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ABSTRACT

During extreme conditions, the transport of the wave-averaged suspended sediment concentrations in the inner
surf zone affects dune erosion. Although large-scale laboratory experiments have provided insight in what drives
these sediment concentrations, corresponding field data are lacking. To fill this gap, novel field observations of
suspended sediment concentrations are compared to drivers that govern sediment suspension during storm
conditions known from literature. A total of 128 time intervals of 20 min are analysed, spread over 10 different
high water events with different hydrodynamic conditions. For each time interval, the wave-averaged (i.e. 20
min mean) suspended sediment concentration is computed and compared to three suspension drivers. The
studied drivers are (1) bed shear due to near bed velocities that originate from mean currents in combination
with wave-induced orbital flow, (2) the horizontal pressure gradients under steep wave fronts that increase the
forces on the bed material, and (3) bore-induced turbulence that is generated at the free surface and reaches the
bed. The derived bore-induced turbulence generates the greatest correlation with the mean suspended sediment
concentrations (r = 0.74, p = 4.47E-23). Samples that deviate from this correlation correspond to time intervals
with lower values of derived bore turbulence, less wave energy saturation in the inner surf zone, and stronger
mean currents. The correlation with the mean suspended sediment concentrations increases when the shear
stress originating from mean currents is used for these time intervals (r = 0.83, p = 1.63E-33). For time intervals
during which more energetic conditions persist and the wave energy is saturated in the nearshore, bore turbu-
lence was the dominant mechanism in stirring up sediment. The outcome of this study suggests that, based on the
events analysed, dune erosion models may achieve more accurate results if computations of suspended sediment
concentrations include a bore-induced turbulence term, or if already included, properly address the relative
importance of bore-induced turbulence when compared to bed shearing.

1. Introduction

fall down and how fast the sediment of the slump is transported offshore
during the storm. The latter is influenced by the magnitude of suspended

Storm conditions can lead to dune erosion and damage to coastal
dune systems with loss of habitat and flooding of urban infrastructure as
a consequence (Castelle et al., 2015; Masselink et al., 2016; Harley et al.,
2016; Leaman et al., 2021). During storms, incident waves may collide
with the dune. As a consequence, slumps of sediment slide down the
dune face (van Gent et al., 2008; Palmsten and Holman, 2011, 2012). A
slump that slid down will temporarily defend the dune face behind it
until waves and currents mobilise the sediment from the slump and
transport it offshore (van Thiel de Vries et al., 2007). After all the
sediment is transported away from the dune face, the dune face is left
exposed again, leaving room for a new slump to slide down. The total
impact of a storm on the dune strongly depends on how fast these slumps
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sediment concentrations in the surf zone (Steetzel, 1993; van Wiechen
et al., 2023b).

Important drivers of suspended sediment concentrations in the surf
zone that have been identified are (1) bed shear due to near bed ve-
locities that originate from mean currents in combination with wave-
induced orbital flow (Bailard, 1981; van Rijn, 1984; Nielsen, 1992),
(2) the horizontal pressure gradients under steep wave fronts that in-
crease the forces on the bed material (Madsen, 1975; Masselink and
Puleo, 2006; van Thiel de Vries et al., 2008), and (3) bore-induced
turbulence that is generated at the free surface and reaches the bed
(Dally and Dean, 1984; Roelvink and Stive, 1989; Butt et al., 2004; van
Thiel de Vries et al, 2008) (Fig. 1). Since all drivers occur

Received 11 July 2023; Received in revised form 1 May 2024; Accepted 1 May 2024

Available online 4 May 2024

0025-3227/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:P.P.J.vanWiechen@tudelft.nl
www.sciencedirect.com/science/journal/00253227
https://www.elsevier.com/locate/margo
https://doi.org/10.1016/j.margeo.2024.107302
https://doi.org/10.1016/j.margeo.2024.107302
https://doi.org/10.1016/j.margeo.2024.107302
http://creativecommons.org/licenses/by/4.0/

P.P.J. van Wiechen et al.

a) Bed shearing b)

Velocity
profile

Pressure

Marine Geology 473 (2024) 107302

Large pressure c)
\ gradient

Turbulent bore

Suspended
sediment 0
%)
B B ev g,
) RLetl 2

Turbulent bed boundary layer

ndn

wys Suspended sediments
&

L
(@AY

Turbulent motion

Py

Fig. 1. Sediment suspension drivers (red arrows) that have been identified are (a) bed shear due to near bed velocities, (b) horizontal pressure gradients under steep
wave fronts, and (c) bore-induced turbulence that reaches the bed. The wave is moving from left to right in each panel. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

simultaneously during storm conditions it is difficult to differentiate
between the relative magnitude and importance of each driver.

Differences in how these three drivers are implemented in model
predictions translate to differences in how much sediment is predicted to
be suspended in the nearshore and subsequently transported offshore
(Den Heijer, 2013). For example, XBeach (Roelvink et al., 2009) in-
cludes a term accounting for both bed shearing and bore turbulence
when computing the suspension of sediments (after van Thiel de Vries
et al., 2008). DurosTA (Steetzel, 1993) only includes a term accounting
for the dissipation of turbulent energy, which is related to bore turbu-
lence. Under oblique wave conditions, bed shearing is expected to in-
crease due to the generation of alongshore currents (Longuet-Higgins,
1970; Ruessink et al., 2001). As a consequence, for increasing obliquity
of waves, XBeach predicts larger sediment concentrations in the near-
shore and larger dune erosion volumes per unit beach width when
compared to DurosTA (Den Heijer, 2013). For the normative storm
conditions in the Netherlands (water level of +5 m NAP,1 significant
wave height of 9 m, peak wave period of 12 s), an incident wave angle of
40° leads to predicted erosion volumes in [m3/m above 45 m NAP] that
are 30% larger in XBeach than in DurosTA. In addition, for XBeach
predictions only, the predicted erosion volumes are 30% larger for an
incident wave angle of 40° when compared to normally incident waves
(0°) (Den Heijer, 2013). These examples highlight the sensitivity of
model predictions to formulations for suspended sediment concentra-
tions, and the importance of proper implementation of sediment sus-
pension drivers in dune erosion models.

Numerous wave flume experiments were conducted to study the
relative magnitude and importance of sediment suspension drivers in
the inner surf zone (van Rijn and Havinga, 1995; Arcilla et al., 1994;
Smith and Mocke, 2002; van Thiel de Vries et al., 2008; van der Zanden
et al., 2017; Eichentopf et al., 2020). Within a confined laboratory
environment where the hydrodynamic forcing could be controlled, it
was possible to investigate the influence of specific hydrodynamic and
morphodynamic parameters individually in time. Most experiments
were conducted in a 1D wave flume, and were confined to the cross-
shore dimension and neglected the alongshore dimension. As a conse-
quence, possible effects on the stirring of sediments due to 2DH pro-
cesses such as an alongshore current could not be studied adequately
using flumes. An exception are van Rijn and Havinga (1995), who
studied oblique non-breaking waves over an ambient current. Field
observations of dune erosion could provide more closure as they capture
all processes naturally occurring (de Winter et al., 2015; van Bemmelen
et al., 2020; Schweiger et al., 2020).

