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José Pinho,
University of Minho, Portugal

*CORRESPONDENCE

Sungwon Shin

sungwshin@hanyang.ac.kr

RECEIVED 12 January 2024
ACCEPTED 15 April 2024

PUBLISHED 03 May 2024

CITATION

Lee E, Van Dang H, Shin S, Yoo J and Park H
(2024) Observations of wave run-up affected
by dune scarp during storm conditions: a two
dimensional large-scaled movable bed
experiment.
Front. Mar. Sci. 11:1369418.
doi: 10.3389/fmars.2024.1369418

COPYRIGHT

© 2024 Lee, Van Dang, Shin, Yoo and Park.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 03 May 2024

DOI 10.3389/fmars.2024.1369418
Observations of wave run-up
affected by dune scarp during
storm conditions: a two
dimensional large-scaled
movable bed experiment
Eunju Lee1, Hai Van Dang1, Sungwon Shin1*,
Jeseon Yoo2 and Hyoungsu Park3

1Department of Marine Science and Convergence Engineering, Hanyang University ERICA,
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Artificial dunes serve as essential nature-based defenses against the increasing

threats posed by climate change and rising sea levels along coastal regions.

However, these man-made dunes are particularly susceptible to erosion during

severe storm events, necessitating careful consideration of their design for

effective coastal protection. Among the myriad factors influencing artificial

dune design, wave run-up stands out as a paramount concern. Not only is

wave run-up crucial in assessing the extent of coastal flooding, but it also plays a

significant role in shaping shoreline dynamics. During intense storm events, wave

run-up amplification leads to substantial erosion of sand dunes, forming dune

scarps that resemble cliffs. To address these challenges, we conducted a series of

innovative two-dimensional large-scale laboratory experiments using movable

beds. These experiments aimed to provide a quantitative understanding of wave

run-up characteristics on dune scarps. Additionally, our study explored the

feasibility of using existing empirical formulas to predict the 2% exceedance of

wave run-up (referred to as R2%) in such scenarios. Our results revealed a

consistent trend in R2% values, irrespective of variations in the surf similarity

parameter when wave run-up was influenced by a dune scarp. Notably, our

findings recommend the adoption of the Stockdon empirical formula,

incorporating beach slope from the still water level to the dune scarp toe, as

an effective method for predicting R2% during highly erosive conditions. This

approach can significantly enhance the design and functionality of artificial

dunes, bolstering their capacity to safeguard coastal areas from the impacts of

severe storms and erosion, thus contributing to resilient coastal ecosystems and

sustainable coastal management.
KEYWORDS

coastal sand dune, dune scarp, wave run-up, large-scaled moveable bed experiment,
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1 Introduction

Due to the effects of climate change, sea level rise, and

overpopulation in coastal areas, the possibility of exposure to

coastal hazards has increased, such as storms and extreme waves

(Neumann et al., 2015). Moreover, approximately 30% of coastal

regions have suffered from coastal erosion over the past decades

(Luijendijk et al., 2018; Mentaschi et al., 2018; Fontán-Bouzas et al.,

2022). Therefore, the vulnerability of coastal areas against

both coastal hazards and erosion has increased, drawing

considerable attention from researcher communities (Fontán-

Bouzas et al., 2022).

Among the nature-based structures, coastal sand dunes serve as

a vital defense mechanism, protecting coastal communities from

various coastal hazards such as extreme surge levels and erosion

(Ciavola et al., 2014; Durán et al., 2016; Palmsten and Splinter, 2016;

Phillips, 2018; Pagán et al., 2019; Jin et al., 2021). Additionally, the

dunes play a crucial role as repositories of sand, facilitating the

natural beach nourishment process (Houser and Ellis, 2013; Jackson

et al., 2019; Fontán-Bouzas et al., 2022).

For instance, the construction of coastal sand dunes in

Keansburg, NJ, USA, reduced the damage to surrounding

infrastructure during Hurricane Sandy in October 2012 (US

Army Corps of Engineers, 2013). Similarly, in Italy, the

implementation of an artificial coastal sand dune built by beach

scarping techniques has effectively safeguarded coastal

infrastructures against the adverse impacts of winter waves and

surges (Harley and Ciavola, 2013; Palmsten and Splinter, 2016). As

a result, artificial dunes and dune nourishment have gained

recognition as nature-based structures to minimize the damage

resulting from coastal hazards driven by climate change and sea

level rise.

Accurately predicting erosion and restoration based on the

mechanism of erosion and accretion of the coastal dunes is of

great importance for designing and implementing effective coastal

dune systems and nourishing strategies (Palmsten and Splinter,

2016). Storm events are particularly significant contributors to dune

erosion, requiring the consideration of storm-induced dune

erosions in the design of artificial coastal sand dunes.

Accordingly, Sallenger (2000) proposed a simplified model

known as the Storm Impact Scale, in which the sand dune

responses to the expected storms were categorized into four

regimes termed swash, collision, overwash, and inundation

(Figure 1). The regimes are determined based on the relationship

between offshore wave hydrodynamic conditions and morphology
Frontiers in Marine Science 02
responses of the sand dune. The swash regime occurs when the

wave run-up reaches the foreshore. In the collision regime, the wave

run-up leads to erosion of the dune base, causing the sediment to be

transported offshore. During the overwash regime, waves overtop

the dune crest, inducing the sediment to propagate backward across

the coastal dune. In the breaching and inundation, the dune crest

becomes entirely inundated by flows, and the dune profile

disappears (D’Alessandro et al., 2022).

Wave run-up is of great importance for evaluating the

vulnerability of coastal beaches, dune systems, and coastal

structures to the dynamic influence of wave action. Stockdon

et al. (2006) defined wave run-up as the time-varying vertical

displacement of the wave action relative to the water level, which

can be seen as a combination between wave swash and wave setup.

Wave run-up is parameterized using deterministic equations for

generating an output value such as the maximum run-up height

(Rmax) or the elevation exceeding 2% of run-up height from the still

water level (R2%) in a given time period based on input conditions

(Beuzen et al., 2019). This statistical value, R2%, was suggested for

irregular waves to be practically applied in coastal engineering (da

Silva et al., 2020), such as predicting overtopping and designing

coastal and nature-based structures.

However, the wave run-up is a phenomenon that occurs in the

swash zone, which is a very shallow water region, challenging the

measurements of wave run-up on the natural beach. Therefore,

several empirical formulas have been proposed to estimate wave

run-up height using offshore wave information (H0, L0) and

foreshore slope (bf) obtained in field observations, laboratory

experiments, and numerical modeling. H0 is the deep-water wave

height, and L0 is the deep-water wavelength and calculated using the

peak period (Tp) as an input:

L0 =
ɡT2

p

2p
(1)

The wave run-up is proportional to the Iribarren number (surf

similarity parameter) for steep beaches (Nielsen and Hanslow,

1991). The Iribarren number is generally used as a critical

parameter for estimating wave run-up height on sandy beaches

and coastal structures (Battjes, 1974). The Iribarren number(x) can
be expressed in Equation 2 as

x =
mffiffiffiffiffiffiffiffiffi
H=L

p (2)

where m is the characteristic slope, and H/L is the wave

steepness calculated by characteristic wave height (H) and
FIGURE 1

Conceptual figure of storm impact regimes.
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wavelength (L). Nielsen and Hanslow (1991) supported the results

of Hunt (1959) and Holman (1985).

