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Field measurements of very oblique wave run-up and over-

topping with laser scanners

Patrick Oosterlo1, Bas Hofland2, Jentsje W. van der Meer3, Maarten Overduin4, and Gosse Jan Steendam5

Abstract

This paper presents the first field measurements with an innov-
ative laser scanner system, during a severe winter storm. The goal
of this paper is to validate this system for measuring wave run-up
and wave overtopping parameters during storms with very oblique
wave attack. To this end, the paper describes the analysis of the
data obtained during storm Ciara (10 - 12 February 2020) and
validates the results with data from overtopping tanks and video
recordings. Storm Ciara was a highly unique and complex storm,
with offshore-directed wind and alongshore-directed waves at the
dike. This posed large challenges for measuring the front velocities.

The wave run-up heights and the overtopping discharges could
be measured accurately with the laser scanners. Reasonable results
were achieved for the run-up depths. This has led to several new
insights into the probability distribution of oblique wave run-up
and the run-up depths of up-rushing oblique waves. The 2D front
velocities that were derived from laser data deviated more from
a commonly used equation. The wave angle of incidence could
not be determined as accurately for storm Ciara, as in previous
calibration tests and numerical simulations with less oblique wave
attack. This arose from the very oblique wave attack during storm
Ciara.

Keywords

Laser scanner, LIDAR, field measurements, oblique wave attack,
wave run-up, wave overtopping, dike

1 Introduction

Wave run-up and wave overtopping measurements in the field are
scarce, since they are very difficult to perform. Wave run-up is typ-
ically measured in the field using step gauges (e.g. Wenneker et al.,
2016). Other techniques, such as stereo-photogrammetry (e.g. De
Vries et al., 2011), ultrasonic altimeters (e.g. Matias et al., 2014)
and video recordings (e.g. Vousdoukas et al., 2012) have also been
used. More recent studies (e.g. Brodie et al., 2012; Vousdoukas
et al., 2014) used terrestrial laser scanners (LIDARs) to measure
the wave run-up in the field as well. Wave overtopping measure-
ments in the field are performed even less. Recently, a 3D mesh of
capacitance wires was used in an attempt to measure wave over-
topping in the field (Pullen et al., 2019).
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However, typically wave overtopping measurements in the field are performed using overtopping tanks (e.g.
De Rouck et al., 2009; Van der Meer et al., 2019; Wenneker et al., 2016). This is a robust method to measure
wave overtopping, but fixed at each location and at a fixed elevation.

Oosterlo et al. (2019, 2021) developed an alternative innovative and more flexible solution, using two terrestrial
laser scanners. They showed that the system can measure the run-up heights, run-up depths (flow depths, layer
thicknesses) and front velocities of up-rushing waves on a dike in field situations with oblique wave attack. From
these measurements, also the virtual wave overtopping can be calculated at any height level. Furthermore, an
estimate of the (peak) wave period and angle of incidence can be obtained from the data. Determining these
two parameters from the run-up signals could alleviate the need for additional measurements offshore. Another
advantage of the system is that more insight is gained into certain parameters than with the conventional
measurement techniques, e.g. into the depths and velocities, which are measured with high resolution. Since
the system is mobile, it can be used to measure at several dike locations by moving the system every few years.
The present paper builds on the system calibration of Oosterlo et al. (2019, 2021).

An extensive field measurement project is being performed in the Eems-Dollard estuary in the north of the
Netherlands for a period of 12 years. The measurements started in 2018, measuring wind, water levels, waves,
wave run-up and overtopping. The estuary consists of deep channels and shallow tidal flats and is part of the
Wadden Sea, a shallow shelf sea (see the left panel of Figure 1). A particular aspect for this area is that the
dike design conditions consist of very obliquely incident waves, up to 80◦ relative to the dike normal. As the
reliability of the models as used for the Dutch dike safety assessment has not been sufficiently validated for
such conditions, the aim of the measurements is twofold. First, to understand the processes yielding nearshore
wave conditions better, ultimately leading to improved numerical prediction models. Second, to understand the
processes related to oblique wave run-up and overtopping better, leading to improved prediction methods. In
the project, the wave overtopping discharge is measured with four wave overtopping tanks built into dikes at
two locations.

(a) Eems-Dollard estuary, area of interest. (b) Measurement location.

Figure 1: Left: The Eems-Dollard estuary in the Netherlands, area of interest of the field measurement
project. Laser scanner system location indicated by white dot. Wind direction during storm Ciara indicated
with the arrow. Satellite image: ©2021 GeoBasis-DE/BKG, ©2021 Google. Data: SIO, NOAA, U.S. Navy,
NGA, GEBCO. Right: Drone overview of measurement location, with the laser scanner pole (left), the
approximate laser scan line locations (blue and red dashed lines), the painted grid on the slope, and two of the
overtopping tanks (right).

The laser scanner system of Oosterlo et al. (2019, 2021) has been updated and upgraded, and is now placed
next to two of the overtopping tanks on the dike in the Eems-Dollard estuary, to measure during actual severe
winter storms. Previous research measuring wave run-up in the field using laser scanners often used only one
laser scanner with a low temporal resolution. To the best of the authors’ knowledge, this is the first time that
a system using two laser scanners is used to measure these directional parameters in the field, with a high
resolution, and during an actual storm with very oblique wave attack.
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The goal of this paper is to validate this innovative system for measuring wave run-up and wave overtopping
parameters during an actual severe winter storm with very oblique wave attack. To this end, the present paper
describes the analysis of the data obtained during storm Ciara (10 - 12 February 2020) and validation with
data from the overtopping tanks and video recordings. Furthermore, the paper compares the data as gathered
during storm Ciara to the current knowledge on wave overtopping, to gain new insights in the influence of very
oblique wave attack on wave overtopping.

The outline of this paper is as follows. First, the set-up of the new system is described briefly. After that,
section 3 gives a short description of the measured storm. The next section describes the methods, split into
the system calibration, the data processing and the data analysis. This is followed by the results and validation
of the measured parameters in section 5. The final section gives the conclusions and presents an outlook on the
next steps in this research program.

2 System set-up

Oosterlo et al. (2019, 2021) described the first version of the laser scanner system. Recently, an updated
version of the system was developed, now using a retractable vertical pole in a cabinet instead of a tripod
perpendicular to the dike slope. In October 2019, the new system was placed on the dike at Uithuizerwad in
the Eems-Dollard estuary, next to two of the overtopping tanks. See the right panel of Figure 1 and Figure 2
for an overview of the measurement location and the system set-up. The retractable pole and cabinet make the
system easier to place, set-up and relocate. The waterproof cabinet also contains all the auxiliary devices for the
connection of the instruments and the data storage. The present system uses two SICK LMS511pro HR laser
scanners, cost-efficient laser scanners with a near-infrared (905 nm) laser beam, which is the newest version of
a commonly used laser scanner in previous research (e.g. in Hofland et al., 2015; Streicher et al., 2013). Also,
a camera with a framerate of 50 fps is attached to the pole, to further validate the run-up heights and front
velocities, see the right panel of Figure 2. Furthermore, an accelerometer is attached to the upper laser scanner,
to be able to correlate possible outliers with vibrations of the system. The laser scanners measure both the
distance R [m] to a surface and the reflected signal intensity RSSI [-] (Received Signal Strength Indicator, a
dimensionless value between 0 and 255), which provides information on the type of surface. The scanners have
a sampling frequency of 50 Hz, an angular resolution of 0.333◦, are synchronised, and detect the last out of five
echoes, to reduce the influence of e.g. rain on the data, see Oosterlo et al. (2019). The two laser scanners each
scan a line parallel to each other, running from the dike toe to the crest (blue and red dashed lines in the right
panel of Figure 1). To aid with the video analysis, a 20 m x 10 m grid with a resolution of 0.5 m by 1 m was
painted on the slope, also refer to the right panel of Figure 1 and the left panel of Figure 2.