1 Normaal Amsterdams Peil, the Dutch Chart Datum (=~ Mean Sea Level)

In this study we analyse field data to study the relative magnitude
and importance of the different sediment suspension drivers on wave-
averaged (corresponding to the 20 min mean) sediment concentra-
tions (Fig. 1). The field experiment encompassed the construction of two
artificial sandy dunes near the high water line with a crest height of 5.5
m NAP and crest width of 150 m (van Wiechen et al., 2024). Sediment
concentrations, surface elevations, and orbital velocities were recorded
continuously in the inner surf zone at both dunes for five consecutive
weeks. The collected data allows a quantification of the different sedi-
ment suspension drivers for varying hydrodynamic conditions, and a
comparison between variations in these drivers and variations in
measured mean suspended sediment concentrations.

2. Field site and instrumentation

The data analysed in this study were collected during the RealDune/
REFLEX field experiments in the autumn of 2021 and winter of
2021-2022 (van Wiechen et al., 2024; Rutten et al., 2024). In these
experiments two dunes were constructed on the Sand Engine, Kijkduin,
The Netherlands, with the aim of studying important processes that
occur during dune erosion in the collision regime. Below, a summary is
given of the segment of the field site and instrumentation that is relevant
for this study. For a detailed description of the field site, instrument
setup, the collected data, data accuracy and data resolution the reader is
referred to van Wiechen et al. (2024) and Rutten et al. (2024). The local
coordinate system and station numbers defined in van Wiechen et al.
(2024) and Rutten et al. (2024) have been adopted here to remain
consistent.

2.1. Field site

The two constructed dunes contained no vegetation and were con-
structed just above the high water line. The dunes were 150 m wide, and
had a crest at an elevation of 5.5 m NAP with a width of 7 m (Fig. 2a).
Dune 1 corresponds to the southern dune, Dune 2 to the northern dune.
The dunes were constructed approximately 500 m apart, with differ-
ences in coastline orientation and nearshore bathymetry (Fig. 2b). These
differences resulted in different nearshore hydrodynamic and morpho-
dynamic conditions for identical offshore wave conditions.

This study involves data from the period between November 23 and
December 12. Water levels within this period fluctuated between —1.24
and 2.07 m NAP. The mean low water level (MLWL) at the field site
during the study period was —0.44 m NAP. The mean high water level
(MHWL) at the field site during the study period was 1.25 m NAP. The
mean offshore sea swell wave height was 1.28 m (at the —14.4 m NAP
depth contour, see Rutten et al. (2024)). The mean offshore peak period
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Fig. 2. a) Aerial impression of the field site including Dune 1 and Dune 2. The dashed white lines represent the positive orientations of both dunes with respect to
True North. O1 and O2 represent local coordinate system origins (x-markers). b) Plan view of the instrumentation at both dunes. c-d) cross-shore instrumentation of
Dune 1 (c¢) and Dune 2 (d). The x- and y-coordinates in b) are with respect to a temporary coordinate system to highlight the distance between both dunes. The
elevations of the instruments in panels c¢) and d) have been changed vertically for readability and are not exactly equal to their elevations in the field. S06 had no
standalone pressure sensor. Here, pressure was recorded by the built-in pressure sensor of the ADV. In panels c) and d), #,qys01 @nd i so1 represent the 20 min
averaged maximum and minimum water levels recorded at SO1 during the experiment. The Figure and captions are adopted from van Wiechen et al. (2024).

was 7.23 s. The offshore wave angle ranged from 220 to 345° true North,
with a mean of 306.3° true North. Wave angles of 296° and 310° true
North correspond to shore normal incidence at Dune 1 and Dune 2,
respectively (Fig. 2a). One storm surge with a return period of 0.2 years
occurred on December 2, and corresponds to the maximum recorded
water level of 2.07 m. The maximum offshore wave height during the
storm surge was 2.91 m.

The sediment from the field site was sieved in laboratory facilities to
acquire information about the sediment fractions. It had a Dy, Ds, Dso,
Dys, and Dg of respectively 236.0, 287.3, 362.3, 443.0, 557.6 pm, and
can be categorised as slightly gravelly sand.

2.2. Instrumentation

Multiple sensors were used in the nearshore to measure water levels
(pressures), flow velocities, and sediment concentrations (Fig. 2b-d).
From November 23, 14:00 (local time) to December 12, 12:00, all sen-
sors were successfully deployed in the field, collecting data continuously
with the exception of several (short) service intervals required for
changing batteries.

Pressures were recorded by RBR solo pressure sensors (RBR Global,
2022), OSSI wave gauges (Ocean Sensor Systems, 2023), and the built-in
pressure sensor of the Accoustic Doppler Velocimeter (ADV, Nortek,
2018) at S06. The RBR pressure sensors (S01, S07, S08, S11, S13, S14)
measured pressure at 8 Hz. The OSSI wave gauges (S02, S03, S04, SO05,
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S09, S10, S12, S15) measured pressure at 10 Hz. The ADV at S06
measured pressure at 16 Hz. The pressures were converted to water
levels accounting for atmospheric and non-hydrostatic pressures. Flow
velocities were recorded by the ADVs at S01, S06, S11, and S14. Ve-
locities were measured in cross-shore, alongshore, and vertical direction
at 16 Hz. Sediment concentrations were recorded by optical backscatter
sensors (OBS, Campbell OBS3+, Campbell Scientific Inc, 2008). Two
OBSs were attached to each of the ADVs at S06 and S14, and measured
backscatter at 16 Hz. Within the deployment period, the height differ-
ence between the two OBSs at each ADV ranged between 0.03 and 0.09
m. The heights above the bed of the lower OBSs ranged from 0.01 m to
0.64 m. Differences in these heights were caused by the changing ba-
thymetry of the field site. The backscatter data were converted to sedi-
ment concentrations using a calibration coefficient for each OBS. This
coefficient was determined through laboratory tests. In these tests,
sediment concentrations ranging from 0 to 120 g/1 were generated using
sediment from the field site and compared to the backscatter output of
each OBS.

3. Methods

The methodology to compare measured wave-averaged sediment
concentrations with different sediment suspension drivers consists of
four steps. First, suitable time intervals of 20 min long are selected for
analysis. The 20 min duration was assumed short enough to assume
stationary hydrodynamic conditions within the interval, and long
enough to allow a spectral analysis of the different frequencies within
the wave signal. Second, the concentration measurements of the 20 min
time intervals are filtered from outliers and contaminated data. Third,
the 20 min mean of the filtered concentration timeseries are computed
and converted to estimations of the mean concentrations at 0.30 m
above the bed. This conversion was required to make all sediment
concentrations comparable, given the changing bathymetry of the field
site. The height of 0.30 m above the bed is the mean height of the OBSs
of all 20 min time intervals. Fourth, the three sediment suspension
drivers (Fig. 1) are quantified using the measured hydrodynamics in the
inner surf zone.