Firstly, Hunt (1959) suggested an empirical formula for

estimating the wave run-up, expressed as an Iribarren number, as

shown in Equation 3.

R
H

= Kx (3)

Where R is the maximum run-up, and K is the empirical

constant. However, this equation is not consistent with the

objective of this study, as it pertains specifically to impermeable

structures under regular wave conditions (da Silva et al., 2020).

Mase and Iwagaki (1984) conducted a series of physical tests to

investigate wave run-up of irregular waves on gentle slopes of 1/5,

1.10, 1/20, and 1/30. Wave run-up was measured using a wave

probe installed in a groove and was analyzed using the crest

method. The following equation derived from this study is

expressed through the Iribarren number:

R2%

H0
= 1:86(x0)

0:71 (4)

Where x0 is the Iribarren number calculated by the foreshore

slope and offshore wave steepness (H0/L0). Holman (1986)

conducted a field observation in Duck Beach to investigate the

wave run-up height on the beach slope under extreme wave

conditions. The incident wave heights ranged from 0.4 to 4 m,

with periods between 6 and 16 s. The water levels are measured at

approximately 20 m on the beach. This study proposed the

empirical formula (Equation 4) to estimate R2%

R2% = H0(0:83x0 + 0:2) (5)

This equation was used for the Storm Impact Scale suggested by

Sallenger (2000). However, as indicated, this equation is based on

the measurement in a specific site, Duck Beach. Therefore, it is

necessary to apply other datasets under the storm events. Unlike

Equation 5, if the slope is less than 0.1, wave run-up is not

proportional to the Iribarren number but rather to the
ffiffiffiffiffiffiffiffiffiffi
H0L0

p
(Nielsen and Hanslow, 1991).

Stockdon et al. (2006) also developed the empirical formula for

extreme wave run-up, taken as 2% of exceedance, based on ten field

experiment datasets obtained from the east and west coasts of the

US and Netherlands through video monitoring (Equation 6). This

study determined wave run-up height composed into two processes,

including total swash excursion and time average wave setup. The

first equation of Equation 6 considers the various features of the

offshore wave, setup, swash, and beach slopes, which is similarly

expressed as the Iribarren number, x0 of Holman (1986). However,

for waves with an Iribarren number less than 0.3, the setup

component was estimated using only offshore wave conditions

rather than including the beach slope, which gives a regression

value of 0.6. da Silva et al. (2020) confirmed that the empirical

formula suggested by Stockdon et al. (2006) still represents a

significant accuracy in estimating R2% under extreme waves.
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R2% = 1:1(0:35bf (H0L0)
0:5 + 0:5½H0L0(0:563b

2
f

+ 0:0004)�0:5),   for   x0   ≥ 0:3

R2% = 0:043(H0L0)
0:5,   for   x0   < 0:3 (6)

Roberts et al. (2007) performed large-scale physical model tests

in the “SUPERTANK” flume to investigate the maximum beach

run-up relative to the water levels. A total of 30 trials were

conducted at movable beds for erosion and accretion conditions

under regular and irregular wave cases. The finding indicates that

the Iribarren number does not influence maximum wave run-ups,

and the maximum wave run-up directly equals 0.94 times the

breaking wave heights. However, in the conservative design, the

value is increased to 1. Therefore, an empirical formula (Equation 7)

was proposed to estimate the maximum run-up height directly

related to the breaking wave height:

Rmax  =  1:0Hb (7)

Following Stockdon et al. (2006), several studies have been

proposed to quantify wave run-up based on video monitoring on

sandy beaches. Firstly, Vousdoukas et al. (2012) conducted a coastal

vulnerability assessment using wave run-up observations from the

video at Faro Beach, S. Portugal, characterized by a meso-tidal and

steep-sloped beach. This study analyzed the frequency and

magnitude of wave run-up events and used this data to evaluate

the vulnerability of the beach to erosion and inundation. The study

found that the beach was highly vulnerable to erosion and

inundation, particularly during storm events and high tides. The

authors also noted that including the parameterization of either the

shore-normal wind speed component or tidal elevation improved

the accuracy of the R2% prediction. To obtain the optimal fit for the

measurements, various parameters were tested. The formula that

provided the best performance had an RMSE of 0.39 m. The

empirical formula suggested by Vousdoukas et al. (2012) was

indicated in Equation 8, which did not consider wind and tide

components.

R2% = 0:53b(H0L0)
1=2 + 0:58x

ffiffiffiffiffiffiffi
H3

0

L0

s
+ 0:45 (8)

According to Atkinson et al. (2017), the accuracy of 11 wave

run-up models was assessed using field observation data collected

from eleven non-truncated beaches in New South Wales and

Queensland, Australia. This study showed that the most accurate

existing models for predicting R2% are suggested by Holman (1986)

and Vousdoukas et al. (2012) based on the assessment. A new

formula, as shown in Equation 9, for R2% was developed based on

the best fit to predictions from six existing field observations and

one large-scale laboratory experiment. This may increase the

uncertainty already presented in current models in such

conditions. The swash zone slope was used for beach slope (b) as
an input parameter to estimate wave run-up.

R2% = 0:92b(H0L0)
1=2 + 0:16H0 (9)
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Didier et al. (2020) presented the initial findings on wave run-

up variability on a regional scale along the Estuary and Gulf of St.

Lawrence. Video observed the time-varying swash motions on five

beaches over the 3-year monitoring period. Based on these

observations, a new R2% formula in Equation (10) was proposed

for use in fetch-limited and sheltered environments.

R2% = 1:06½0:058(H0L0)
1=2 + 0:32(H0L0b)

1=2=2� (10)

However, all existing previous studies on wave run-up that have

been conducted so far neglected the influence of dune scarps. In

light of the sea level rise and climate change, the occurrence of dune

scarping caused by dune erosion is expected to increase.

Consequently, understanding the factors that influence dune

scarping and its impact on dune systems is crucial to effectively

managing coastal erosion in the future (Davidson et al., 2020), since

the consideration of the wave run-up affected by dune scarps is

necessary for designing artificial sand barriers to cope with climate

change. The primary objective of this study is to investigate the

wave run-up affected by dune scarps using stereo imagery data from

a two-dimensional large-scale movable bed experiment.

Furthermore, when the wave run-up is affected by the dune scarp,

this study also investigates the feasibility of using existing empirical

equations for predicting R2%.

A two-dimensional large-scale movable bed experiment was

conducted to investigate the erosion and accretion mechanisms of

a coastal sand dune during a single storm event and posterior

recovery process. During the experiment, storm-induced wave run-

up along the coastal dune profile caused dune erosions, resulting in

the formation of dune scarps. Consequently, accurately estimating

the wave run-up becomes crucial. Given the significant influence of

the beach-dune system profile, particularly its slope parameter, on the

wave run-up dynamics, the precise prediction of this parameter is

imperative to improve the accuracy of wave run-up estimates. Thus,

the primary objectives of this study are to evaluate the effectiveness of

existing slope-driven empirical formulas and to determine the

optimal slope configuration that enhances the precision of wave

run-up predictions, represented by R2%.