The local dike slope consists of concrete blocks up to approximately 2 m+NAP (Normaal Amsterdams Peil,
Dutch ordnance level, roughly corresponding to mean sea level), asphalt from 2 m+NAP until 6.6 m+NAP and
grass from 6.6 m+NAP until approximately 9 m+NAP. The average dike slope at the measurement location is
1:4.5. The cabinet with the laser scanner pole was placed on the asphalt slope at a height of 5 m+NAP. The
laser scanners are located at heights of 5.55 m and 6.04 m above the slope, hence at 10.55 m+NAP and 11.04
m+NAP. The distance between the laser scan lines is 1.97 m, which is the optimal spacing (Oosterlo et al.,
2021). The resulting slant angles (φ1 and φ2 in Figure 7) are 26.0◦ and 37.6◦.

The overtopping tanks are placed inside and flush with the dike slope (see the right panel of Figure 1 and
Figure 3) and collect water through thin openings at elevations of 4.4 m+NAP and 5.3 m+NAP. The tanks are
approximately 0.8 m deep and 1.3 m wide, and have a 4 m-wide opening for entering by overtopping waves.
The collected volume of water in the tanks is monitored by measuring the water level in the tanks by pressure
transducers, and the water can flow out freely through a gate in an outflow channel (Van der Meer et al., 2019).
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(a) Measurement instruments. (b) Zoom of laser scanner system.

Figure 2: Left: New laser scanner system on the dike in the Eems-Dollard estuary, next to the overtopping
tanks, during storm Ciara. The Rijkswaterstaat (wave) measurement pole can be seen in the distance.
Rijkswaterstaat is the Directorate-General for Public Works and Water Management in the Netherlands.
Right: From the bottom to the top, Laser scanner 1, laser scanner 2, video camera.

Figure 3: Excavation of the dike slope and placement of the overtopping tanks inside the dike.
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3 Measurements during storm Ciara

The focus of this paper lies on the measurements performed during storm Ciara. Storm Ciara was an
extratropical cyclone, which hit large parts of northern Europe starting on 7 February 2020. Measurements
were performed from 10-02-2020 to 12-02-2020. Even though the largest wind velocities occurred on 9 February,
the south-southwestern wind direction as present on the 9th did not lead to large water levels or wave heights at
the location of interest. This is due to the orientation of the location of interest (see the left panel of Figure 1).
From 10 to 12 February, the wind direction ranged between west-southwest and west. During these three days,
the maximum measured average wind velocity was 21 m/s, the maximum water level h was 3.03 m+NAP, the
maximum significant wave height Hm0 was 0.97 m and the corresponding wave peak period Tp was 4.35 s, also
see Table 1. Note the unusual ratio of Tp/Tm−1,0. For a JONSWAP spectrum, this ratio is approximately 1.1.
Here, it was approximately 0.9, which indicates a non-standard spectral shape.

The laser scanner system was previously tested for normally and obliquely incident bores (Oosterlo et al.,
2019, 2021). Ciara was the first actual storm that was measured with the system, and immediately tested it to
the extreme. Ciara was a highly unique storm, with offshore-directed wind at the measurement location and
waves that refracted somewhat to the shallow flats in front of the dike to become almost alongshore-directed
waves at the dike, see Figure 4. Thus, Ciara caused highly complex conditions at the measurement location with
very oblique wave attack with angles of incidence of approximately 70◦ and more. This poses large challenges for
measuring and even just defining, e.g. the 2D front velocities and the overtopping volumes and discharges, also
see Figure 5. Furthermore, the offshore-directed wind and very obliquely incident waves led to few overtopping
waves (≈50) and therefore a small overtopping discharge (≈0.1 l/s/m) in the lower overtopping tank at 4.4
m+NAP.

Figure 4: Bathymetry of the area of interest, shown as depth contours [m+NAP], with the deep main tidal
channel and shallow flats in front of the dike. Laser scanner system (circle) and measurement pole (triangle)
locations indicated.

Since the tide at the location of interest is semidiurnal, from 10 to 12 February five high tides were measured.
During two of these five high tides more than one wave entered the lower wave overtopping tank. Therefore,
these two high tides were selected for further analysis, and from these two high tides two storm peak periods were
derived. Table 1 and Figure 6 present the characteristics of the two storm peaks. Note the positive correlation
between water level and wave height, due to the depth-limited conditions at the measurement location.

Run-up heights and depths and 2D front velocities as measured by the laser scanners during storm Ciara
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Table 1: Characteristics of considered storm peaks. W dir [◦N] is the wind direction, W vel [m/s] the wind
velocity, h [m+NAP] the water level, d [m] the water depth, H1/3 [m] the significant wave height based on the
time signal, Hm0 [m] the significant wave height based on the spectrum, T 1/3 [s] the significant wave period
based on the time signal, T p [s] the peak wave period, Tm-1,0 [s] the wave period based on the moments of the
spectrum, δ [◦N] the mean wave direction, β [◦] the wave angle of incidence relative to the dike normal, qtank
[l/s/m] the overtopping discharge as measured by the overtopping tank, Now [-] the number of overtopping
waves in the overtopping tank. RWS pole is the Rijkswaterstaat (wave) measurement pole, see the left panel
of Figure 2.

Storm peak 1 Storm peak 2 Data source
Date 10-02-2020 11-02-2020

Start time 11:20 23:50
Duration [hh:mm] 1:00 1:20

Wdir [◦N] 265 260 RWS pole (wind direction meter)
Wvel [m/s] 18.5 15.0 RWS pole (wind velocity meter)
h [m+NAP] 2.93 3.03 RWS pole (floater)

d [m] 2.38 2.48 RWS pole (floater)
H1/3 [m] 1.00 0.95 RWS pole (radar)
Hm0 [m] 0.97 0.90 RWS pole (radar)
T1/3 [s] 4.2 4.15 RWS pole (radar)
Tp [s] 4.35 4.00 RWS pole (radar)

Tm−1,0 [s] 4.95 4.65 RWS pole (radar)
δ [◦N] 312 311 Equation 1
β [◦] 66 67 Equation 1

qtank [l/s/m] 0.130 0.107 Wave overtopping tank
Now (tank) [-] 57 55 Wave overtopping tank

Figure 5: Three snapshots taken from the video recordings, showing a very oblique wave running up the slope
in a sort of local plunging motion. Note the painted grid as used for the video analysis.

were compared to analysed video recordings and the EurOtop (2018) equations. The (virtual) wave overtopping
discharge, as determined from the laser data, was compared to overtopping data from the overtopping tank and
the EurOtop (2018) equations. Estimates of the peak wave period were compared to local radar measurements,
see Table 1. Note that the mean wave direction and angle of incidence were not measured directly, but based
on a relation between the mean wind direction and mean wave direction, which was derived based on previous
measured storms in the area (Van der Meer, 2018):

δ = 230◦ + 0.31 ∗Wdir (1)

where δ [◦N] is wave direction at the measurement location and Wdir [◦N] is the wind direction at the measure-
ment location. The accuracy of the mean wave direction and thus angle of incidence is estimated to be approx-
imately ±5◦. A short video overview of the measurements can be found at https://youtu.be/JrItZ58u6gU.
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(a) Storm peak 1. (b) Storm peak 2.

Figure 6: Overview of measurements near the toe of the dike around both storm peaks. The shaded regions
indicate the considered storm peaks. h [m+NAP] is the water level, Hm0 the significant wave height [m], T p

the peak wave period [s], Tm-1,0 [s] the wave period based on the moments of the spectrum.