3.1. Selection of events for analysis

This study will compare wave-averaged (i.e. 20 min mean) sus-
pended sediment concentrations with sediment suspension drivers

— saa X Maxima

2.5

20 min intervals with n= 1.40 m NAP
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during the ten highest high waters (HWs) in the period from November
23 to December 12. The ten highest waters were identified using the
mean water level at SO1 (Fig. 3). The mean water level was computed
using a 20 min moving average. HW5 corresponds to the high water
during the storm surge on December 2. Erosion of the dune face occurred
during HW4 at Dune 2, and during HW5 at both dunes.

Each HW was split into multiple 20 min time intervals around the
highest water level for analysis. The mean water level during each 20
min time interval was at least 1.40 m NAP to ensure the OBSs were
sufficiently submerged. The n'™ order spectral moments (mp),

Mo = /0 FEF) df. )

of the detrended surface elevation timeseries, including infragravity
frequencies, are used to compute the spectral (significant) wave height,
Hp,

H,, = 4\/my, 2)
and the spectral wave period, T;,, approximated as T,,,_1 as suggested

by van Gent et al. (2008),

10 = ol 3)
moy

Tp =

where E(f) is the variance density spectrum for the different wave fre-
quencies f of the 20 min surface elevation timeseries.

A total of 46 time intervals of 20 min were selected for each dune for
further analysis. Table 1 displays the maximum mean water level (17,.,),
and the average Hy,, T, and the mean wave direction Opean of all 20 min
time intervals within each HW at SO1 (Dune 1) and S11 (Dune 2). The
wave direction Opean is given with respect to the shore normal of Dune 1
and Dune 2 (Fig. 2a). Negative values mean waves coming from the
North-West, positive values mean waves from the South-West (see
Fig. 2a and b for cardinal directions of the field site). The last column
displays instruments that were not deployed during a specific HW due to
service intervals.

3.2. Processing and filtering the sediment concentration measurements
The concentration timeseries of all 4 OBSs were processed and

filtered for each 20 min time interval before analysis. First, all 20 min
time intervals in which the OBS was not continuously above the bed
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Fig. 3. Water levels at station 1 (S01) (blue), with selected time intervals for analysis based on the highest 10 HWs in the period from November 23 to December 12.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Hydrodynamic conditions at SO1 (Dune 1) and S11 (Dune 2) for the 10 highest HWs in the period from November 23 to December 12. The largest values for all
parameters of all HWs at SO1 and S11 are displayed in bold. The smallest values are displayed in italic. The wave direction is given with respect to the shore normal of
the dunes. Negative values mean waves coming from the North-West, positive values mean waves from the South-West. The heights above the bed of the OBSs during
each HW are given in Fig. 4.

HW Date HW Station Nmayx [M] Hy, [m] Ty [s] Omean [°] Non-deployed instruments
HW1 2021-11-26 S01 1.66 1.31 6.56 -5.63
18:45 S11 1.67 1.37 6.50 3.58
HW2 2021-11-27 S01 1.46 1.07 7.57 —11.22
07:33 S11 1.46 1.29 7.33 0.56
HW3 2021-11-30 S01 1.43 1.64 6.86 —-0.24 ADV, OBSs at S06
11:08 S11 1.46 1.57 6.61 8.16
HW4 2021-12-01 S01 1.60 1.81 7.26 —0.64
12:24 S11 1.61 1.77 7.36 7.19
HW5 2021-12-02 S01 2.04 1.75 8.77 —16.17
00:16 S11 2.08 1.93 8.59 —-2.90
HW6 2021-12-04 S01 1.57 0.84 6.66 —6.36 RBRs at S07, SO8
02:01 S11 X X X 3.86 RBRs at S11, S13, S14
HW7 2021-12-04 S01 1.46 0.77 5.27 -7.15
14:24 S11 1.43 0.83 5.39 5.53
HWS8 2021-12-05 S01 1.61 1.31 6.43 1.61
02:39 S11 1.57 1.29 6.46 16.53
HW9 2021-12-07 S01 1.50 1.88 6.35 1.15
04:25 S11 1.46 1.59 6.62 10.72 ADV, OBS at S14
HW10 2021-12-10 S01 1.63 1.24 7.43 —4.39
19:38 S11 1.59 1.30 7.43 11.08

were discarded (see Bs in Fig. 4a-d). The heights above the bed of the
OBSs during each HW were computed using linear time interpolation of
the documented heights above the bed during the LWs (low waters)
surrounding each HW. The mean heights above the bed of the OBSs of
each HW are displayed below panels b) and d) in Fig. 4. Second, the 20
min concentration timeseries of the OBSs that were continuously above
the bed were filtered from outliers and air bubbles.

Outliers that were removed were defined as (1) NaN's (Not a Num-
ber), which indicate that the OBS output at that timestep exceeded the
maximal output tested during the OBS calibration procedure, and (2)
sediment concentrations larger than the mean plus 3 times the standard
deviation of the concentration timeseries of the 20 min time interval.
After the removal of outliers, the concentration timeseries were sub-
jected to the air bubble filter of Smith and Mocke (2002), which is
partially based on a routine of Sato et al. (1990). The filter computes the
trend of the suspended sediment concentration by computing the mean
of the suspended sediment concentration in the 0.3 s before a specific
data point. If the specific data point is significantly higher than the mean
of the previous 0.3 s, it is considered contaminated by air bubbles. The
contamination threshold was set at 1.4 times the mean concentration of
each time interval in this study, which is equal in a relative sense to the
threshold in Smith and Mocke (2002). If the threshold is exceeded,
Smith and Mocke (2002) replace the concentration data point with the
mean concentration of the 0.3 s before it. In this study, the erroneous
data points were discarded.

Concentration timeseries of the 20 min time intervals were kept for
analysis if they still contained 80% or more of their original data points
after both filters. On average, the kept timeseries still contained 93% of
their original data points. There were a total of 42 concentration
timeseries of 20 min suitable for analysis for the upper OBS at S06, 41 for
the lower OBS at S06, 29 for the upper OBS at S14, and 26 for the lower
OBS at S14 (Fig. 4a-d).

3.3. Converting sediment concentrations to an expected wave-averaged
concentration at 0.30 m from the bed

The average concentration (¢) of the timeseries of each 20 min time
interval was computed next (Figs. 4a-d and 5a). Hereafter in this paper,
this 20 min averaged sediment concentration (¢) will be referred to as
the mean suspended sediment concentration. Overall, the mean

suspended sediment concentrations at S14 were larger than at S06.
Mean suspended sediment concentrations within the lowest part of the
water column remained within the same order of magnitude as higher
up in the water column (Fig. 5a). The mean concentrations were of
comparable magnitude between the upper and lower OBSs, which were
approximately 0.03-0.09 m apart during the experiment (Fig. 5).

The height above the bed at which the OBSs recorded data was not
constant during all HWs and 20 min time intervals (Fig. 5a). In addition,
the vertical distribution of suspended sediment concentrations in the
inner surf zone is known to be non-uniform (see e.g. van Rijn (1993); van
Rijn and Kroon (1993); van Rijn and Havinga (1995); Steetzel (1993);
Aagaard and Greenwood (2008)). To be able to compare the measured
sediment concentrations between the different 20 min time intervals, ¢
of each time interval was converted to an expected mean suspended
sediment concentration at 0.30 m above the bed (¢o30m). The height of
0.30 m was equal to the average height above the bed of all four OBSs
during all events used in the analyses (Fig. 4).