This study is constructed into five sections as follows. Apart from

the introduction, Section 2 presents a detailed description of the two-

dimensional large-scale moveable bed experiment, including the bed

profile, wave condition, instrumentation, and stereo imagery

techniques for measuring wave run-up, R2%. The results of dune

scarp formation and R2% estimation derived from stereo imagery and

existing empirical equations, are shown in Section 3. This section

further indicates the characteristics of observed R2% values, shows the

feasibility of the existing empirical formula, and suggests which slope

would be beneficial to improve the prediction accuracy of R2% on the

dune scarp. The discussions are indicated in Section 4. Finally, this

paper summarizes the conclusion in Section 5.
2 Overview of methodology

In this section, we present the research methodology by

conducting a series of large-scale physical experiments
Frontiers in Marine Science 04
to characterize the impact of dune erosion on the wave

runup process. The objective of this section is to provide a

comprehensive description of the experimental setups, including

bed profiles, wave conditions, instrumentation deployed,

stereo imagery techniques used to analyze wave runup, and

morphological changes observed during the experiment
2.1 Bed profile

The large-scale experiment of a dune-beach system was carried

out in the wave flume at Chonnam National University of South

Korea. The dimensions of the wave flume are 100 m in length, 2 m

in width, and 3 m in depth at the wavemaker. Equipped with a

hinged wavemaker, the two-dimensional large-scale flume, has the

capability to generate both monochromatic and random waves,

reaching a maximum wave height of 1.3 m with a period of 8 s. As

illustrated in Figure 2A, the dune-beach system was simplified and

idealized for the experiment to represent a natural dune on the west

coast of South Korea utilizing a 1:4 scale. This system was

constructed at the leading edge of the wave flume using 104.295

m3 of silica sand, characterized by a medium-size (D50) of 0.15 mm.

The experimental profile comprises three different sections: an

initial section, representing the offshore beach with a slope of 1:45

spanning from 28.65 m to 46.65 m, followed by an initial foreshore

of 15.75 m with a slope of 1:31.5. The section representing the initial

foredune features a slope of 1:3.6, extending from 62.4 m to 66 m,

was established to mimic the dune face with a dune height of 1 m. In

Figure 2B, the black dotted line indicates the initial bed profile

before the waves start, and the black solid line shows the final bed

profile after all wave interactions.
2.2 Wave condition

Figure 3 presents the experimental incident wave conditions for an

entire representative single storm event using Bretschneider-Mitsuyasu

spectra. The prototype storm was monitored using offshore

observational buoys operated by the Korea Hydrographic and

Oceanographic Agency during the storm event that inflicted

significant damage on the Korean Peninsula since 2003. Suh et al.

(2010) presented detailed characteristics of wave measurement stations

situated around the Korean peninsula. For example, at the Hongdo

buoy in the Yellow Sea, the significant wave height ranged from 0.11 m

to 5.87 m, while the significant wave period was 2.14 m/s to 19.02 m/s.

Based on the observation findings and the characteristics of the wave

flume, an identical prototype storm condition was selected with a

maximum wave height of 2.68 m and a maximum peak period of 7.6 s.

Wave conditions in the physical experiment were designed using

Froude similarities, with a length scale of 1/4 prototype and time

scale 1 ∕
ffiffiffi
4

p
. To reproduce a real storm, significant wave heights (Hs)

and surge levels (water level) were increased and decreased

incrementally during the experiment. Specifically, the significant

wave heights ranged from 0.14 m to 0.67 m, while the surge levels

increased between 1.46 m and 1.7 m (Table 1). The wave period was
frontiersin.org
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sequentially increased to reach its maximum value similar to the time

evolution observed during the most severe storm condition registered

and consequently fixed to investigate the mechanism of dune

restoration. van Gent et al. (2008) asserted that the longer wave

periods with the same wave height lead to the more pronounced

restoration of the coastal sand dune-beach systems.

In this study, wave conditions were classified into eight regimes,

including ‘Initial (pre-storm condition)’, ‘SC1 (Storm condition 1)’,

‘SC2 (Storm condition 2)’, ‘SC3 (Storm condition 3; great erosive

condition)’, ‘SC4 (Storm condition 4)’, ‘SC5 (Storm condition 5)’,

‘Recovery (post-storm condition or accretive condition)’ depending

on significant wave heights, peak periods, and water levels. The

initial condition was conducted to simulate low wave conditions,

referred to as the pre-storm conditions, resulting in negligible

sediment transport and no erosion of coastal dunes. Six wave

runs were conducted for each initial and storm conditions (SC1,

SC2, SC4, and SC5), with 24 runs (Trial 19 ~42) specifically

examining the most erosive conditions (SC3). The results from

the duration of storm conditions when dune erosion occurred will

be investigated and discussed in this paper. The duration of the

wave runs was set at 15, 30, 60, or 120 minutes, ensuring sufficient

time to calculate statistical values such as the significant wave height

(Goda, 2010). It is important to note that only storm surge was

considered, and the tidal effects were excluded in the current

laboratory experiment.
Frontiers in Marine Science 05
2.3 Instrumentation

Figures 2B, 4 show an overview of the installation of several

physical instruments to measure the transformation of wave

hydrodynamics and bed profiles during the experiment. A

resistance wave gauge (WG1) and an electromagnetic current

meter (EMC) was installed near the waveboard to measure offshore

wave and flow information (Figure 2B). Additional instruments, such

as a wave gauge, an acoustic Doppler velocimetry, an acoustic

Doppler velocimetry profiler, and an echosounder, were mounted

on amovable cart. This cart facilitated the deployment of instruments

to measure wave characteristics in various cross-shore locations,

spanning from 35.748 m to 54.248 m toward the landward

direction. This setup allowed for the analysis of wave

transformation in the foreshore area with the formation of sand

bars (Figure 2B – green box). Given the dynamic nature of the

movable bed experiment, characterized by the movement of the sand

that alters the elevation of the observation area, the movable cart is

designed to move freely in the z-direction (vertical axis from the

bottom). A moveable cart equipped with a capacitance-type wave

gauge (WG), an acoustic Doppler velocimeter (ADV), an acoustic

Doppler velocimeter profiler (ADVP), and an echosounder were

installed (Figures 4A, B). The ADV is capable of measuring water

velocity in three directions by analyzing the Doppler shift of sound

waves reflected off particles suspended in the water. Meanwhile, the
B

A

FIGURE 2

(A) Target bed profile for the experiment (B) Initial (dash line), Final (solid line) bed profile, and deployed instruments of the experiment. A wave
gauge (WG1) and electromagnetic current meters (EMS) were located the seaward to the bed. A moveable cart equipped with a wave gauge, an
acoustic Doppler velocimeter, an acoustic Doppler velocimeter profiler, and an echosounder measured hydrodynamics within 35.748 – 54.248 m
from the wave-board (green box). Stereo imagery that can obtain hydrodynamics in the shallow water region covered 56 – 68.2 m from the wave-
board (blue box).
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ADVP, an extension of the ADV, provides velocity measurements

not only in a single point but also along a vertical profile of the water

column. In order to measure the velocity profile near the bed

according to the moved sand for each wave run, the ADVP probe

was positioned 8 cm above the bed, taking into account the blanking

distance (5 cm) of the ADVP and the observation area (profile length

= 3 cm). However, in the very shallow water regions, these

instruments could initially be exposed to the air, leading to very
Frontiers in Marine Science 06
foamy waves passing through the instruments; therefore, the ADV

and ADVP could not measure the physical velocity data. Therefore, a

pair of stereo cameras were installed on the wave flume (z = 3.70 m

above the still water level).