4 Methods

Oosterlo et al. (2019, 2021) described the calibration and data processing procedures extensively. The same
calibration procedures were followed here. With the new version of the laser scanner system, the data processing
procedures were updated compared to Oosterlo et al. (2019, 2021) related to several aspects. The measured
distances R [m] in polar coordinates were now transformed to x, z and a-coordinates according to Figure 7.
The x and z-coordinates can be determined directly from the measured distances for a vertical pole, by using:

x = xs +R sin θ (2)

z = zp + hs −R cos θ cosφ (3)

with z [m] being the z-coordinate, x [m] the x-coordinate, xs [m] the x-coordinate of the laser scanner, zp [m]
the z-coordinate of the laser scanner pole [m], hs [m] the height of the laser scanner above the slope, R [m] the
measured distance, θ [◦] the scan angle and φ [◦] the slant angle. Generally, a dike slope is not straight, but
convex. Furthermore, slight errors in the mounting and orientation of the laser scanners can occur. To account
for this, a rotation matrix was applied to the calculated coordinates:

M =

[
cosψ − sinψ
sinψ cosψ

]
(4)

The correction angle ψ [◦] rotates the x- and z-coordinates in the x, z-plane, see Figure 7. ψ was determined
by fitting the x and z-coordinates resulting from the rotation matrix to the GPS-measured dike slope. The
final maximum difference in x-coordinate between the GPS-measured dry slope and the dry slope as calculated
from the laser data was 0.04 m, the same order of magnitude as the scan resolution and laser footprint. The
maximum difference in z-coordinate between GPS and lasers was 0.05 m, which can be considered accurate,
given the convex and irregular shape of the dike slope, the accuracy of the GPS and the maximum accuracy
of the mounted laser scanners. The run-up depths can be determined with a higher accuracy. This can be
explained as follows: the error in the measurements of the dike slope and water surface is constant. Since the
difference between the solid dike slope and the water surface is determined, this error will cancel out. The
along-slope a-coordinates were then determined from the x and z-coordinates by using Pythagoras’ theorem.
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Figure 7: Schematised updated set-up with two laser scanners. Scan lines (red and blue dashed lines), scanned
points on water surface (red and blue dots) are indicated. x (horizontal), y (perpendicular), z (vertical) and
a-coordinate (along the slope) system is also indicated. R1,2 [m] are the scanned distances, θ1,2 [◦] are the scan
angles, φ1,2 [◦] the slant angles, xs [m] are the x-coordinates of the laser scanners, as [m] the a-coordinates of
the laser scanners, zp [m] is the z-coordinate of the laser scanner pole, hs1,2 [m] are the heights of the laser
scanners above the slope, α [◦] is the slope angle. V [m3] is a virtual overtopping volume, ψ [◦] is the
correction angle resulting from the rotation matrix, rotating the x- and z-coordinates in the x,z-plane.

As described in Oosterlo et al. (2019, 2021), the percentage of invalid point measurements at a certain
location indicates the quality of the measurement. An invalid measurement means that the magnitude of the
laser reflection was too small. These percentages were very low (of order 0.1%), hence overall the data quality
was very good.

After interpolating the data and applying median filters (refer to Oosterlo et al., 2019), the run-up depths
were determined by subtracting the dry slope surface from the measured surface at a certain moment. Run-up
depths smaller than a certain threshold, depending on the data quality of the specific laser scanner and storm
peak, were removed to remove noise from the signal and prevent the detection of unrealistically high run-up
values. Noise in the signal can be caused by e.g. the laser beam reflecting off raindrops, slight inaccuracies in
the mounting and orientation of the laser scanners, and the accuracy of the laser scanners themselves, which is
in the order of 0.01 m. The threshold is chosen in such a way that realistic and accurate run-up depths and
heights are obtained (as verified with video recordings), without extreme outliers. 0.015 m was used for laser
scanner 1, 0.030 m and 0.020 m were used for laser scanner 2 for storm peak 1 and 2, respectively. The data
were then further corrected by removing depths larger than 1.5 m, and by removing large (>0.5 m) local (in
one time or space step) differences in run-up depths, e.g. caused by rain. If an isolated (non-NaN) run-up depth
was measured higher on the slope after more than 10 connected invalid measurement points (NaN values), these
values were also removed, as they were caused by noise in the data. A similar procedure was followed for the
reflectance value, RSSI: a large difference (>100) in one time or space step was removed, a threshold value (1
- 5) was used to prevent unrealistically high run-ups, and valid values after 10 or more straight NaNs were
removed.

The wave run-up heights, wave overtopping volumes and discharges, and wave peak periods and angles of
incidence were determined in the same way as in Oosterlo et al. (2019, 2021), where the full descriptions
can be found. Briefly, this means that for the run-up the highest location on the slope was determined where
zrun-up−zdry> zthreshold or RSSIrun-up-RSSIdry > RSSIthreshold. Overtopping volumes and discharges were found
by integrating the run-up depths between a certain virtual crest level and the run-up level, and then determining
the maximum volumes per wave. Wave peak periods were calculated from the variance density spectra of the
run-up time signals. The angle of incidence was then determined based on the cross-spectral density of both
run-up time signals.
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The front velocities were determined from the temporal change in run-up level. To this end, first the time
signal of the instantaneous front position was smoothed by applying a median filter with a 0.2 s window,
followed by a moving average with a 0.4 s window. After that, the time derivative was taken and the maxima
were determined, giving the maximum front velocities during each wave. To validate the laser data, the front
velocities were also determined from the videos; by taking the number of video frames it took the front to travel
0.5 m (a somewhat coarser approach).

Estimates of the displacements of the laser lines due to wind vibrations were calculated from the accelerometer
data, to be able to correlate possible outliers in the laser data.

Mentaschi et al. (2013) showed that the root-mean-square error RMSE and its variants give smaller values
for models affected by negative bias. Hence, these indicators are not always reliable to assess the accuracy
of models or measurements. They showed that the HH-indicator as proposed by Hanna and Heinold (1985)
provides more reliable information on the accuracy. This HH-indicator was used in Oosterlo et al. (2021) and
the present paper also uses this indicator. It is defined as:

HH =

√√√√∑N
i=1 (Mi −Oi)2∑N

i=1MiOi
(5)

where M i is the ith modelled data, Oi is the ith observation and N is the total number of observations.
Furthermore, the Normalised Bias Indicator is used:

NBI =
(
M −O

)
/O (6)

Both the HH and NBI are dimensionless. These indicators are used to determine the accuracy of the measured
laser data, by comparing them to data measured by other instruments and several equations.

5 Results

5.1 Wave run-up heights

Figure 8 presents a typical part of the measured data, showing the run-up signals based on both measured
distance R and laser reflectance RSSI for both laser scanners, during a 30-second window. The figure shows the
run-up peaks and measured run-up depths as well. The height level of the overtopping tank is indicated with
the dotted line. One of the waves shown in the figure caused overtopping in the overtopping tank. Furthermore,
the slight delay between the laser scanner signals is visible, where the waves often reached the second laser
scanner first with the present wave direction.

Figure 9 shows the measured run-up heights for both storm peaks, plotted against the run-up heights observed
from the video recordings. The figure shows the run-up heights for both laser scanners, based on both the
measured distance R and laser reflectance RSSI data. Figure 9 only shows the run-up heights above 4.4 m+NAP,
hence the most important waves, as these are the waves that would give overtopping in the overtopping tank.
Similar trends were also found for the smaller run-up heights. Note that different numbers of run-up events
above the threshold run-up height were found with both laser scanners and the video analysis; due to the very
obliquely incident waves, some of the waves reached the threshold run-up height at the location of one of the
laser scanners, but not at the other one. These numbers of run-up events and the Ru2%-values have been given
in Table 2.