Vertical distributions of sediment concentrations under breaking
waves have been subject to many studies and remain a challenge (see
Aagaard et al. (2021) for a review on suspended sediment concentra-
tions in the surf zone). Many resort to a 1DV sediment balance based on
an advection-diffusion equation, discarding the horizontal advective
terms (Fredsge and Deigaard, 1992; Nielsen, 1992; Aagaard and Jensen,
2013),

dc dc 0 dc
&‘%‘&(%) =0 “)

where the sediment concentration profile is determined by the relation
between the downward movement of sediment through gravity, repre-
sented by the fall velocity (w;, [m/s]), and the up- and downward
movement of sediment through the sediment diffusivity (e, [m?/s]).

In this study, we used Eq. (4) to estimate the vertical distribution of
the mean suspended sediment concentrations. The first term was
assumed equal to zero because we study time-averaged sediment con-
centrations. We assumed a constant vertical diffusivity profile for all
fractions with an e of 0.015 m?/s. The constant vertical diffusivity
profile suggests strong vertical mixing, starting at the near-bed region.
The value of 0.015 m?/s is equal to upper limit of e in Aagaard and
Jensen (2013). The assumptions of a constant vertical diffusivity profile
and the value of 0.015 m?/s are based on (1) the majority of observed
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outlier and bubble filters. HWs during which the OBS was buried are marked with a B. HWs during which the ADV and OBSs were not deployed are marked in black
with SI (service interval, Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

waves being plunging breakers (Ogston and Sternberg, 2002; Aagaard
and Jensen, 2013), (2) near-bed concentrations being of relatively equal
magnitude when compared to sediment concentrations higher up in the
water column (Fig. 5), and (3) wave conditions being more energetic
when compared to conditions in Aagaard and Jensen (2013) (Table 1).

As a consequence, the solution to Eq. (4) is equal to (Aagaard and
Jensen, 2013)

—ZWy —2ZWs i
c(z) = Coexp——= > Cosexp— ®)

fraction=i

where Cj is a reference concentration at the bed, and z the vertical co-
ordinate of the water column. It is positively oriented upward and equal
to 0 m at the bed.

We included five sediment fractions in our computation of ¢(z). The
total sediment concentration distribution was assumed equal to the sum
of the distributions of the individual fractions (Eq. (5)). The sediment
diameters of the fractions corresponded to the sediment diameters that
resulted from the sieving analysis of the sediment from the field site. The
fall velocities of each fraction were computed using the formula of
Ahrens (2000). The fractions were included in such a way that the
reference concentration at the bed consisted of 15% of sediment corre-
sponding to the fall velocity of the D;g, 20% to the D35, 30% to the Dso,
20% to the D75, and 15% to the Dgg.

Using the measured concentration by the OBS, and the known height
above the bed of the OBS, the reference concentration Co; was computed
for all fractions for each 20 min time interval. The value of Cy; in
combination with Eq. (5) was used to compute the expected mean sus-
pended sediment concentration at 0.30 m from the bed (¢o.30m)-

3.4. Quantifying the three sediment suspension drivers

The three sediment suspension drivers (Fig. 1) were quantified using
the measured hydrodynamics in the inner surf zone.

3.4.1. Bed shear due to mean currents and wave-induced orbital flow
The bed shear due to near bed velocities that originate from mean
currents in combination with wave-induced orbital flow was quantified
using the mean (few,mean) and maximum (tewmax) bed shear stress of
each 20 min time interval. These values result from a (nonlinear) com-
bination of the current induced bed shear stress (z) and the wave
induced bed shear stress (7,,) (Soulsby et al., 1993). Soulsby et al. (1993)
provide simplified model parameterisations of complex hydrodynamic
models (e.g. Fredsge, 1985; Myrhaug and Slaattelid, 1990; Huynh-thanh
and Temperville, 1990) to compute Tew mean aNd Tcw max- These parame-
terisations only require input for z., 7, a current friction factor (cf), a
wave friction factor (fw), and the angle between the mean current and
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Fig. 5. a) Vertical distribution of ¢ above the bed for all 20 min time intervals kept for analysis. Blue and red edges correspond to Dune 1 (S06) and Dune 2 (S14).
Green and orange fills correspond to upper and lower OBS. The minimal, mean, and maximal water depth of all 20 min time intervals are equal to hmin, Amean, and
hmax. Horizontal white lines indicate + 1 std. of the 20 min concentration timeseries. b) Histogram with 0.20 g/1 bins of the expected mean suspended sediment
concentration at 0.30 m above the bed (Co3om). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

the waves (¢). In this study we use Soulsby et al. (1993) with the
parameterisation of Fredsge (1985) to compute Tew,mean and Tewmax. We
refer to Soulsby et al. (1993) for the (constant) parameter values for
Fredsge (1985). The values of 7., 7w, ¢/, fy, and ¢ were computed as
described below.

The current induced bed shear stress (z.) was computed as

e = pesliga”, (6)

with p the density of water (~ 1025 kg/mg), ¢ a current friction factor,
and Uy, the time-averaged and depth-averaged current velocity of the 20
min time interval. The current friction factor was computed as

12
with C= 1810g10 h

T )

_&
Cr = 2
with C the Chézy coefficient, k; the Nikuradse bed roughness approxi-
mated as 3Dgg (Dgg = 557.6 um), and h the water depth. To compute
4., we assumed the current had a logarithmic profile over the vertical of
the water column:

_ h . U,z
Uaa =7 L u(z)oz with u(z) = ?ln%, (©))

with « the von Karmdan constant (= 0.41), 2o the roughness height
approximated as k;/33 (Soulsby, 1998; Reniers et al., 2004b), and u- the
mean shear velocity.

The mean shear velocity was computed using the velocimeter data
from the ADV. First, the velocimeter data was filtered from contami-
nated data by setting a beam correlation threshold for the ADV mea-
surements, after Elgar et al. (2001, 2005). This threshold was equal to
0.3+ 0.44/F;/25 = 62%, with F; the 16 Hz sampling frequency of the
ADV. Next, the total mean current was computed as the vector sum of
the mean cross-shore and alongshore current of the (filtered) ADV data.
Using the total mean current at the known elevation of the ADV, u+ and
subsequently 114, were computed following Eq. (8).

The wave induced bed shear stress was computed as

1 ..
Tw = Epfwu2> (9)

with f,, a wave related friction factor, and U the velocity amplitude of the
oscillatory flow near the bed. The correlation threshold of 62%
following from Elgar et al. (2001, 2005) resulted in multiple gaps within
the velocity signal of the ADV. Therefore, u was quantified by con-
verting the timeseries of the surface elevation # at stations S06 and S14
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to a timeseries of the orbital velocity w,. The product of the wave
number (k) and water depth (h) was smaller than 0.3 [—] for all 20 min
time intervals at S06 and S14. Therefore, we assumed very shallow
water for the conversion to u, and a constant velocity profile over the
vertical with value

Uy :”\/ga (10)

where g is the gravitational acceleration. The average velocity amplitude
u was computed as (van der A et al., 2013)

= /22, an

where the overbar denotes the time-average of u2 of the 20 min time
interval. The conversion from 7 to u,, was validated in van Wiechen et al.
(2024) for a timeseries with few data gaps.