The observed area through stereo imagery was from 56 m to

68.2 m from the wave-board and depicted in the blue box in

Figure 2B. The installed stereo imaging system consists of two

digital cameras (Figure 4A), which mount 8-mm distortionless
TABLE 1 Incident wave condition of this experiment.

Storm condition Water level (m) Hs (m) Tp (s) Td (hr)

Initial 1.46 0.14 2.92 0.75

SC1 1.54 0.32 3.18 1.50

SC2 1.62 0.56 3.47 1.50

SC3 1.7 0.67 3.81 6.25

SC4 1.62 0.57 3.76 1.50

SC5 1.54 0.32 3.91 1.50

Recovery 1.46 0.14 3.72 14.00

Rec* 1.46 0.30 2.5 2.00
FIGURE 3

Incident wave condition (Water level, significant wave height – Hs, Peak period – Tp) during the initial condition (ini), storm conditions (SC1, SC2,
SC3, SC4, and SC5), and Recovery processes.
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lenses and collect 8-bit grayscale imagery with 2456 × 2048 pixel

resolution and 3.45-mm square active elements. The two cameras

were synchronized using an external trigger, which provides image

sampling rates of 1 to 15 Hz and keeps the synchronization delay

within 1 ms. The cameras were positioned 0.36 m apart located at a

distance of 25.80 m from the shoreline, and rotated down-looking

with an inclination angle of about 30 degrees. Herein, image frames

were captured for a time interval of 20 minutes per trial with a

sampling rate of 5 Hz. Moreover, Figure 4C shows an image of the

maximum wave run-up observed on the dune scarp at the glassed-

wall side of the wave flume. As shown in Figure 4C, the wave flume

has a partial glass wall that can see the side view of the coastal sand

dune during the wave run. Therefore, the erosion processes of the

coastal dune were visibly observed from the glass wall during the

entire experiment.

Furthermore, in measuring the bed profile of a beach-dune

system, a combination of instruments is employed to capture both

underwater and above-water topographical features. The Level Stuff

and Echosounder are utilized for surveys below the water level,

providing detailed measurements of submerged terrain. The

Echosounder operates by emitting sound waves that bounce off

the seabed and return to the instrument. Additionally, Level Stuff

ensures accurate horizontal leveling during the survey process.

Meanwhile, the laser range Finder comes into play for measuring

the area above the water level, including the coastal dune.

This instrument uses laser beams to determine distances to

various points on the surface of the land, enabling precise

measurements of elevation and topographic features. By

deploying these instruments at 20 cm intervals after every wave

run, comprehensive data on the beach-dune bed profile can be

obtained, facilitating thorough analysis and understanding of

coastal morphology and dynamics.
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2.4 Stereo imagery

The stereo imaging technique was adopted to measure the free

water surface of breaking waves spatially and temporally in the wave

flume. A stereo camera view can reconstruct the sensor surfaces in

3-D and provide a more extensive dataset in terms of spatial and

temporal dimensions than what can be collected at fixed point wave

gauges. Indeed, the stereo imaging approach has been applied to

measure spatial and temporal data of ocean waves (Benetazzo et al.,

2018, 2021; Bergamasco et al., 2021; Pistellato et al., 2021; Davison

et al., 2022).

The image analysis consists of mainly three steps: 1) pre-

processing of internal camera calibration, 2) stereo image

processing, and 3) post-processing of horizontally aligning the

reconstructed 3-D surface field (x, y, z) with the direction of the

flume. In the first step, the internal camera parameters were

estimated, such as the lens focal length vector, the principal point

of image frame coordinates, and the distortion vectors (Zhang,

2000; Ma et al., 2004), which were needed in the second step. In the

second step, the stereo images were processed using open-source

software (Bergamasco et al., 2017), which was developed based on

the dense-stereo matching algorithm proposed by Hirschmüller

(2008). Pixels of each stereo-image pair were matched with sub-

pixel resolution using the default matching-window size of 13 × 13

pixels. Thereby, dense disparity maps, also regarded as depth maps,

were produced from the matched image pairs in time series. In the

third step, the reconstructed surface field with regard to the local

coordinates from the line of the left camera sight was aligned such

that the y-axis coincides with the flume direction (i.e., the direction

of wave propagation).

Some results produced by stereo image processing techniques are

presented in Figures 5, 6. In detail, Figures 5A, B show a stereo-image
FIGURE 4

(A) The overview of instrumentations (B) Instrument layout installed in movable cart (C) details of the partial glassed wall on the side of the flume.
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pair snapshotted during the case of Trial 40 and the 3-D surface field

reconstructed from the image pair (Figure 5C). In order to reduce the

computational cost, the background area outside the wave flume was

masked and not considered in the stereo image processing. Figure 6

shows a part of the time stack of the surface elevation profile for the
Frontiers in Marine Science 08
case of Trial 40, which was collected along the cross-shore transect at

the center line of the flume.

The results of water surface variations measured by stereo

imaging were compared to the measurements by wave gauges.

Since the cart with wave gauges could not be placed within the
FIGURE 6

Time-stack of surface elevation including waves and dune during Trial 40 extracted from stereo imagery.
FIGURE 5

An example of the results produced by the stereo-image processing procedure for the case of Trial 40: (A) an image snapshot of the left camera,
(B) the paired image snapshot of the right camera, (C) the 3-D wave field reconstructed from (A, B) by the stereo-image processing.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1369418
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lee et al. 10.3389/fmars.2024.1369418
coverage of the camera view, the cart was located offshore close to

the boundary of the camera view for the cases of SC4 and Recovery

trials. Table 2 presents comparisons of the measured wave heights

between the wave gauges and the stereo cameras. It is convincible

that the measured wave heights by the stereo cameras are

comparable to the measurements by the wave gauges.

Figure 7 represents the comparison between the time-averaged

values of stereo imaging, still water level (SWL), and bed elevation

during Trial 40. Through this, the validity of wave observations

through stereo images was also confirmed by showing that the

average value of wave observed through stereo images is the same as

the SWL. Furthermore, the bed elevation above the SWL (66 - 67 m

from the wave-board) is identical to the averaged values of stereo

imaging. The difference between bed elevation and stereo imaging

at 67 - 68 m from the wave-board is due to the presence of only

wave run-up (upward trend) on the ground, unlike waves that have

both positive and negative signs. Therefore, it is presumed that the

time-averaged values of the stereo imaging at 67 - 68 m from the

wave-board do not follow the ground.
2.5 Morphological change

Figure 8 shows the results of the bed survey after operating each

storm condition, indicating two underwater sandbars were
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generated during SC3. One sandbar located offshore around x =

36 m was called as an outer sandbar, and the inner sandbar, located

onshore position around x = 52 m, was witnessed. Also, slumping

started to occur slightly at the foredune during SC1, and

Immediately after the start of SC2, a pronounced cliff-shaped

dune scarp was formed. The cliff of the foredune was generated

during SC2. Then, the location of the dune scarp was retreated

during SC3 and maintained after SC3. As shown in the bed profile

after Recovery (Figure 5 – Red solid line), the inner sandbar

collapsed, while the outer sand bar slightly moved onshore during

the Recovery process.