Some general observations for both storm peaks can be made. The first one is that both laser scanners
generally performed well, as the run-up heights agree quite well with the values as observed from the videos,
also visible in the HH and NBI values. Second, the run-up heights based on the measured distances agree
better with the video data than the run-up heights based on the RSSI. The RSSI performed quite well for the
first storm peak with a few outliers, but gave larger HH and NBI-indicator values for the second storm peak,
underestimating the run-up heights. Previous studies Cete (2019); Hofland et al. (2015); Oosterlo et al. (2019,
2021) found that the RSSI performed equal to or better than the measured distance. This can be explained as
follows: the RSSI analysis is based on the difference in reflectance between the dry slope and the up-rushing
water. The asphalt gives a low reflectance, the water a higher one. However, the paint of the grid on the slope
was very reflective. This thus led to large RSSI values at the grid lines, interfering with the higher RSSI values
of the up-rushing waves. This reduced the quality of the present RSSI results.
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Figure 8: Measured run-up heights Ru [m] based on measured distances R (solid lines) and laser reflectance
RSSI (dashed lines), as well as measured run-up depths d [m] (contours) for both laser scanners (LS1 and
LS2), during a 30 second window. Maximum run-up heights Ru,max [m] per wave based on both R (circles)
and RSSI (crosses) indicated. Height level of the overtopping tank ztank [m] indicated by the dotted line.
Moments of maximum run-up height TRu,max

[hh:mm:ss] at LS1 indicated by the dash-dot lines. Note the
delay between the signals, where the waves often reached LS2 first with the present wave direction.

Also, some storm peak-specific observations can be made. The run-up heights of peak 1 agree well, especially
based on the measured distances of laser scanner 1, with almost all values within the ±0.10 m bounds. Absolute
HH and NBI values are at most 0.05, where the run-up based on measured distances shows a slightly negative
bias, and the RSSI-based values show a bias close to zero. As the accuracy of the video analysis is estimated
to be aRu±0.10 m (zRu±0.02 m), this means that the differences are of the same order of magnitude as the
accuracy of the video analysis. The results of laser scanner 2 for storm peak 1 (HH = 0.05, NBI = -0.02) show
somewhat larger deviations than the results of laser scanner 1 (HH = 0.02, NBI = -0.02). Since the second
laser scanner scans a line further from the pole, the measured distances and laser footprint are larger, whereas
the laser resolution is lower than of laser scanner 1. Therefore, the data quality of the second laser scanner was
somewhat lower and the deviations somewhat larger.

During the analysis, it was observed that the largest deviations of the first storm peak occurred from 11:30
until 11:36, when wind gusts were strongest, which caused stronger vibrations of the system. The accelerometer
data were analysed, and the largest displacements of the scan lines indeed occurred between 11:30 and 11:36,
being at most a displacement of 0.09 m along the y-axis (see Figure 7) for laser scanner 2. As the y-axis roughly
corresponded to the wind direction, displacements along the a-axis were much smaller. These wind vibrations
were also visually observed during the measurements. Therefore, the guywires of the system were tightened
more after the first storm peak, to reduce the vibrations during the measurements of the next storm peaks. By
doing this, they were reduced to at most 0.06 m in the y-direction for the following storm peaks.

Results based on measured distances also agree well for the second storm peak, showing again a slight negative
bias. However, for this storm peak the results based on the RSSI do not agree well at all. Additional to the
influence of the painted grid lines, a period of strong wind combined with very heavy rain occurred on 12-
02-2020 from 00:34 until 00:37. As described in Oosterlo et al. (2019), the influence of raindrops on the data
quality is small when the last echo is used for the laser scanner measurements. This explains the good results
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(a) Storm peak 1. (b) Storm peak 2.

Figure 9: Run-up heights above 4.4 m+NAP for both storm peaks for both laser scanners (LS1 and LS2),
based on distance R and laser reflectance RSSI, compared with run-up heights from video recordings. Left:
storm peak 1. Right: storm peak 2. The legend provides the HH and NBI values.

of the distance-based run-up heights, despite the rain. However, the combination of strong wind and heavy rain
caused raindrops to fly past the laser scanners continuously, whereby the laser beam sometimes reflected off
the raindrops, detecting a ’water-like’ higher reflectance (RSSI) value, when no water was present on the slope.
The combined effects of the painted grid lines and very heavy rain thus led to a larger RSSI threshold being
necessary during the analysis. This then led to upper parts of the up-rushing waves being filtered out, reducing
the RSSI-based data quality. Therefore, the remainder of this paper will only consider the results based on
measured distances. However, note that an extreme value analysis fit through the largest RSSI events would
also still be accurate.

The left panel of Figure 10 compares the Ru2%, the run-up height exceeded by 2% of the waves, based on
the laser scanner data of both storm peaks, to the Van der Meer and Bruce (2014) wave run-up equations,
which were later implemented in EurOtop (2018) (and hereafter referred to as such). Note that the influence of
oblique wave attack was added to the equations here, by including the influence factor γβ [-] on the vertical axis.
The value of γβ is 0.85 for the run-up, for the present angles of incidence of 66◦ and 67◦. A dike slope angle of
1:4.2 was used, which is the average slope of the asphalt section of the dike. The data of both storm peaks lie
closely together (a result of the similar conditions during both peaks) and fall just above the lower 90%-bound
of the EurOtop (2018) equations. EurOtop (2018) gives a 25% larger Ru2%, see Table 2. However, note that the
results are quite sensitive to changes in the angle of incidence and especially the Tm−1,0 wave period, on which
the breaker parameter ξm−1,0 [-] is based. As explained in section 3, there exists some uncertainty in the mean
wave direction and thus in the angle of incidence, since they were not measured directly, but based on a relation
between the wind direction and wave direction. There is also some uncertainty in the Tm−1,0. A difference in
angle of incidence of 5◦ or a more commonly found ratio of Tp/Tm−1,0 = 1.1, would move the data from the
lower 90%-bound to the upper one in Figure 10. This highlights the importance of accurately measuring these
parameters.

The right panel of Figure 10 plots the exceedance probability distributions of the measured run-up heights for
both laser scanners and storm peaks on Weibull scale. Here, P (Ru,i ≥ Ru) [-] is the probability that a certain
run-up height Ru,i [m] exceeds a specified run-up height Ru [m]. The complementary cumulative distribution
function or exceedance function of the Weibull distribution is:

P (X ≥ x) = e−( x
a )

b

(7)
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(a) Relative wave run-up. (b) Run-up exceedance.

Figure 10: Left: Relative wave run-up versus breaker parameter. Figure based on EurOtop (2018). Note the
added influence of the oblique wave attack on the vertical axis compared to EurOtop (2018). Data for both
laser scanners based on measured distances, and for both storm peaks. Right: Run-up exceedance plots for
both laser scanners and both storm peaks, plotted on Weibull scale. A straight line gives a Weibull
distribution, a straight line with a slope of 1:2 gives a Rayleigh distribution.

where P(X ≥ x) is the probability that X is equal to or larger than x [-], b is a non-dimensional shape factor
and a is a dimensional scale factor of the distribution. The data have a Weibull distribution if the data show
as a straight line in the right panel of Figure 10. Deep water waves are Rayleigh-distributed, the Rayleigh
distribution is essentially a Weibull distribution with a shape factor b of 2. E.g. Nielsen and Hanslow (1991)
determined that the run-up heights on a beach for normally incident waves in deep water also have a Rayleigh
distribution. When waves approach shallow water and the highest waves break, the wave height distribution,
which first could be described by a Rayleigh-distribution (Weibull distribution with b = 2), turns into a Weibull
distribution with b > 2 (Battjes and Groenendijk, 2000; EurOtop, 2018) or other function with decreased
magnitude of low-exceedance events (e.g. Battjes and Groenendijk, 2000). Van der Meer and De Waal (1993)
found that if the wave height distribution deviates from a Rayleigh distribution due to shallower water, then
the run-up distribution will also deviate with approximately the same amount. The run-up distribution will
then also turn into a Weibull distribution with b > 2 (Stam, 1989). Stam (1989) also found that the run-
up remains approximately Rayleigh-distributed for deep water conditions with limited depth-induced breaking
(dtoe/Hs,toe ≥ 2 or 3), for rubble mound slopes. The exact run-up distribution on a dike slope of (very)
obliquely incident deep or shallow water waves is unknown. However, Van der Meer and De Waal (1990) found
that oblique incidence tended to reduce the largest run-up heights more than the smaller run-up heights. This
would indicate that the run-up is also Weibull-distributed (b > 2) for obliquely incident waves.