The wave related friction factor f,, was computed following Swart
(1974),

0.194

<0.63

exp 5213&
a
. (12)

— 5.977) if
fw=

0.3 if >0.63

& &

with @ the orbital excursion amplitude of the horizontal flow, which is
related to u through the spectral wave period (van der A et al., 2013):

.. uT,
a= TS (13)

Last, ¢ was based on the direction of the mean current and the di-
rection of the waves. The direction of the mean current was based on the
mean cross-shore and alongshore current measured by the velocimeter.
The direction of the waves was based on the velocimeter measurements
that met the 62% beam-correlation threshold. Strong mean currents (>
1 m/s) were present during HW4 at Dune 2, HW5 at Dune 1, and HW8 at
Dune 2. In the presence of these strong currents, the angle between the
mean current and waves was on average 76.5°.

Using Egs. (6-13) and the computed value for ¢, all required input
parameters for the model of Soulsby et al. (1993) with the parameter-
isation of Fredsge (1985) were computed. These parameters resulted in
values for the mean (ew,mean) and maximum (zewmax) shear stress. In the
comparisons with € 30m, Zew,mean aNd Tew max Were used as a measure of
the bed shear due to mean currents in combination with wave-induced
orbital flow.

3.4.2. The horizontal pressure gradients under steep wave fronts

The horizontal pressure gradients under steep incident wave fronts
were quantified using a characteristic wave shape in space for each 20
min time interval. The definition and computation of this characteristic
wave shape in space was based on the method described in van Thiel de
Vries et al. (2008). First, the characteristic wave shape is computed in
the time domain using the timeseries of the surface elevation. Second,
the maximum temporal gradient of the characteristic wave is computed,
which is located under the wave front. Third, this maximum temporal
gradient is translated to a maximum horizontal (spatial) gradient using
the wave celerity of the characteristic wave, based on the linear
dispersion relationship.

In the time domain, the characteristic wave shape was derived using
a zero-up crossing analysis of the timeseries of the surface elevation (),
in which the up-crossing waves are rescaled and weighted summed as
follows (van Thiel de Vries et al., 2008):

i=Mwayes H2 n(t; : ti+1)> )
n(0:T) = K Tw, a4
( ; (Zilwaves H[Q Ti
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where 7,(0 : T,) represents the characteristic wave shape in the time
domain, which runs from t = 0 to t = T,,. The parameter T, is equal to
the weighted zero up-crossing wave period of the 20 min time interval,

T, = i:ims i T (1s)
! i=1 Zii;mvesm )

i

where weighting is based on the individual wave heights of the zero up-
crossing waves (H;). In Egs. (14 and 15), nyayes is the amount of zero up-
crossing waves within the 20 min timeseries of 7, t; are the timestamps of
the zero up-crossings, 7(t; : ti;1) are the wave shapes of the zero up-
crossing waves, and T; the wave periods of the zero up-crossing waves.

The maximum gradient in time of the characteristic wave shape

(%max) is located under the wave front. This maximum gradient in time

was converted to a maximum gradient in space (’f,ix ) using the
max

celerity of the characteristic wave (c,),

o, = _1on (16)

0X max Cr Ot max

The celerity of the characteristic wave shape was computed using the
characteristic wave length (L,),

L

w
v 1
cr T, 17)

which was based on T,, using the linear dispersion relationship in water
depth h,

2
<§,—ﬂ> = gi—ﬂtanh (? h> . (18)

The absolute value of the maximum horizontal gradient <\% |)

0x max

was used as a measure of the horizontal pressure gradients under steep
wave fronts in the comparisons with ¢ 30,. The absolute value was used
to remove the minus sign in front of %max following from Eq. (16), and
have larger (positive) pressure gradients correspond to larger and
steeper waves in the inner surf zone.

3.4.3. Bore-induced turbulence that reaches the bed

The bore-induced turbulence that is generated at the free surface and
reaches the bed was quantified using a 1D cross-shore energy balance in
combination with a roller energy balance along the instrument arrays at
both dunes. First, the energy balances were used to compute the dissi-
pation of roller energy at SO6 and S14, which was used as a proxy for the
bore turbulence being generated at the free surface. Second, the dissi-
pation of roller energy at the free surface (i.e. the bore turbulence at the
free surface) was used to compute the dissipation of roller energy at the
bed. Third, the dissipation of roller energy at the bed was converted to
an equivalent shear stress at the bed. The shear stress at the bed was used
in the comparisons with the mean concentration at 0.30 m from the bed.

The cross-shore energy balance is given by (Thornton and Guza,
1983)

OE,Cq x

x (Do +Dy), 19

with E,, the wave energy along the instrument array,
rms

E, = % pgH? (20)

where Hppys is the root mean squared wave height ( ~ Hp/ V2 ). In Eq.
(19), cgx is the group celerity in cross-shore direction assuming shallow

water ( ~ wgh), Dy, the breaking-induced dissipation of wave energy,
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and Dy the dissipation due to bottom friction. The breaking-induced

dissipation (D) was modelled as (Thornton and Guza, 1983)

H 1
Db — MprS rms 1-—

16 77 T,p2h3 N
Hims

and the dissipation due to bottom friction (Dy) as (Thornton and Guza,
1983)

; (21)

[N

1 27Hms \°
Dr=rhig 7 (Tmsinhkh) ' (22)
In Egs. (21 and 22), k is the wave number (=27/L,) where the wave
length L, is computed using T;, and the linear dispersion relationship
(Eq. (18)), and f,, is a wave-related friction factor. We assumed a con-
stant friction factor along the instrument arrays equal to the computed
values at S06 and S14 after Swart (1974) (Eq. (12)). For all 20 min time
intervals, this value was approximately equal to the recommended value
of 0.01 in Thornton and Guza (1983) (after Shemdin et al., 1978). The
parameter y, is the ratio of the maximum H,ns over the water depth, and
was computed for both dunes in this experiment using measurements of
the wave height and water depth along the instrument array. Based on
the wave height and water depth measurements of all 20 min time in-
tervals, y, was equal to 0.55 [—] for Dune 1. For Dune 2, y, was equal to
0.65 [—]. The parameter B is a breaker coefficient of O(1) that accounts
for differences in various breaker types. It is considered a function of the
proportion of the foam region on the face of the breaker (Thornton and
Guza, 1983). In this study, we use the B parameter as a calibration
parameter for the model. We calibrated B for each 20 min time interval
by minimising the RMSE (root mean squared error) between the
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measured H,,; and modelled H,,s using Egs. (19-22) (Fig. 6a). The
calibrated values of B ranged from 0.85 to 1.15 [—] for Dune 1 and
0.95-1.25 [—] for Dune 2.