Figure 9A shows continuous bed elevation over time as a color

map. The x-axis represents the elapsed time from the first wave run

(refer to Table 1). The y-axis represents the distance from the wave-

board, which illustrates the entire survey area spanning from the

top of the coastal dune to the seaward side of the outer sand bar.

Figure 9B indicates the cross-shore bed profile at the instant of 9

hours after the first wave run (SC3), specifically showing the entire

bed survey area. The detailed characteristics of the sediment

transport were captured and illustrated in Figure 9A. During the

period between SC2 and SC3, erosion of the foredune occurred at

the cross-shore position between 64 m and 68 m, and then the form

of the foredune (dune scarp) was maintained. The slope of the area

ranging from 50 m to 60 m from the wave-board became mild,

while two underwater sandbars were formed as sand moved
TABLE 2 Comparison of the measured wave heights between the wave gauge and the stereo imaging.

Storm condition Measurements
by wave gauge

Measurements
by stereo cameras

Distance difference
between two
sensors (m)

Location (m) Hs (m) Location (m) Hs (m)

SC4 54.25 0.44 57.25 0.42 3.00

Recovery 52.95 0.23 57.25 0.23 4.30
FIGURE 7

Still water level (sky blue) and the mean value of the stereo imagery (blue solid line) during Trial 40 and the bed elevation before Trial 40.
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offshore rapidly during SC3, which represents the most erosive

scenario. Following the SC3, the inner sandbar slightly migrated

onshore; however, the outer sandbar exhibited insignificant change.

During recovery conditions, sediment was transported onshore

gradually, leading to a gradual reduction in the height of the

outer sandbar (Figure 9C) and an increase in its width during the

recovery process.
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3 Results

3.1 Dune scarp formation

Generally, the initial dune profile is characterized by mild

slopes. The dune face is eroded during storm events, causing the

dune scarping above still water level. The variation of the

representative dune profile at the cross-shore distance between 61

m and 70 m under different wave conditions during SC1, SC2, and

SC3 is illustrated in Figure 10. During SC1, which wave condition

simulated the first stage of an entire storm event (Water level 1.54

m; Hs = 0.32 m, Tp = 3.18 s), slumping slightly occurred at the

beginning, inducing an increase in the area of slumping occurrence

during Trial 7 to Trial 10 (Figure 10A). In the second stage of an

entire storm event (SC2: Water level = 1.62 m; Hs = 0.56 m, Tp =

3.47 s), the increasing erosion of the dune face caused the formation

of dune scarp, which is characterized by rapidly and strongly

increasing dune profiles over a short distance (Richter et al.,

2013). The cliff-formed dune scarp and its toe are clearly visible,

and the dune scarp toe started to retreat (Figure 10B). The cliff

top and dune scarp toe can be utilized as shoreline indicators
FIGURE 8

Bed profile after each storm condition.
B

C

A

FIGURE 9

(A) Bed profile after each wave-run (B) Cross-shore bed profile (red solid line) 9 hours after the experiment started (C) Changes in the height of the
outer sandbar (blue solid line) over time.
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(Anfuso et al., 2007). The dune scarp toe is a critical parameter in

characterizing the dune scarp profile and is a component of the

spatially and temporally varying beach-dune system. The

dune scarp toe typically shifts toward landward during storm

conditions. A detailed description of scarp toe is presented in van

IJzendoorn et al., 2021. In the current experiment, dune scarp toes

are illustrated as red dots in Figures 10B, C. Similar to the previous

studies, the altitude of the dune scarp toe increased, and the dune

scarp toe receded backward from the medium erosive condition

(SC2) to the most erosive condition (SC3).

The trajectory of the dune scarp toe between SC2 and SC3 is

depicted in Figure 11. Palmsten and Holman (2012) expressed the

observed trajectory of the dune scarp as a fraction of the foreshore

beach slope. Figure 11 demonstrates that the dune toe moves along

the foreshore beach slope. Furthermore, the trajectory of the dune

toe aligns with the slope proposed in our subsequent study, and its

detailed information will be extensively discussed in Section 4.1.
3.2 Wave run-up

3.2.1 Observation: R2%

Characterized wave run-up heights (R2%) were calculated using

the time series of wave elevation measured in the stereo imagery
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technique. R2% is composed of wave setup and run-up maxima

components (Stockdon et al., 2006). Figure 12 shows an example of

a time series of wave run-up in Trial 40 of SC3. A total of 278 peak

wave elevations in the time series were extracted and utilized for

estimating R2% of 0.63 m. However, as shown in Figures 5, 6A, 10,

despite significant changes in the overall topography, including the

retreat of the dune scarp, R2% values remained relatively constant at

approximately 0.55 m with a standard deviation of 0.01 m for other

trials in SC3. Moreover, for characterized wave run-up height (R2%)

of other storm conditions, run-up values calculated using the stereo

imagery are presented in Table 3. Since there are no observed R2%

values between Trials 30 and 38, it is difficult to determine the

difference accurately. However, it is speculated that this is due to the

complexity of ongoing changes in the coastal morphological

conditions, such as the formation of underwater sandbars

between Trials 30 and 38.

Figure 13 shows the dune sedimentary budget and whether the

R2% occurred on the dune scarp or not. The dune sedimentary

budget refers to the balance between sedimentary accumulation and

erosion processes during the storm events, which is calculated by

integrating the dune area starting from x = 62.4 m as the initial

foredune to the end of the dune. The average erosion rates of the

dune for each storm condition are 0.7279, 1.0762, 1.0023, 0.2143,
B CA

FIGURE 10

Dune profile during (A) storm condition 1, (B) storm condition 2, and (C) storm condition 3.
FIGURE 11

Trajectory of the dune scarp toe and the 1st polynomial fit of the
dune scarp toe (Blue solid line) during SC2 – 3.
FIGURE 12

Time series of the water level extracted from time-stack of stereo
imagery indicating wave run-up maxima, R, and setup at the
shoreline,<h>.
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and 0.0480 m3/(m × hr), respectively (Figure 13A). Additionally,

during the Recovery condition, there was a minimal accretion rate

of 0.0007 m3/(m × hr) compared to the erosion rate. During SC2 –

SC3, the slumping occurred with the formation of the dune scarp,

and the erosion rate is the highest, as mentioned in Section 2.3.

Figure 13B indicates where the R2% is measured. The total water

level is calculated as the sum of the still water level and R2%. As

shown in Figure 13B, during SC2, SC3, and SC4 (Only Trial 43,
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which is the first wave-run of SC4), the total water level exceeded

the altitude of the dune scarp toe, which means that R2% occurred

on the dune scarp, resulting in the dune erosion at the highest

erosion rate.

Figure 14 presents the observed R2% derived from stereo

imagery as a function of wave conditions [(H0L0)
0.5]. Despite

different wave conditions, it can be observed that R2% values are

almost similar when R2% occurred on the dune scarp (refer to

Figure 13B). As seen in Figure 9A, the bed profile changed

continuously, even under the same wave conditions. The results

reveal that when R2% occurs on the dune scarp, it maintains a nearly

identical value regardless of different wave and morphological

conditions. However, in the case of SC5, R2% occurs at the beach

instead of the dune scarp (Figure 13B). In this case, R2% decreases

depending on the wave conditions, unlike when R2% occurs at the

dune scarp.