Here, the ratio dtoe/Hs,toe was larger than 2.5, indicating that the run-up would be Rayleigh-distributed
(b = 2). However, the waves were also very obliquely incident, indicating that the run-up might be Weibull-
distributed (b > 2). The right panel of Figure 10 shows quite similar trends for both storm peaks, where the
lower part (smaller run-up heights) shows a different inclination, but the upper part is almost straight. As the
focus is mainly on the larger run-up heights, the following only considers the upper part of the graph. Since
the upper part is almost straight, the wave run-up heights can be considered Weibull-distributed. Determining
the tangent to the curves gives the shape factor b. The scale factor a can be determined by locating the value
on the horizontal axis, which corresponds to an exceedance probability of 1 − 0.632 = 0.368 on the vertical
axis. Here, shape factors b = 2.2 (laser scanner 1) and b = 2.4 (laser scanner 2) were found for the first storm
peak, whereas b = 2.1 was found for both laser scanners for storm peak 2. The value of the scale factor a was
approximately 1.1 m for both storm peaks. The run-up thus follows a Weibull distribution that is quite close to
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a Rayleigh distribution. These shape factors mean that the larger run-up heights were somewhat smaller than
if they were Rayleigh-distributed. This indicates a credible limited influence of the obliquely incident waves on
the value of b.

5.2 Wave run-up depths

The run-up depths as measured by the laser scanners were validated in Oosterlo et al. (2019, 2021), generally
showing good results higher on the slope. At those locations, little spray and foam occurred. Larger deviations
were found closer to the still water level, where the laser scanners overestimated the run-up depths due to the
large amounts of foam and spray which were present there.

For the current measurements, no run-up depth data from other instruments are available. However, Van
der Meer (2011) gives the linear relation d2% = cd2%(Ru2% - z), which was based on Schüttrumpf (2001); Van
Gent (2002). This relation was later included in EurOtop (2018), with d2% [m] the run-up depth exceeded by
2% of the waves, cd2% [-] a coefficient depending on the dike slope (see e.g. Van der Meer, 2011), Ru2% [m] the
2% run-up height, and z [m] an arbitrary height on the slope relative to the still water level. Note that these
d2% values are not the run-up depths corresponding to the Ru2% wave, but the 2%-exceedance values of the
run-up depth at a certain location on the slope. In other words, the run-up depth at a certain location that is
exceeded by 2% of the waves. These values at different locations along the slope may thus also correspond to
different waves, as they are based on the statistics of the run-up depths at that specific location on the slope.

No consensus has been reached on the value of the coefficient cd2% yet. Van der Meer (2011) compared the
results of different small and large-scale lab tests where run-up depths were measured. Note that these depths
were often measured at the transition between slope and crest, where the wave changes from up-rushing to
horizontal. Van der Meer (2011) recommends cd2% = 0.20 for slopes of 1:3 and 1:4, cd2% = 0.30 for a slope of
1:6 and interpolation for slope angles in between these values. The present mean slope of 1:4.5 would then give
cd2% = 0.23. However, the research on which Van der Meer (2011) based this recommendation, often found
largely differing cd2% values. All but one small-scale source give cd2% = 0.20-0.22, all for 1:3 and 1:4 slopes
except Schüttrumpf (2001) with a 1:6 slope. On the other side, FlowDike 2 (Lorke et al., 2011) gave cd2% = 0.29,
for a 1:6 slope. The only large-scale tests that were considered in Van der Meer (2011), those of Schüttrumpf
(2001), were also performed on a 1:6 slope. There, cd2% = 0.33-0.34 was found. Hence, these discrepancies in
cd2% could either be due to the different slope angles or due to the differences between small and large-scale
tests.

Therefore, the left panel of Figure 11 shows the relations for both cd2% = 0.23 (recommendation of Van der
Meer (2011)) and cd2% = 0.34 (1:6 slope large-scale tests of Schüttrumpf (2001)), comparing them with the
laser scanner results. Similar trends as found in Oosterlo et al. (2019, 2021) were found here, with the relation
of Van der Meer (2011) giving somewhat larger values than the laser scanners at locations higher on the slope.
Since the values in Figure 11 were based on the statistics at a certain location, different values were found for
both laser scanners. This was caused by the very oblique incidence. However, overall the results of both laser
scanners agree well. Better agreement was found with cd2% = 0.23 than with cd2% = 0.34. The legend of the
left panel of Figure 11 gives the HH and NBI values for cd2% = 0.23. The data of storm peak 1 agree better than
the data of storm peak 2, which lie somewhat below the cd2% = 0.23 line. As was explained in sub-section 5.1,
the data quality of the second storm peak was lower.

The better agreement with cd2% = 0.23 might suggest that the discrepancies found in the literature were
caused by the different slope angles, not by the differences between small and large-scale tests. From the video
recordings of the present measurements, it was observed that sometimes spray occurred around the still water
level, due to breaking waves. This was especially found for the larger waves. Furthermore, some foam and quite
some entrained air were present. The right panel of Figure 11 gives a snapshot of a large up-rushing wave. The
spray could potentially have influenced the results at z = 0.20 m, for which quite large run-up depths were
found. Since the laser beam reflects off the spray and foam, the laser scanners measure run-up depths that
include the spray, foam and entrained air. Another potential influence is the laser footprint and resolution.
Lower on the slope, the laser footprint is larger and the laser resolution is lower, potentially giving less accurate
results lower on the slope. However, the overall results can be deemed reliable.

The reasonable agreement between cd2% = 0.23 and the present data further seems to suggest that the
influence of the wave angle of incidence on the run-up depths is small, as the previous research was performed
with normally incident waves.
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(a) Run-up depth.
(b) Up-rushing wave.

Figure 11: Left: Run-up depth at several locations along the dike slope exceeded by 2% of the waves, based on
both laser scanners and for both storm peaks. Data compared to linear relation of Van der Meer (2011) for
two different values of cd2%. HH and NBI indicator values given for cd2% = 0.23. Right: Snapshot of large
up-rushing wave, showing foam and entrained air.

5.3 Front velocities

Oosterlo et al. (2019, 2021) measured front velocities of normally incident waves with the laser scanners, and
the time lag between the laser signals for obliquely incident waves (see Figure 8), and achieved good results.
During storm Ciara the waves were very oblique, so these waves had a velocity component along the dike as
well. Due to the very oblique incidence and breaking waves, defining a front is very difficult as is determining
the 2D front velocities. Furthermore, during the present measurements, it was observed that even if a front
was visible initially (lower on the dike slope), this front was then sometimes surpassed by another part of the
oblique wave higher on the slope, effectively making that part the new ’front’.

The laser scanners only scan along two transects. The first one lies approximately 7 m from the far edge of
the painted measurement grid, the second one lies approximately 9 m from the edge of the grid. Due to the
oblique attack, the up-rushing waves travelled across the whole painted measurement grid, also see the right
panel of Figure 11. Hence, the two laser transects missed quite a large part of the very oblique front running
up the slope.

For the laser scanners, front velocities were determined by determining the velocity components along the
a-axis (up the slope, along the laser lines, see Figure 7) first. These were combined with the delay between
the laser signals (cross-correlation, velocity along the slope) to determine a 2D velocity. However, this did not
yield good results, as the velocities along the slope were generally determined as being very large (small delay
between the laser signals). Potentially, the offshore, but close to along-slope-directed wind played a role here as
well. Thus, for the very obliquely incident waves present during storm Ciara, it was not possible to determine
the actual 2D front velocities from the laser data accurately.