The breaking-induced dissipation of wave energy (D) serves as a
source term for the roller energy balance with roller energy E, (Roelvink
et al., 2009) (Fig. 6b),

aErcroller
ox

=D, -D,, (23)

with c;oper the propagation speed of the roller (=~ 4/gh), and D, the roller
energy dissipation. The roller energy dissipation was modelled accord-
ing to Reniers et al. (2004a) (Fig. 6¢)

o
dxmax

2g E,

D, = (24)

Croller

using the maximum surface slope that was computed in the previous

section <|§lmax

\) . Egs. (19-24) form a closed set of equations that can be

solved to find roller energy dissipation at the free surface.

The roller energy dissipation at the free surface (D,;) was used to
quantify the bore turbulence that was generated at the free surface. To
account for the vertical decay of the bore turbulence between the free
surface and the bed, D, was multiplied with an exponential decay
function after Roelvink and Stive (1989) to compute the roller energy
dissipation near the bed (D, peq, Fig. 6¢),

Dr,bed = Drmin( (25)

1 1 2
exp(h/Hms) —1° )’

where the 3 exponent originates from the relation between the roller
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3
energy dissipation and the turbulent kinetic energy (k;): D;ock2 (Roel-
vink and Stive, 1989; Reniers et al., 2013). Last, D, peq Was converted to
an equivalent shear stress through (Stive and De Vriend, 1987; Deigaard,
1993; Reniers et al., 2004b)

Dr,bed _ Dr.,bed
Croller v gh

The shear stress (‘[D,.bed) following from the dissipation of roller en-
ergy near the bed was used as a measure for the bore turbulence
reaching the bed in the comparisons with € 30m.

TDrbed = (26)

3.5. Results of the applied methods

The filtering and processing of the measured sediment concentration
timeseries resulted in 138 converted mean concentrations at 0.30 m
from the bed (¢ 30m). During HW2, the ADVs at S06 and S14 were too
close to the bed to yield accurate velocity measurements. During HW6,
the RBR at S14 had a service interval. As a consequence, not all three
sediment suspension drivers could be quantified for the 20 min time
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intervals during HW2 at S06 and S14 and during HW6 at S14. These 20
min time intervals were excluded from the analyses. This ultimately
brought the total amount of mean concentrations at 0.30 m from the bed
(Co.30m) fit for comparisons to 128. These 128 values were compared to

the three suspension drivers, quantified by 7cwmean and Zew.max, |%maxl,
and TDr bed-

4. Results and analysis

Fig. 7 displays the results of the comparisons between ¢ 30, and the
parameters used to quantify the three sediment suspension drivers. For
each comparison, r represents the Pearson correlation coefficient and p
the associated p-value.

The mean bed shear stress induced by mean currents and wave-
orbital velocities (zewmean) Showed no correlation with €ozom (Fig. 7a,
r = 0.13, p = 1.36E-01). The largest values of 7cy mean Were found for
HW4 at Dune 2, HW5 at Dune 1, and HW8 at Dune 2. These HWs had a
relatively large angle of wave incidence (Table 1), which likely caused
strong alongshore currents (> 1 m/s) and consequently large shear
stresses. These larger shear stresses did not necessarily result in larger
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sediment concentrations. Values of 7cy mean Were similar between HW5
at Dune 2, and HW8, HW9 and HW10 at Dune 1. However, the spread in
measured concentrations was large (vertical purple bar in Fig. 7a). The
maximum bed shear stress (Tcw‘max) showed some correlation with Cg 30m
(Fig. 7b, r = 0.50, p = 1.39E-09). The spread of ¢ozom was larger for
larger values of 7eymax (> 6 N/m?). These larger values were a result
from both larger mean currents, and larger orbital velocities due to
relatively more energetic wave conditions (e.g. HW5 at Dune 1 and
Dune 2).

The measure for the horizontal pressure gradients under steep wave

fronts (\”’7'

emax \) showed no correlation with ¢y 30m (Fig. 7c,7r=0.31,p =

3.73E-04). A possible explanation for this absent correlation is that this
parameter can be interpreted as a parameter that became larger when
waves started shoaling, and reached a maximum when they were
breaking. During events with larger offshore wave heights (e.g. HW4,
HWS5), this upper limit was reached, which was somewhere between 0.3

and 0.4 [—]. As a consequence of this upper limit, there was no further
an,

distinction in |3f

| between the different 20 min time intervals within
the more energetic HWs. However, there was a difference in measured
sediment concentrations within these more energetic HWs, especially
between Dune 1 and Dune 2 (Fig. 7c).

The shear stress following from the roller energy dissipation reaching

the bed (TD,'bed), representing the bore turbulence, showed the greatest
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correlation with ¢ 3om (Fig. 7d, r = 0.74, p = 4.47E-23). The 20 min time
intervals during HW7 and HW8 at Dune 2, and HW9 at Dune 1 deviated
from the correlation (vertical orange bar in Fig. 7d).

The 20 min time intervals that deviated from the correlation had
similar values of 7p,peq, but large differences in €p3om. The values of
Tprped fOr these HWs were generally low (orange bar Fig. 7d). These time
intervals displayed larger differences in 7cymean (Orange encircled
markers in Fig. 7a). Contrarily, for smaller values of 7cy mean, there was a
substantial spread in €y 3oy (purple bar Fig. 7a). The 20 min time in-
tervals corresponding to this larger spread are marked with purple cir-
cles in Fig. 7d, and displayed larger differences in 7p,peq. The parameter
Tew.mean 1S current related and does not include the wave-related motion
(these are included in 7cw max). The parameter 7p,peq primarily includes
shear stresses related to wave breaking and does not include current
related shear stresses. These observations suggest that sediment con-
centrations were dominated by mean currents when the magnitude of
the bore-related turbulence was low, and vice versa.

The dominance by either mean currents or bore related turbulence
was studied in more detail by computing the relative magnitude a of the
bore induced shear stress to the current-related shear stress through

TDr.bed
A= (27)
TDr bed + Tew,mean

where a runs from 0 (current shear dominated) to 1 (bore turbulence
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shear dominated). Points that deviated more strongly from the corre-
lation between €o3om and 7p.peq (e.g. orange bar in Fig. 7d) corre-
sponded to low values of a. Contrarily, points that deviated from the
correlation between Co3om and Zcwmean (€.g. purple bar in Fig. 7a) cor-
responded to high values of a (Fig. 8c).

For a-values up or equal to 0.27 [—], the current shear stress
appeared to correlate better to mean suspended sediment concentrations
(Fig. 8a, ¢). When a became larger than 0.27 [—], the bore turbulence
shear correlated better to mean suspended sediment concentrations
(Fig. 8b, c). When we define a single shear stress (7¢omp) in which we
separate the contribution of either 7¢wmean OF Tprphed based on their
relative contribution through a,

if a<0.27

if a>027’ 28)

Teomb = Tew,mean
com TDr,bed

the largest overall correlation with ¢ 30m is found (Fig. 9,r = 0.83,p =
1.63E-33). The correlation was smaller for all other a-values used as a
boundary between ¢y mean and 7ppeq (i-€. @ # 0.27).