Bemmelen et al. (2020) proposed a linear relationship between

the dune scarp toe and R2% based on the results from laboratory

experiments and field observations. However, Bemmelen et al.

(2020) utilized theR2% values estimated using the empirical

formula suggested by Stockdon et al. (2006) when analyzing the

relationship. The present study compared the estimated R2%

through Stockdon et al. (2006) (hereinafter Stockdon formula)

and the R2% observed through stereo imagery with the findings of

Bemmelen et al. (2020) (Figure 15). The experimental results of SC3

were only used because the R2% occurred on the dune scarp,

allowing for a clear comparison between estimated and observed

values under the same wave condition. As shown in Figure 15, the

estimated R2% obtained using the Stockdon formula (red-filled

square) showed a linear relationship with the altitude of the dune

scarp (St) with respect to the still water level (SWL), while the
TABLE 3 Observed values of R2% obtained from stereo imagery.

Storm
condition

Trial
number

Water
level (m)

R2% (m)

SC2 13 1.62 0.61

SC3 20 1.7 0.52

21 0.53

24 0.54

25 0.55

26 0.55

28 0.55

30 0.54

38 0.62

40 0.63

SC4 43 1.62 0.64

45 0.51

SC5 49 1.54 0.22

51 0.19
B

A

FIGURE 13

(A) Dune sedimentary budget indicating the erosion rate of the dune and (B) the total water level (red) and the altitude of the dune scarp toe (gray)
over time.
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observed R2% derived from the stereo imagery technique (blue filled

square) remained relatively constant regardless of St relative to

SWL. This implies that when R2% occurs on the scarp under the

same wave conditions, almost the same values of R2% were observed

irrespective of variations in the dune scarp toe elevation, slope, and

other topographical characteristics. Furthermore, the Stockdon

formula, which performed well in predicting under extreme

conditions, fails to accurately reproduce the predicted R2% values

that occurred on the dune scarp even when the same input

parameters, such as slopes, are used.
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3.2.2 Estimation: R2%

As mentioned in the “Introduction” section, da Silva et al.

(2020) confirmed the effective performance of the Stockdon

equation (Equation 6) in estimating R2% in extreme wave

conditions. Moreover, this equation is suggested based on the ten

field observation results; therefore, implementing the Stockdon

equation in run-up prediction is more reliable than other

previous equations. Although Atkinson et al. (2017) evaluated

eleven empirical formulas based on six field observations, they

found the formula proposed by Holman (1986) and Vousdoukas

et al. (2012) to be the most accurate. However, since both empirical

formulas were derived from a single field observation, these were

not used in this study. Instead, the formula proposed by

Vousdoukas et al. (2012) was used to evaluate its applicability on

R2% prediction when the wave run-up occurred on the dune scarp.

Further details will be mentioned in the “Discussion” section.

In the Stockdon formula (Equation 6), the deep water wave

height (H0 as an input was calculated using the linear wave theory

based on the significant wave height (Hs) measured at WG1

installed offshore (Figure 2). In this case, the shore-normal

approach was assumed, following Stockdon et al. (2006). L0, as an

input of Equuation 6, is the deep-water wavelength calculated using

the peak period, Tp (Equation 1). For the slope (b), this current

study considered four different slope estimations.
(1) The average slope with the range of <h> + 2s, as proposed
by Stockdon et al. (2006), was utilized (referred to as bST),
where h and s represent the mean value and standard

deviation of the continuous water level measurement,

respectively. While Stockdon et al. (2006) proposed slopes

based on ten field observations, this study did not consider

extreme cases such as the storm or dune scarp. Therefore,

other slope estimation approaches were investigated.

(2) The average slope with the range of <h> + s proposed by

Palmsten and Holman (2012) was selected (referred to as

bPH). This slope was also suggested through a two-

dimensional large-scale movable bed experiment that

simulated a single storm and resulted in the formation of

the dune scarp. Palmsten and Holman (2012) proposed this

slope to improve the reproducibility of characterized run-

up height R16%; however, due to the significant variability of

<h> and 2s caused by storm wave conditions with

increasing significant wave heights (Hs), it can be

challenging to define the foreshore slope during typhoon

events. Therefore, considering this factor, bPH was used to

investigate its feasibility as an input. In order to compare

with the slope range proposed by Stockdon et al. (2006)

during the storm, the average slope with the range of <h> +

s was set in this study.

(3) A time-varying mean beach slope between the still water

level and dune toe was used (bB; Figure 16). In a recent

study by Blenkinsopp et al. (2016), the differences in wave

run-up predictions were examined by comparing the

utilization of swash zone slope and surf zone slope

in prototype-scale laboratory experiments (BARDEX2).
FIGURE 15

Dune scarp toe elevation (St) with respect to still water level (SWL)
versus wave run-up elevation estimated for previous studies and our
experiment (red square) compared to the observed R2% values of
our experiment (blue square). This plot is originated from Bemmelen
et al. (2020).
FIGURE 14

Observed R2% from stereo imagery versus (H0L0)
0.5.
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Fron
The findings revealed that the prediction based on the

swash zone slope exhibited significantly greater accuracy

than those based on the surf zone slope. During storm

conditions, the swash predominantly occurred on the range

from SWL to the dune scarp toe (beach slope, bB) due to the
setup and storm surge. Also, the beach slope is one of the

morphological properties indicating dune vulnerability and

should be up-to-date to estimate coastal risks appropriately

(Cohn et al., 2021). Therefore, this study used bB for

parameterization to investigate the feasibility of prediction

R2% on the dune scarp.

(4) Dune slope refers to the slope from the dune toe to the dune

crest (bD; Figure 16). Since R2% occurred on the dune scarp,
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the foredune slope was also examined to understand its

association. These different slopes were calculated and

indicated in Table 4.
According to da Silva et al. (2020), defining a single formulation

that can adequately estimate wave run-up in such a wide range of

conditions, including morphological changes, is challenging.

Therefore, this study aims to examine the required slope for

investigating the feasibility and improving the accuracy of existing

empirical formulas (Stockdon formula) as preliminary research of

R2% occurring on the dune scarp rather than proposing a new

empirical formula.

Additionally, the surf zone slope was not considered in this

study because Stockdon et al. (2006) and da Silva et al. (2020)

indicated that the surf zone slope does not provide a significant

improvement over bST. Furthermore, using swash zone slope

exhibited a better accuracy in estimating wave run-up than surf

zone slope (Blenkinsopp et al., 2016).

Table 5 represents the estimated R2% values considering all the

abovementioned inputs. It specifically shows the R2% calculated

based on each slope (bST, bPH, bB, bD).

3.2.3 Comparison between observed and
estimated R2%

Figure 17 presents a comparative analysis between the observed

and estimated R2% values in relation to each slope parameter (bST,
bPH, bB, bD), indicating the potential applicability of slope

parameters to enhance predictive accuracy when encountering

R2% scenarios on either the scarp or beach. It shows which slope

should be applied when R2% occurs on the scarp or beach to

improve accuracy for prediction. Figure 17 indicates that using
TABLE 4 Slope values calculated according to each slope (bST, bPH, bB, bD).