Therefore, only the highest ten run-ups for each storm peak were considered. Instead of 2D velocities, only
the components travelling up the dike slope (along the a-axis) were considered. Results of both laser scanners
were averaged and the maxima during each wave were determined. Even though it was not possible to estimate
the 2D front velocities based on the laser scanner data, it was possible based on the video recordings. Figure 12
compares the 2D front velocities based on the videos and 1D front velocities based on the laser scanners for the
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ten highest run-ups of each storm peak to the relation:

vfront√
gHm0

= cu

√
Ru,max
Hm0

(8)

Equation 8 was taken from EurOtop (2018), where vfront [m/s] is the maximum front velocity for an individual
wave and cu [-] is a normally-distributed stochastic parameter with µ(cu) = 1.0 and σ(cu) = 0.25. The figure
also includes the FlowDike data (Lorke et al., 2011), to show the scatter.

Figure 12: Relative maximum front velocity versus relative run-up on the slope. Results based on video
analysis (2D velocities) and laser scanners (velocity component in the up-slope direction), compared to
Equation 8. Figure based on EurOtop (2018), including the FlowDike data (Lorke et al., 2011).

Even these ten largest waves of both storm peaks propagated differently on the dike slope. Some waves had
an initial direction mostly up the slope, later turning and becoming more alongslope-directed. Others were
already very oblique from the beginning and travelled mostly along the slope. This again shows that Ciara
posed very complicated conditions.

The video results are more reliable than the laser scanner results, since they represent actual 2D velocities. The
front velocities as found here are generally larger than the relation that was based on the FlowDike small-scale
tests with normally incident waves. One potential explanation for the differences is inaccuracy in determining the
front velocities, either for the present measurements or for the FlowDike data. Some other potential explanations
could be differences between small-scale tests and actual storms in the field, and differences between normally
and obliquely incident waves. It is recommended to determine if improved front velocity results can be achieved
with the laser system for future storms with less obliquely incident (but still oblique) waves.

5.4 Wave overtopping volumes and discharges

The (virtual) wave overtopping volumes and mean discharges were calculated using the same method as
in Oosterlo et al. (2019, 2021), by integrating the run-up depths above a virtual crest level, and taking the
maximum value of that volume within a wave period as the overtopping volume for that wave. Several virtual
crest levels were considered, where one corresponds to the overtopping tank level (4.4 m+NAP). Figure 13
compares the results with the overtopping tank data, the EurOtop (2018) wave overtopping equations and
the EurOtop (2018) data, which give an indication of the spread in the data. Table 2 gives the overtopping
discharges, volumes and number of overtopping waves. With angles of incidence of 66◦ and 67◦, the γβ for the
overtopping is 0.78.
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Table 2: Run-up and overtopping parameters for both laser scanners, the video recordings, the overtopping
tank and EurOtop (2018) equations at 4.4 m+NAP, for both storm peaks. Vmax [l/m] is the maximum
overtopping volume. Note that the table gives two values for several parameters. The two q values for
EurOtop (2018) correspond to discharges based on the measured Tm−1,0 and based on the ratio
Tm−1,0 = Tp/1.1. The maximum volumes of EurOtop (2018) correspond to volumes calculated with
Equation 10 - Equation 12, based on the EurOtop (2018) q, a and b values, or based on the laser scanner q, a
and b values. The number of overtopping waves according to the video analysis correspond to the number of
overtopping waves at the locations of laser lines 1 and 2.

Ru2% [m] q [l/s/m] Vmax [l/m] Now [-]
Storm peak 1

Laser scanner 1 1.62 0.118 100.0 43
Laser scanner 2 1.62 0.109 98.8 52
Video analysis - - - 51 / 48

Overtopping tank - 0.130 86.1 57
EurOtop (2018) 2.06 1.369 / 0.198 500.5 / 45.3 -

Storm peak 2
Laser scanner 1 1.47 0.056 106.4 38
Laser scanner 2 1.50 0.067 121.5 39
Video analysis - - - 47 / 50

Overtopping tank - 0.107 71.2 55
EurOtop (2018) 1.86 0.952 / 0.102 501.5 / 43.8 -

(a) Storm peak 1. (b) Storm peak 2.

Figure 13: Relative overtopping rate for several virtual crest levels, based on both laser scanners (crosses,
circles) and the overtopping tank (squares), for both storm peaks. The laser scanner data have also been
plotted using the relation Tm−1,0 = Tp/1.1 (asterisks). Results compared to EurOtop (2018) equations (solid
and dashed lines) and data (dots). Figure based on EurOtop (2018). Rc [m] is the crest freeboard, ξm−1,0 [-] is
the breaker parameter, the different γ parameters [-] are influence factors, see EurOtop (2018).
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The trend of the laser data in Figure 13 agrees quite well with the EurOtop (2018) equations, but both the
tank and the laser scanners gave smaller discharges than the equations. EurOtop (2018) predicts a 10 times
larger discharge for both storm peaks than measured by the laser scanners and tank, also see Table 2. Here, a
ratio Tp/Tm−1,0 = 0.9 occurred (as measured by the radar attached to the Rijkswaterstaat pole, see Table 1),
while a more common ratio for a JONSWAP spectrum is Tp/Tm−1,0 = 1.1. Therefore, the laser data were also
plotted using Tm−1,0 = Tp/1.1 in Figure 13. Using this ratio, the lasers, tank and EurOtop (2018) agree much
better. See also Table 2, where the EurOtop (2018) overtopping volumes and discharges using Tm−1,0 = Tp/1.1
have also been given. Hence, the large deviations in the overtopping discharges mainly seem to stem from the
Tm−1,0 wave period. Large Tm−1,0 values consistently occur during storms in the area of interest, indicating
that low-frequency energy plays a role. The influence of low-frequency energy (and thus Tm−1,0 wave period)
on the overtopping discharge predicted by the EurOtop (2018) equations is generally large (e.g. Lashley et al.,
2020; Oosterlo et al., 2018). However, the low-frequency energy present during storm Ciara apparently did not
influence the wave overtopping, as indicated by the much smaller measured wave overtopping discharges than
predicted by EurOtop (2018) (with the measured Tm−1,0). This is contrary to expectations and the EurOtop
(2018) equations, since Van Gent (1999a,b, 2001) found that the spectral shape does not affect the wave run-up
and overtopping, as long as the Tm−1,0 is the same. If the measured Tm−1,0 is correct, this would indicate that
the EurOtop (2018) equations may not be fit for use with the complex multi-modal spectra as often present
in the Eems-Dollard estuary. Therefore, further research into the measured low-frequency energy and Tm−1,0

wave period, and into the influence of low-frequency energy on wave overtopping, is recommended.

The discharges as measured by the laser scanners and tank agree well, especially for the first storm peak. The
tank gave a 1.5 - 2 times larger discharge than the laser scanners for the second peak. This can be explained
using the right panel of Figure 9. Due to the somewhat lower data quality, the laser scanners gave a slight
negative bias for the run-up heights of the second storm peak. Due to this underestimation of the run-up
heights, some of the smaller overtopping waves, which just reached the overtopping tank, were missed, resulting
in a somewhat smaller discharge than with the tank.