Possible combinations of 7cw mean and 7pr peq (€.8. the (weighted) sum)
were also tested. However, no combination resulted in a larger corre-
lation than the one found for 7.y, computed with Eq. (28).

The correlation between 7.om, and Co3om is larger than the correla-
tions of the individual suspension drivers in Fig. 7. This supports the
suggestion that sediment concentrations can be dominated by current
shear stresses when wave-related stresses are low, and vice versa. Of all
128 values of ¢g 30m used in the comparisons, 32 values were dominated
by Tcwmean (i.e. @ < 0.27). The 20 min time intervals corresponding to
these values were during HW1 (S06), HW6 (S06), HW7 (S06), HW8 (S06
and S14), and HW9 (S06).

On average, the hydrodynamic conditions were more energetic at
S06 and S14 during the 96 20 min time intervals in which 7p,peq
dominated: the average Hy, of the 96 intervals was 0.85 m (against 0.57
m for the other 32 intervals), the average T, was 12.90 s (against 11.16
s), the average water level was 1.72 m NAP (against 1.65 m NAP), and
the average water depth 1.06 m (against 0.96 m).

The wave height over water depth ratio (H;,/h) can be interpreted as
a measure for the degree of wave energy saturation due to wave
breaking in the inner surf zone (Battjes and Janssen, 1978; Thornton and
Guza, 1983). For the 20 min time intervals in which 7p,peq dominated,
the average ratio was equal to 0.80. The average ratio was equal to 0.60
for the 20 min time intervals in which 7.ymean dominated. The
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magnitude and difference in magnitude of the ratios suggests that (a)
almost all waves are breaking in the bore turbulence dominated 20 min
time intervals, and (b) the attenuation of the bore turbulence between
being generated at the free surface and reaching the bed is less for the
bore turbulence dominated 20 min time intervals when compared to the
current dominated 20 min time intervals (see dependence in Eq. (25)).
These results suggest that when more energetic conditions persisted and
wave energy became fully saturated in the inner surf zone, bore turbu-
lence was likely to become the dominant mechanism in suspending
sediment.

5. Discussion
5.1. Measured sediment concentrations

The elevation above the bed at which the OBSs measured suspended
sediment concentrations varied throughout the experiment. To be able
to compare concentration measurements at different elevations between
different events, a sediment balance based on a 1D vertical advection
diffusion equation was set up (Eq. (4)). Measured mean concentrations
were converted to an expected elevation of 0.30 m above the bed. This
balance did not include the horizontal advection and diffusion terms
(both in cross-shore and alongshore direction). Because sediment con-
centrations were recorded at only one location within the horizontal
plane, a data-based quantification of these horizontal terms was not
possible. Possible effects of the horizontal advection and diffusion terms
on the variability of measured sediment concentrations in the inner surf
zone can therefore not be excluded.

An important term in the 1D vertical advection diffusion equation is
the sediment diffusivity (e). The value of ¢ determines the degree of
vertical mixing, and has a strong influence on the vertical distribution of
the mean suspended sediment concentration. As a consequence, the
expected concentration at 0.30 m from the bed strongly depends on the
value of €. A constant diffusivity profile (in time and space) over the
vertical was assumed with a value of 0.015 m?/s. This assumption was
based on the similarities in field site and wave conditions between this
study and Aagaard and Jensen (2013), and the vertical distribution of
the measured, non-converted, sediment concentrations (Fig. 5a).

We want to highlight the sensitivity of the results of this study to the
choice of e: Larger values of € would result in a more linear instead of
logarithmic profile, and hence to smaller differences over the vertical
between sediment concentrations. By converting all concentration
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Fig. 9. Comparison between Cp3om and 7eomp for a = 0.27 [—] (Egs. (27 and 28)).
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Table 2
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Unconverted and converted mean suspended sediment concentrations with different values of € (0.010, 0.015 and 0.020 m?/s). The first and third row correspond to
events with the lowest and highest elevation above the bed of the OBS (z,bs) throughout the experiment.

Event Zobs [m] c[g/1] Co30m [8/1] Co30m [8/1] Co30m [8/1]
0.010 m?/s 0.015 m?/s 0.020 m?/s
HW1 S06 0.01 3.42 0.97 1.45 1.78
18:05-18:25
HWS5 S14 0.38 7.03 9.70 8.80 8.35
00:16-00:36
HWS8 S14 0.67 2.66 11.18 7.32 5.82
02:19-02:39

measurements to a height equal to the mean height above the bed of all
OBSs, the sensitivity to e of all measurements was kept to a minimum.
Nevertheless, the sensitivity to values of € remained substantial for 20
min time intervals in which the height above the bed of the OBS was
substantially different from 0.30 m (Table 2).

When no conversion is performed on the measured suspended sedi-
ment concentrations and ¢ is used in the comparisons, the r correlation
coefficients of panels a, b, ¢, and d in Fig. 7 become 0.00, 0.47, 0.45, and
0.75, respectively. The associated p-values are 9.56E-01, 1.48E-08,
1.07E-07, and 1.85E-24, respectively. This means the correlation for the
term related to the modelled shear stress following from bore turbulence
remains largest, and interestingly enough, (slightly) increases. No 7¢omp
could be generated based on Eq. (28) that resulted in a larger correlation
with ¢ than the one associated to 7p,peq. This means that the largest
overall correlation remains between 7.omp and ¢o3om (r = 0.83 and p =
1.63E-33, Fig. 9).

The difference in r-values between the unconverted (c) and con-
verted (Cosom) mean suspended sediment concentrations and 7py ped
likely originates from the small difference in measured concentrations
between the upper and lower OBS at S06 and S14 (Figs. 4 and 5). The
measured differences between the upper and lower OBSs were smaller
than the expected differences between the upper and lower OBSs based
on the solution of the 1D vertical advection diffusion equation (Eq. (5)).
As a consequence, the conversion from ¢ to ¢g3om introduces a (small)
offset between the upper and lower OBS at S06 and S14 and hence a
(slightly) smaller r value (0.74 versus 0.75).

5.2. Assumptions in quantifying nearshore hydrodynamics

The parameters quantifying the bed shearing, 7cwmean and Zew.max,
were computed following Swart (1974), Fredsge (1985) and Soulsby
et al. (1993), accounting for wave orbital flow with a superimposed
mean current. The superimposed mean current was estimated using data
from the ADVs at S06 and S14, which was converted to an estimate of
the depth-averaged current velocity assuming a logarithmic velocity
profile. The orbital flow was estimated by converting water level mea-
surements at the location of the ADVs to an orbital velocity using
shallow water linear wave theory.

The horizontal pressure gradients under steep incident wave fronts
were quantified using the maximum spatial gradient of the character-

U \) The definition

istic wave shape for each 20 min time interval ( o
X max

and computation of this characteristic wave shape in space were based
on the method of van Thiel de Vries et al. (2008). The values of |ﬁ |

Ox max
ranged between 0.17 and 0.38 [—] at S06 and S14, corresponding to
wave fronts with surface slope angles ranging from 9.65 to 20.75°. These
values are in accordance with observed values in Duncan (1981) and
Yang et al. (2022), and below observed values of the surface slope angle
at the point of wave overturning (Feddersen et al., 202.3).