Trial number
Slope

bST bPH bB bST

13 0.19 0.31 0.16 0.34

20 0.08 0.11 0.17 1.14

21 0.07 0.11 0.13 1.36

24 0.11 0.12 0.14 1.33

25 0.16 0.12 0.12 2.41

26 0.17 0.14 0.14 2.38

28 0.18 0.15 0.14 2.15

30 0.09 0.12 0.15 2.01

38 0.11 0.18 0.18 0.90

40 0.15 0.17 0.16 1.76

43 0.05 0.07 0.15 1.86

45 0.12 0.13 0.15 1.86

49 0.05 0.06 0.15 1.78

51 0.04 0.07 0.15 1.79
FIGURE 16

Graphic illustration to define beach and dune slope (bB, bD) in
this study.
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FIGURE 17

Comparison between the observed R2% and the estimated R2% from the Stockdon formula when using slope (A) average slope derived from
Stockdon equations (bST), (B) average slope derived from Palmsten and Holman equations bPH, (C) averaged beach slope (bB), and (D) averaged dune
slope (bD), respectively.
TABLE 5 Estimated R2% from Stockdon formula when using slope bST, bPH, bB, and bD.

Trial number H0 (m) Tp (m)
R2% (m)

bST bPH bB bD

13 0.58 3.49 0.53 0.84 0.45 0.91

20 0.72 3.86 0.32 0.41 0.59 3.73

21 0.73 3.86 0.30 0.41 0.47 4.47

24 0.7 3.86 0.40 0.43 0.49 4.28

25 0.69 3.88 0.55 0.43 0.43 7.74

26 0.67 3.82 0.56 0.47 0.47 7.42

28 0.71 3.84 0.61 0.52 0.49 6.93

30 0.68 3.82 0.34 0.42 0.51 6.31

38 0.84 3.84 0.44 0.67 0.67 3.16

40 0.84 3.84 0.57 0.63 0.60 6.17

43 0.67 3.68 0.16 0.27 0.48 5.58

45 0.66 3.65 0.40 0.42 0.48 5.50

49 0.34 3.72 0.16 0.18 0.35 3.85

51 0.34 3.7 0.15 0.19 0.35 3.85
F
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the slopes, bST and bPH, resulted in an underestimation of R2% in

most storm cases; however, a significant overestimation was

witnessed in using dune slope (bD). However, using the slope, bB,
when wave run-up on the dune scarp, improves the estimation

accuracy (SC2-SC4). Table 6 shows the accuracy of wave run-up

parameterization according to each slope. RRMSE is the mean value

of the RMSE of each storm condition and was calculated to evaluate

the prediction accuracy, while the mean difference error, DR was

calculated and indicated in Table 6. RRMSE values of SC3 according

to the slope, when R2% occurred on the dune scarp, were 0.1470,

0.0920, 0.0655, and 5.2705 for bST, bPH, bB, bD, respectively.
Compared to the results of Stockdon et al. (2006) (refer to

Table 4 in Stockdon et al., 2006), the error range of both RRMSE

and DR from this study is smaller than Stockdon et al. (2006). The

findings reveal that R2% derived from the Stockdon equation

incorporating the beach slope parameter exhibited a better

agreement with observed R2% values using the stereo imagery

technique than other types of slopes. Compared to the slopes bST
and bPH, using the beach slope (bB) has the practical advantage of
requiring only the morphological survey data. During the storm

event, when R2% does not occur on the dune scarp (SC5), using bPH
instead of the bST resulted in slightly higher accuracy in predicting

R2% (Figures 17A, B), which is attributed to the wide variation of

<h> and 2s caused by storm wave conditions.
4 Discussion

4.1 Characteristics of
morphological change

Initially, a comprehensive overview of morphological changes

has been presented in “Section 2.4”. Therefore, in this section, this

study aims to discuss the slope and the location of the dune

scarp toe.

This study proposed the use of bB (beach slope) when estimating

R2% occurred on the dune scarp. During SC2, SC3, and SC4

(specifically Trial 43), when R2% occurred on the dune scarp, as

shown in Figure 13B, the total water level (Still water level + R2%)

was approximately 2.2 m. The reason is that the wave run-up is

limited by the dune or dune scarp. In contrast, the consistently

observed R2% limited by the dune or dune scarp, both bST and bPH
resulted in the varying ranges of the slope depending on wave

conditions, as well as rapid changes in morphology (Table 4). Even

under the same wave conditions, the values of bST and bPH had

variations due to the rapid changes in morphology. However, as
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shown in Table 4, bB yields relatively consistent slope values

compared to bST and bPH. Therefore, when using bB, it is

recognized that accurate estimations of R2% can be obtained

through the Stockdon formula.

Furthermore, the Root Mean Square Error (RMSE) and Mean

Absolute Error (MAE) between the bB for each wave run and the

first-order polynomial fitting curve from the trajectory of the dune

scarp toe during SC2-SC3 (Figure 12) had slight differences, with

values of 0.0097 and 0.0086, respectively. This result supported

Palmsten and Holman (2012) that the dune scarp toe movement

corresponds to the foreshore beach slope. Therefore, the dune scarp

toe moved in accordance with bB, extending from the still water

level to the dune toe. It is considered that this result could lead to

more accurate predictions when forecasting the erosion and retreat

of the dune through numerical modeling, particularly regarding the

location of the dune scarp toe.
4.2 Storm impact scale

In this study, the proposed slope parameter (bB) was utilized to

determine the storm impact scale, along with the remaining factors

calculated based on Sallenger (2000). Figure 18A represents the

results calculated using the initial bed profile and incident wave

conditions, while Figure 18B illustrates the results considering the

wave conditions obtained from WG1 and the consequent

alternations in the bed profiles induced by the waves. As shown

in Figure 18A, when evaluating the storm impact scale based on the

initial bed profile, it is anticipated that overwash would occur

during the storm event. However, during this experiment,

overwash did not occur, and the coastal dune served as a natural

barrier or seawall, attenuating wave run-up. Collision of the dune

was observed during this experiment as a maximum scenario, which

aligns with the results in Figure 18B. Therefore, when embarking on

the design of artificial sand dunes based on the initial bed profile,

there exists a possibility of overdesigning the structures in

anticipation of the storm-induced overwash. Consequently, it is

recommended to consider the proposed slope (bB) and account for

the dynamic changes in bed profile resulting from the storms when

designing the artificial dunes.
4.3 Observation: R2%

The observed R2% obtained through the stereo imagery

technique in this experiment compared with the empirical formula
TABLE 6 Accuracy of wave run-up parameterization according to each slope bST, bPH, bB, and bD.

Storm
condition

RRMSE(m) DR(m)

bST bPH bB bD bST bPH bB bD

SC3 0.1470 0.0920 0.0655 5.2705 -0.1044 -0.0704 -0.0345 5.0218

SC4 0.3480 0.2681 0.1128 4.9654 -0.2971 -0.2288 -0.0950 4.9654

SC5 0.0529 0.0312 0.1429 3.6433 -0.0523 -0.0194 0.1421 3.6432
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for R2% of coastal dikes and embankment seawalls proposed by van

der Meer et al. (2018), known as EurOtop (2018) (refer to Figure 19).