The percent exceedance distribution of overtopping wave volumes is given by a Weibull distribution (Hughes
et al., 2012):

Pv% (Vi ≥ V ) = exp

[
−
(
V

a

)b]
• (100%) (9)

where Pv% [%] is the percentage of wave volumes that will exceed the specified volume V i [m3/m]. b is the
shape factor and a is the scale factor. The left panel of Figure 14 shows the fit for b according to Zanuttigh
et al. (2014). A value for b of 0.75 has long been used to describe overtopping of individual wave volumes,
but the graph shows that with larger relative discharge the b-value may increase significantly, leading to a
gentler distribution of overtopping wave volumes (EurOtop, 2018). b-values were also calculated for the present
measurements at several (virtual) crest levels, based on both the laser scanners and the overtopping tank. The
laser scanner data follow the trend of the line quite well, but the b-values themselves are smaller. The exact
cause of these smaller b-values is unknown. These smaller b-values mean that the distribution of overtopping
wave volumes is steeper, meaning that the largest volumes are relatively larger. The overtopping tank data do
agree well with the fit.

Table 2 also gives the maximum overtopping volumes Vmax [l/m] for the laser scanners, overtopping tank
and EurOtop (2018) equations for both storm peaks. The maximum overtopping volume can be calculated as
follows, according to EurOtop (2018):

Pov =
Now
Nw

(10)

a =

(
1

Γ
(
1 + 1

b

))(qTm
Pov

)
(11)

Vmax = a [ln (Now)]
1/b

(12)

with Nw [-] the number of incident waves, Γ the mathematical gamma function, Pov [-] the probability of
overtopping, Tm [s] the mean wave period and a the scale factor of the Weibull overtopping wave volumes
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(a) Weibull shape factor b.
(b) Development of run-up, overtopping volume and front
velocity over time.

Figure 14: Left: Weibull shape factor b for smooth structures and spanning a range of relative freeboards.
Laser and overtopping tank data plotted for both storm peaks. Fit for b from Zanuttigh et al. (2014) shown as
well. Figure based on EurOtop (2018). Right: Development of run-up, overtopping volume and front velocity
over time for one large wave and based on data of one of the laser scanners. The dotted lines indicate the
moments that the run-up reaches 15% and 75% of the maximum run-up level, and the moment that the
run-up reaches the overtopping tank level.

distribution. These maximum volumes generally show more scatter, since they correspond to the maximum of
a distribution.

The numbers of overtopping waves agree quite well for all instruments for storm peak 1, see Table 2. The
laser scanners give fewer overtopping waves for the second storm peak. As explained above, this was caused
by the underestimation of the run-up heights by the laser scanners for storm peak 2, leading to fewer run-up
heights above the height level of the overtopping tank and thus fewer overtopping waves.

The maximum volumes of both laser scanners and the overtopping tank agree quite well for the first storm
peak (15% larger volume with the laser scanners). The results differ more for the second storm peak, where the
laser scanners gave a 50% to 70% larger maximum volume than the tank. As was explained above, the laser
scanners measure the spray, foam and entrained air, which the overtopping tank does not. No spray was present
above the height of the overtopping tank (4.4 m+NAP). However, some foam was present and entrained air
was visible at the wave fronts. The volumes as measured with the laser scanners thus include this foam and air,
and this can explain the larger maximum volumes as measured by the laser scanners. Since the data quality of
the second storm peak was somewhat lower, the maximum volume during the second storm peak might have
been slightly overestimated. This was potentially caused by the larger layer thickness threshold that had to be
used. However, the influence of the larger threshold is at most a few l/m for the largest overtopping volume
and even less for the smaller volumes. Not much is known about the actual air content in up-rushing waves.
If the assumption is made that the differences between the maximum volumes were fully caused by the foam
and entrained air, then that would mean that approximately 15% of the volume consists of foam and air. This
amount seems reasonable when compared to visual observations of the up-rushing waves.

Another explanation that could be proposed is that the laser scanners provide 2D values of the overtopping,
along the assumed infinitely thin laser line, whereas the overtopping tank gives overtopping volumes over a
width of 4 m. With a large enough number of waves, this influence will average out, and it is therefore expected
that this influence was small here.

The EurOtop (2018) equations give 4 to 6 times larger maximum volumes than the lasers and overtopping
tank, when using the overtopping discharge q and the a and b-values (scale and shape factors) of the Weibull
distribution according to EurOtop (2018) to determine these maximum volumes. The results agree much better,
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if the q, a and b-values as found with the laser scanners are used instead to determine the maximum volume
with Equation 10 - Equation 12. In that case, the EurOtop (2018) equations give maximum volumes that are
40% - 50% smaller than the volumes found by the laser scanners. Note that the Tm−1,0 is of influence here as
well, as it is included in the EurOtop (2018) equations for both q and b.

The right panel of Figure 14 shows the development over time of the run-up height, overtopping volume and
up-slope front velocity of one wave based on data of one of the laser scanners. The dotted lines indicate the
moments that the run-up reaches 15% and 75% of the maximum run-up level, and the moment that the run-up
reaches the overtopping tank level (4.4 m+NAP). For all measured waves that would have caused overtopping,
the maximum front velocities were found between 15% to 75% of the maximum run-up height of that specific
wave. This is in agreement with Van der Meer (2011). The largest volumes above the virtual crest were generally
found just before or at the moment of maximum run-up height.

5.5 Wave periods and angles of incidence

As described in section 4, the wave peak periods and angles of incidence were determined with the method
as described in Oosterlo et al. (2021). Hence, the wave peak periods were determined from the auto-spectral
densities of the run-up signals. The angles of incidence were determined using the cross-spectral density of the
run-up signals of both laser scanners, from which the time lag between both laser signals can be determined.
The distance between the laser scan lines was then divided by the time lags, to determine the phase velocity of
a projected wave travelling past the laser scanners. Using trigonometry and the incident wave celerity based on
linear wave theory, the angle of incidence spectrum can be determined, see Figure 15. For the full description,
refer to Oosterlo et al. (2021).

Figure 15 compares the variance density spectra based on the run-up signals Ru(t) during both storm peaks,
with variance density spectra as measured by the radar on the Rijkswaterstaat measurement pole (see the left
panel of Figure 2 and Table 1). Note that the spectra based on the run-up signals do not represent a real
wave spectrum, from which e.g. a wave height can be determined. The laser-based spectra also show much
more variance content than the radar spectra, which are real wave spectra. The main observation is that much
low-frequency energy is present in the run-up spectra. Although low-frequency energy is also present in the wave
spectra, the low-frequency energy is not as prominent. The exact cause of this apparent large low-frequency
energy is unknown, but may have been caused by some type of locally-generated surf-beat. The peak (wind)
wave period Tp for storm peak 1 was determined as being 4.5 s, for the second storm peak this was 4.2 s. These
values are quite close to the values of 4.35 s and 4.00 s that were derived from the radar measurements near
the toe of the dike, see Table 1. Hence, quite a good estimate of the incident peak wave period can be obtained
from the run-up signals.

The angle of incidence spectra give the angle of incidence β [◦] relative to the dike normal for each mode in
the spectra of the measured run-up, and are also given in Figure 15. They give a peak angle of incidence of 37◦

for storm peak 1 and 45◦ for storm peak 2. These angles of incidence are smaller than the angles of incidence as
estimated at the dike toe of 66◦ and 67◦, refer to Table 1. Hence, these results do not agree well, even though
Oosterlo et al. (2021) achieved good results for angles of incidence up to 45◦. A potential explanation for the
differences could be that the up-rushing waves turned slightly more towards the dike normal on the shallow flat
directly in front of the dike and on the dike slope. Furthermore, there exists some uncertainty in the mean wave
direction and thus in the angle of incidence, since they were based on a relation between the wind direction
and wave direction (Equation 1). However, the differences found here are rather large. This again highlights
the complexities of storm Ciara and very obliquely incident waves. Further research is therefore recommended
during storms with less oblique (but still oblique) wave attack.
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(a) Storm peak 1. (b) Storm peak 2.

Figure 15: Wave variance density spectra based on radar measurements (solid lines), variance density spectra
based on laser scanner run-up signals (dash-dot lines) and ’angle of incidence spectra’ (dashed lines) for both
storm peaks, giving the angle of incidence for each mode in the spectrum. The dots indicate the peak angles
of incidence.

