and estimate the beach width and the width of the
intertidal area per month from the extremum of the
fitted curves.

[ll. RESULTS

The results are presented in three parts. We first
analyse the estimated width of the beach and the
intertidal area from the direct method. Then we
present the results of the estimation of the shorelines
and subsequently we compare both methods over the
entire period of January to April 2020.

A. Estimation of Beach Width

The beach width was estimated for January and
February 2020 as described above and is shown in
Figure 3. The beach width is varying between 150 m and
250 m and the width of the intertidal area between 50
m and 180 m for most days. The estimated times of high
tide and low tide match the times from the tide data of
Rijkswaterstaat on 24 days in a two-months period. This
indicates that our method to find the point cloud with
the largest extend of the beach is not optimal, and most
likely misrepresents the estimated widths in 60 % of the
cases. It can be seen clearly that the width of beach and
intertidal area both vary more in February than in
January.

There are many factors that influence the extend of a
point cloud next to the actual water height. Weather
conditions such as heavy rain and low visibility due to
fog can reduce the size of the visible part of the beach.
Figure 4 shows a point cloud at high tide during a storm
in February 2020, we can see the large number of points
resulting from reflections of the high waves.

To further investigate reasons for inaccurate beach
width estimations, we plot all the high tide shorelines
and all the low tide shorelines for January 2020 as
shown in Figures 5 and 6. It can be seen clearly in
Figure 5 that reflections from high waves especially
during high tides are mistaken for parts of the beach,
disturbing the estimated low tide shoreline.
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Figure 3. Width of the beach and the intertidal area
estimated from the largest and smallest point clouds per
day. The estimates where both high tide and low tide
matches the time of the tide data from Rijkswaterstaat are
marked with a diamond.
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Figure 4. Point cloud at high tide on 10-02-2020 during a
heavy storm. A large part of the beach is covered with water.
Reflection of the waves can clearly be seen.
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Figure 5. All estimated shorelines at high tide in January
2020 with the minimum of all lines marked in red. The
outliers due to high waves are circled yellow.

In Figure 6 we clearly see the effects of the lower
point density with increasing range around 400 m. This
leads to an artificial border of the point cloud that is
mistaken as part of the low tide shoreline.

high tide January 2020

-150

-200

-250

sea

-300

acrossshore distance (m)

=350

-300 -200 -100 0 100

alongshore distance (m)

Figure 6. All estimated shorelines at low tide in January
2020 with the minimum of all lines marked in red. The areas
circled in yellow show the effect of reduced point density in

the point cloud around 400 m range.
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B. Comparison

We fit a curve (2" degree polynomial) through the
high and low tide shorelines and use the local minimum
of this curve to derive an alternative estimate for the
monthly beach and intertidal width. These are shown
for January and February 2020 in Figures 7 and 8.
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Figure 7. Curve (in purple) fitted through minimal low tide

shoreline and maximal high tide shoreline for the estimation
of beach width and intertidal width in January 2020.
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Figure 8. Curve (in purple) fitted through minimal low tide
shoreline and maximal high tide shoreline for the estimation
of beach width and intertidal width in February 2020.
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From the estimated width as presented in
Section Il A, the average beach width in January 2020
is 173 m and the estimated width of the intertidal area
is 92 m. From the high and low tide shorelines shown in
Figure 7 we estimate the total beach width for January
2020 around 179 m and the width of the intertidal area
119 m.

For February 2020 we estimated an average beach
width of 191 m, considerably larger than in January and
an intertidal width of 99 m. With the high and low tide
shorelines as shown in Figure 8 we derive a beach width
of 180 m and an intertidal width of 137 m. We can
clearly see the effect of the extreme weather here. If we
take the extend of all the shorelines as an indication for
the uncertainty of the monthly shoreline, there is a
much higher uncertainty in February than in January.
Both high and low tide shoreline are varying much more
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and cannot be distinguished as easily from their
location on the beach alone.

As shown in Table 1, the width estimated by both
methods do not match for every month. Note that the
width of the intertidal area is considerably smaller in
March and April than in January and February, which we
attribute to the extreme stormy weather conditions,
especially in February.

Table 1. Table with estimated beach width and intertidal
width from two different methods

Month Width estimated | Width estimated
directly from from high and low
point clouds [m] tide shorelines

Beach | Intertidal | Beach | Intertidal
January 2020 | 173 92 179 119
February 2020 | 191 99 180 137
March 2020 190 103 196 141
April 2020 197 97 191 116

IV. DISCUSSION

We present two different methods to estimate the
width of the beach directly form DEMs from point
clouds from PLS, by evaluating the maximal width of
smallest and largest point cloud per day as well as by
extracting the location of the high and low tide
shoreline and comparing these.

Both methods have their draw backs. They often
mistake reflections from high waves, especially at high
tide, as parts of the beach leading to overestimated
width, or unrealistic peaks in the high and low tide
shorelines. Additionally, weather conditions like dense
fog or heavy rain, limit the extend of the point clouds
and therefore lead to erroneous estimations. Overall,
the method of first estimating high and low tide
shorelines appears more reliable than the ‘direct’
method. Additional smoothing/filtering applied to the
high and low tide shorelines could even further improve
the results. Further, filtering the lines with too many
outliers will lead to additional improvement.

Another way to validate our estimations of beach
width, is the comparison with estimations from camera
images. This validation is part of the ongoing research
and will be presented in future publications.

The z-coordinate or elevation of the minimal x-
coordinate and the entire high and low tide shorelines
has not been considered for this research. Including this
additional information, could potentially improve the
beach width estimation, as well as deliver more insights
into the coastal change detection. The estimation of
beach runup due to waves and wind setup is another
open question to be considered during future analysis
of the PLS data set.

As presented by (Kuschnerus et al., 2021) a clustering
approach was used on the time series derived from
daily point clouds for a similar dataset of the coast in
Kijkduin, The Netherlands. This method was applied
here as well, as an example for the month of January
(see Figure 9). The resulting clusters can be used to find
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the border between eroding and accreting areas, which
roughly corresponds with the location of the high water
line. Therefore, this method, with some more
refinement can potentially provide another alternative
to derive the beach and intertidal width and compare
with the methods presented here.
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Figure 9. k-means clustering for January 2020. A: Mean
time series per cluster, with peak in clusters 3 and 4, caused
by tents. B: Point cloud with tents. C: Point cloud coloured by

cluster with estimated border between dry beach and
intertidal area shown as dashed line in red.

V. CONCLUSION

This research presents the estimation of two CSls:
beach width and intertidal width from PLS data, to
quantify the deformation of a typical coastal beach in
The Netherlands. We derived two methods to estimate
both CSls from DEMs of the 4D point cloud data set.
High waves and other extreme weather conditions, like
fog and heavy rain lead to inexact estimations of both
beach width and intertidal width. However, when
considering the results for the entire month, we obtain
valid estimates varying between 173 m and 197 m
(beach width) and between 92 m and 141 m (intertidal
width). The heavy storms in February influence the
uncertainty of the estimation and render it less reliable.
Future research will include the estimation of wave
runup and make use of the elevation of the shorelines
to improve the estimates for beach width and intertidal
width, as well as the entire coastal deformation. A
possible extension of this research is the inclusion of the
clustering of time series from PLS data. Ultimately, the
quantification of CSls from PLS data at high temporal
frequency (monthly) and with high spatial accuracy
(meters) will improve understanding of coastal
deformation and support coastal management.
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