Although, in our experiment, the breaker parameter (Irribaren

number) is relatively small compared to the hard structures, the

dimensionless wave run-up values were approximately uniform,

with an average value of 0.785, similar to the embankment

seawalls. It seems that when the R2% occurred on the dune scarp

(cliff), the dune scarp acted like a vertical wall. So, even though the

beach slope (bB) was slightly changed, the values of dimensionless

R2% were approximately constant.
4.4 Estimation: R2%

Atkinson et al. (2017) evaluated eleven empirical formulas for

estimating R2% and concluded that the formulas suggested by Hunt

and Vousdoukas et al. (2012) had the highest accuracy. However,

both empirical formulas were based on a single field observation
Frontiers in Marine Science 17
dataset. Additionally, the slope used by Atkinson et al. (2017)

considered the range from the breaking point to the 2% wave

rundown limit. However, finding the breaking point in the surf zone

is difficult, posing engineering challenges to define it accurately.

According to Stockdon et al. (2006), a slight improvement was

applied to the surf zone slope to estimate R2%. When comparing our

experimental observations with the formula proposed by

Vousdoukas et al. 2012 to investigate the feasibility of the

Vousdouskas formula for predicting R2% occurred on the dune

scarp. The result indicates an overestimation of R2% regardless of

which slope to use (Figure 20) because wave run-up may be

truncated or overtopped by beach scarps, cliffs, and dunes,

leading to different tail shapes in probability density functions in

extreme events (Vousdoukas et al., 2012). However, in this

experiment, which simulated a single storm event, overwash did

not occur due to the dune scarp, and the collision regime was

reached instead. Therefore, when R2% occurs on the dune scarp, it is

suggested to use the Stockdon formula with a beach slope (bB).
BA

FIGURE 19

Observed R2% values from the stereo imagery plotted with the empirical formula for R2% of coastal dikes and embankment seawalls based on
EurOtop (2018).
BA

FIGURE 18

Storm impact scale of our experiment when using (A) initial bed profile and (B) bed profile after each wave-run.
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4.5 Future work

In this study, the laboratory experiment contains several

uncertainties since the specific processes have not been

thoroughly quantified, such as bar migration, sediment grain

sizes, and scale effects. First, a series of large-scale experiments for

an entire simplified storm, including pre-storm (initial), storm

(SC1~SC5), and post-storm (Recovery), interacting with a beach-

dune system were conducted to investigate the wave hydrodynamic

patterns and morphological changes. The coastal dunes experienced

significant erosion during the storm with high surge levels and

extreme waves, causing the dune face to be eroded and the sediment

transported towards seaward, forming the inner sandbar around a

cross-shore distance of 50 m. However, the inner bar is completely

washed in the recovery process and the outer bar is located between

32 m and 38 m in the beach profile. Sandbar migration is driven by

a combination of hydrodynamic processes, sediment transport, and

morphological systems. Understanding the detailed mechanism of

sandbar migration is challenging and complex; therefore, this

phenomenon is negligible in this study. Thus, further work is

needed to identify the mechanism to provide useful information

on wave runup estimation.

Second, several previous studies (e.g., van de Graaff et al., 1977;

Vellinga, 1981) conducted a series of laboratory experiments to

examine the influence of grain size on the beach-dune profile. The

results indicate that the coastal dune has fine sediment with smaller

settling velocities, and would experience greater total erosion
Frontiers in Marine Science 18
volumes, and a broader settling area, resulting in milder-sloped

dunes with lower dune toes (van Wiechen et al., 2023). In addition,

wave runup height depends strongly on the foreshore beach slope

and surface roughness, both of which relate directly to the sediment

grain size characteristics. Steeper coarse-grained beaches tend to

allow less wave runup excursion, while flatter fine-grained beaches

are more susceptible to greater inland flooding. However, the

increased roughness of coarser sediments also enhances the

frictional dissipation of wave uprush and backwash motions.

Finer sediments provide less resistance to swash flows across the

beach-dune system. In detail, the standard empirical formula for

wave runup height estimation includes the foreshore beach slope

tanb which can be related to the equilibrium beach profile shape

and the sediment scale parameter, which correlates with the mean

sediment size. Therefore, coarser grains would produce higher tanb
values and lower predicted runup, while finer sediment yields lower

tanb and higher estimates of wave runup extent. In addition, the

roughness coefficient in wave runup formulas accounts for frictional

resistance to swash zone flows. This drag resistance depends greatly

on the size and distribution of beach sediment and bedforms.

Therefore, the grain size fundamentally impacts beach slope,

equilibrium profile shape, and surface roughness, it is a vital

factor that must be well characterized across beach-dune profiles

to produce reliable estimation of wave runup heights. Investigation

of grain size variability is essential to improve wave run prediction

capabilities of wave runup, providing useful information on risk

assessments and management of coastal flood impacts.
B

C D

A

FIGURE 20

Comparison between the observed R2% and the estimated R2% from the Vousdouskas formula when using slope (A) bST, (B) bPH, (C) bB, and (D)
bD, respectively.
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5 Conclusion

In this study, a series of two-dimensional large-scale

experiments were conducted to evaluate the feasibility of using

existing empirical formulas and suggest the slope as an input of

empirical formula to estimate R2% when the wave run-up is

influenced by the dune scarp.

The large-scale movable bed experiment replicates a single

storm event to investigate the erosion and restoration mechanism

of the dunes and sediment. The hydrodynamics were observed

using wave gauges, an electromagnetic current meter, an acoustic

Doppler velocimeter, an acoustic Doppler velocimeter profiler, and

a pair of stereo cameras, while the morphological changes were

measured at 20 cm intervals using Level Stuff and an echo-Logger.

Three-dimensional water surface elevation was extracted using the

stereo imagery technique in shallow water. Based on this result, swash

motion and setup were measured. Therefore, R2% was calculated

following Stockdon et al. (2006). Also, in this experiment, the wave

run-up was affected by the dune scarp during SC2-4. And swash and

collision regimes in storm impact scales occurred.

The conclusions drawn from this experiment are as follows:
Fron
1. The dune scarp was formed and retreated during an entire

storm event, in which slumping occurred particularly

during the initial phase of the storm (SC1), and the

slumping area increased over time. The dune scarp was

clearly formed in SC2, and the dune scarp toe could be

clearly identified. In the greatest erosive case, SC3, the dune

scarp retreated with slumping. In the subsequent stages,

when the storm weakened (SC4 and SC5), swash motion

mainly occurred on the foreshore slope, and there was no

further retreat of the dune scarp and dune erosion. The

findings confirm that R2% is an essential factor in

dune erosion.

2. When wave run-up was influenced by the dune scarp, R2%
was consistently observed regardless of morphological

changes. This study showed that the dune scarp acted like

a seawall compared to EurOtop (2018).

3. For R2% occurred on the dune scarp, this study suggests

using the Stockdon formula with beach slope, bB (from still

water level to the dune toe). This approach yielded the

highest accuracy and consistency in estimating R2% based

on experimental and field observation data.

4. The elevation of the dune scarp toe was observed to follow

the beach slope, bB, consistent with Palmsten and

Holman (2012).

5. When using numerical models to predict dune erosion, the

results shown in this study could contribute to an

improvement in the accuracy of predicting the form of the

dune when R2% occurs on the dune scarp. This information

can also be applied to the design of artificial dune structures.

6. When using the storm impact scale to predict dune erosion

during storms, this study suggested using beach slopes, bB
and up-to-date morphological change to avoid

overprediction of dune erosion.
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