6 Conclusions

This paper presents the first field measurements with an innovative laser scanner system during an actual
severe winter storm with very oblique wave attack. The system can measure wave run-up heights, depths and
front velocities. From the measured data the wave overtopping, (peak) wave period and angle of incidence can
also be calculated. The paper describes the analysis of the data obtained during storm Ciara (10 - 12 February
2020) and validates the results with data from overtopping tanks and video recordings.

Ciara was a highly unique and complex storm, with offshore-directed wind at the measurement location and
waves that refracted somewhat on the shallow flats in front of the dike to become almost alongshore-directed
waves at the dike. This posed large challenges for measuring the 2D front velocities.

The run-up heights based on measured distances agreed well with the run-up observed in video recordings.
Run-up heights based on laser reflectance did not agree well, caused by interference of the grid painted on the
slope for the video analysis. By removing several of the grid lines good results are expected to be achieved
during future storms. The water depth was relatively deep, the waves were breaking and the run-up was very
oblique during Ciara. The oblique wave run-up during Ciara was Weibull-distributed (b = 2.1-2.4), quite close
to a Rayleigh distribution but with somewhat smaller largest run-up heights.

Reasonable agreement between the measured run-up depths and the relation of Van der Meer (2011) with
cd2% = 0.23 was found. Discrepancies in the cd2%-values as found in the literature seem to be caused by the
different dike slope angles that were used, rather than caused by differences between small and large-scale tests.
The results further seem to suggest that the influence of the wave angle of incidence on the run-up depths is
small. However, further research is recommended.

Previous research achieved good results for measuring front velocities of normally incident waves with the
laser scanners. Due to the very oblique incidence during storm Ciara, it was very difficult to define a front of
the waves, which often ran up the slope in a sort of sideways and local plunging motion, with a larger along-
slope-directed velocity higher on the slope. To determine the 2D front velocities based on just the two laser
scanner transects was even more complex. It was possible to estimate the 2D front velocities based on the video
recordings. The velocities as found here were larger than the relation of EurOtop (2018), which was based on
small-scale, normally incident waves. The most likely causes for the differences are inaccuracies in determining
the front velocities, differences between small-scale tests and actual storms in the field, and differences between
normally and obliquely incident waves.
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Overtopping discharges of both the lasers and overtopping tank agreed well. Trends of the calculated over-
topping discharges agreed reasonably well with the EurOtop (2018) equations, but the values themselves were
smaller than according to the equations. This mainly arose from the Tm−1,0 wave period, which was relatively
large here (Tp/Tm−1,0 = 0.9), indicating that low-frequency energy was present during storm Ciara. Applying
Tp/Tm−1,0 = 1.1 of a typical JONSWAP spectrum, resulted in much better agreement between lasers, tank and
EurOtop (2018) equations. This would indicate that the low-frequency energy present during storm Ciara did
not influence the wave overtopping. This is contrary to expectations and the EurOtop (2018) equations, since
Van Gent (1999a,b, 2001) found that the spectral shape does not affect the wave run-up and overtopping. If the
measured Tm−1,0 is correct, this would indicate that the EurOtop (2018) equations may not be fit for use with
the complex multi-modal spectra as often present in the Eems-Dollard estuary. Therefore, it is recommended
to study the presence of low-frequency energy and the Tm−1,0 measurements in the area in more detail, and the
influence of low-frequency energy on wave overtopping.

b-values of the Weibull distribution of overtopping wave volumes of the laser scanners were smaller than the
fit of Zanuttigh et al. (2014), but the trend of the data agreed well. b-values based on the overtopping tank data
agreed well with the fit. Maximum overtopping volumes of lasers and tank agreed reasonably well. EurOtop
(2018) gave larger maximum volumes based on the q, a and b predicted by EurOtop (2018), but smaller volumes
based on the q, a and b of the laser scanners.

The peak wave period could be determined accurately from the run-up time signals. The angle of incidence
of the incoming wave field, based on the laser data, was less oblique than that estimated using an analytical
relation, even though good results were achieved using the same method (Oosterlo et al., 2021). Once again,
the very oblique, almost coast-parallel, wave attack during Ciara posed large challenges. For further verification
of the system, it is recommended to measure in the field at real dikes and during real storms with less oblique
(but still oblique) wave attack.

The mobile system will be used at several different locations in the measurement campaign in the area over
the coming years. The laser scanners can be installed on any dike; the performance of the system was confirmed
for both asphalt and grass dike slopes. Some of the generic results, obtained from the measurements during
storm Ciara, are that the wave run-up heights of very obliquely incident breaking waves in relatively deep water
are Weibull-distributed, and that the run-up depth equation (Van der Meer, 2011) based on lab measurements
also predicts the depths for an actual storm with oblique wave attack quite well. Furthermore, the trend of the
EurOtop (2018) equations agrees quite well with measurements of very oblique wave overtopping, but measured
discharges were smaller than according to the equations. Accurate measurements of the Tm−1,0 wave period
and angle of incidence are important for further verification of the EurOtop (2018) equations and laser scanner
system, and further measurements with the system during storms are expected to provide more insight into
both the performance of the system and the understanding of oblique wave run-up and overtopping.
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Notations

Name Symbol Unit
Dimensional scale factor of Weibull distribution a
Non-dimensional shape factor of Weibull distribution b -
Van der Meer (2011) coefficient in run-up depth equation, dependent on the dike slope cd -
EurOtop (2018) coefficient in run-up front velocity equation cu -
Water depth, run-up depth d m
Frequency f Hz
Water level h m
Significant wave height, based on mean of highest one-third of waves in a record H1/3 m
Significant wave height, based on spectral analysis Hm0 m
Height of laser scanner above dike slope hs m
Model data M
Number of waves in record, number of observations, Fourier transform window length N -
Number of overtopping waves Now -
Number of incident waves Nw -
Observation data O
Probability of overtopping Pov -
Percentage of wave volumes that exceed a specified volume Vi Pv% %
Mean wave overtopping discharge q l/s/m
Distance measured by laser scanner R m
Run-up height Ru m
Run-up height, exceeded by 2% of the number of incoming waves Ru2% m
Spectral density S m2/Hz
Mean wave period Tm s
Significant wave period, based on mean of highest one-third of waves in a record T1/3 s

Spectral wave period, based on spectral moments m−1/m0, with mn =
∫ inf

0
Sfn df Tm−1,0 s

Wave peak period, based on spectral analysis Tp s
(Virtual) overtopping volume V l/m
Run-up front velocity vfront m/s
Maximum (virtual) overtopping volume during a certain period of time Vmax l/m
Wind direction Wdir

◦N
Wind velocity Wvel m/s
x-coordinate of laser scanner xs m
z-coordinate of laser scanner pole zp m
Mathematical gamma function Γ
Wave angle of incidence, wave angle of incidence spectrum β ◦, ◦/Hz
(Mean) wave direction relative to north δ ◦N
EurOtop (2018) influence factor for angle of wave attack γβ -
Mean value of normally distributed parameter µ
Slant angle of laser scanner φ ◦

Correction angle, rotating laser scanner coordinate system ψ ◦

Standard deviation of normally-distributed parameter σ
Scan angle of laser scanner θ ◦

Iribarren number/breaker parameter/surf similarity based on spectral wave steepness
sm−1,0

ξm−1,0 -

Global Positioning System GPS
Hanna and Heinold (1985) indicator HH
JOint North Sea WAve Project (Hasselmann et al., 1973) JONSWAP
Laser Imaging Detection And Ranging LIDAR
Not a Number NaN
Normaal Amsterdams Peil, Dutch ordnance level NAP
Normalised Bias Indicator NBI
Root-Mean-Square Error RMSE
Received Signal Strength Indicator RSSI
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