The bore induced turbulence was quantified by modelling the
dissipation of roller energy (D,) using a 1D cross-shore energy balance in
combination with a roller energy balance (following Thornton and Guza,
1983; Reniers et al., 2004a; Roelvink et al., 2009). Wave height and
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nearshore water levels were modelled using Eqgs. (19-22), where the
parameter B was used to calibrate the model. On average, the RMSEs
(root mean squared error) of the modelled and measured root mean
squared wave heights were 0.04 m for both Dune 1 (S01 - S06) and Dune
2 (S11 - S14) (see Fig. 6 for an example 20 min time interval). The
RMSE:s of the modelled and measured water levels were 0.03 m for Dune
1 and 0.10 m for Dune 2. The slightly larger offset of the modelled water
level at Dune 2 was likely due to a portion of water being able to flow
around the northern edge Dune 2 at the field site (Fig. 2), reducing the
total wave setup. The modelled dissipation of roller energy could not be
validated with measurements, and is therefore subject to its own un-
certainties following Reniers et al. (2004a) and Roelvink et al. (2009).

5.3. Sediment concentrations and dune erosion in the collision regime

This study focused on the 10 highest high waters (HWs) in the period
from November 23 to December 12, based on the water level data at SO1
(Fig. 3, Table 1). Of these HWs, two resulted in dune erosion in the
collision regime. On December 1, slumping of the dune face occurred at
Dune 2. On December 2, slumping occurred at Dune 1 and Dune 2.

The measured sediment concentrations by the OBSs in the inner surf
zone were not significantly higher during the HWs with dune erosion in
the collision regime. This means that the slumps that slid down the dune
face did not seem to influence the measurements of sediment concen-
trations at stations S06 and S14. On December 1, during HW4, sediment
concentrations at S14 in front of Dune 2 were of comparable magnitude
when compared to HW2 and HW3. On December 2 (HW5), sediment
concentrations recorded at S06 in front of Dune 1 were of comparable
magnitude when compared to HW1, HW2, HW4, HW9 and HW10. It is
noted, however, that the measured sediment concentrations were at
approximately 30 m from the dune face. There may be larger differences
in sediment concentrations in closer proximity to the dune.

5.4. Implications for process-based dune erosion models

Existing process-based dune erosion models use different formulae to
compute the suspension of sediments in the inner surf zone. These
formulae are developed using different physical processes as a basis,
which possibly result in differences in model predictions under varying
surge levels and wave conditions (Den Heijer, 2013).

This study showed that, for the events analysed and compared here,
mean currents and modelled bore turbulence contributed both to the
suspension of sediments and the magnitude of the mean suspended
sediment concentrations in the inner surf zone. When more energetic
(storm) conditions persisted and wave energy became saturated in the
inner surf zone (i.e. large wave height to water depth ratios), the
modelled bore turbulence correlated best and became the more domi-
nant suspension driver. Such conditions are more likely to occur during
dune erosion in the collision regime.

These findings suggest that model approximations of dune erosion in
the collision regime could achieve more accurate results if computations
of suspended sediment concentrations include a bore-induced turbu-
lence term, which could be added to more conventional sediment sus-
pension formulations using flow-induced bed shearing (e.g. van Rijn
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(1993); Soulsby (1998)). In addition, models in which flow-induced bed
shearing and bore turbulence are both included in the sediment con-
centration computation (e.g. XBeach, Roelvink et al., 2009), more ac-
curate results can be achieved when the relative contribution of bore
turbulence to suspended sediment concentrations is properly imple-
mented. For the cases studied here, the relative contribution of bore
turbulence depended on the degree of energy saturation in the inner surf
zone. The wave height to water depth ratio appeared to be a good in-
dicator of when the relative contribution of bore turbulence to sus-
pended sediment concentrations increased, and when it potentially
dominated over the contribution of flow-induced bed shearing due to
mean currents.

6. Conclusions

A prototype-scale field experiment was conducted to study sediment
suspension drivers in the inner surf zone with varying storm surge levels.
A total of 128 time intervals of 20 min were analysed. These intervals
were spread over 10 different high water events with different hydro-
dynamic conditions. For each 20 min time interval, the wave averaged
suspended sediment concentration was computed. The concentration
measurements were performed at different heights above the bed
throughout the experiment. Therefore, the mean concentration of each
20 min time interval was converted to an estimated mean suspended
sediment concentration at 0.30 m from the bed. This estimation was
compared to three sediment suspension drivers known from literature.
The studied drivers were (1) bed shear due to near bed velocities that
originate from mean currents in combination with wave-induced orbital
flow, (2) the horizontal pressure gradients under steep wave fronts that
increase the forces on the bed material, and (3) bore-induced turbulence
that is generated at the free surface and reaches the bed.

When all three drivers were compared individually with the
measured mean suspended sediment concentrations, the derived shear
stresses following from bore-induced turbulence showed the largest
correlation (r = 0.74, p = 4.47E-23). Samples that deviated from this
correlation corresponded to 32 time intervals with lower values of
derived bore turbulence and stronger mean currents. The correlation
with the mean suspended sediment concentrations increased when the
derived shear stress originating from mean currents was used for these
32 less energetic time intervals, and the derived shear stress following
from bore-induced turbulence was used for the other 96 more energetic
time intervals (r = 0.83, p = 1.63E-33). Overall, for time intervals during
which more energetic conditions persisted and the wave energy was
saturated in the nearshore, bore turbulence was the dominant mecha-
nism in stirring up sediment. For these time intervals, almost all waves
were breaking and contributed to the generation of bore turbulence at
the free surface. In addition, the generated turbulence at the free surface
was attenuated less before reaching the bed, resulting in relatively large
shear stresses at the bed.

For the events analysed and compared here, the results suggest that
mean currents and bore turbulence contributed both to the suspension of
sediments and the magnitude of the mean suspended sediment con-
centrations in the inner surf zone. When wave conditions were more
energetic (i.e. storm conditions) and the wave energy in the inner surf
zone was saturated, the derived shear stresses following from bore tur-
bulence correlated better to measured suspended sediment concentra-
tions. These findings suggest that model approximations of dune erosion
could achieve more accurate results if computations of suspended
sediment concentrations include a bore-induced turbulence term. This
term could be added to conventional sediment suspension formulations
using flow-induced bed shear. If a bore-induced turbulence term is
added to model formulations using flow-induced bed shear, the relative
contribution of the bore-induced turbulence term with respect to the
flow-induced bed shear terms should be properly implemented. In this
study, the relative contribution of bore turbulence depended on the
degree of energy saturation in the inner surf zone. The wave height to
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water depth ratio appeared to be a good indicator of when the relative
contribution of bore turbulence to suspended sediment concentrations
increased, and when it potentially dominated over the contribution of
bed shearing due to mean currents.

Open research section

All data supporting the conclusions are published with open access
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