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A B S T R A C T

Sandy beaches are highly dynamic due to the transport of sediment by waves and currents. While beach erosion
is mainly driven by cross-shore currents, beach recovery is driven by the onshore-directed transport of sediment
by incoming short waves. This latter process is complex and often inaccurately predicted by morphodynamic
models. This is partly because of the omission of the effects of bed form-induced and surface-generated turbu-
lence on sediment pick-up in these models. In this paper, the phase relationship between the oscillatory flow,
turbulence and suspended sediment concentration was investigated based on field measurements obtained be-
neath shoaling waves, spilling breakers and surf bores. Wave-averaged and intra-wave variability in turbulence
and suspended sediment concentration were analysed on a wave-by-wave basis, where individual waves were
extracted and then grouped according to relative wave height. Beneath shoaling waves, small but steep wave
ripples were shown to affect the phasing of suspended sediment concentration and to cause an offshore-directed
short-wave suspended sediment flux. Beneath spilling breakers and surf bores, sediment was mainly stirred
under the wave crest and the short-wave suspended sediment flux was onshore-directed. Based on the analysed
data, several mechanisms were suggested to cause sediment stirring: friction between the wave orbital motion
and the seabed, penetration of surface-generated turbulence towards the seabed, increased bed shear stress at the
wave front due to acceleration skewness, and during conditions with strong undertow, wave-current interac-
tions.

1. Introduction

The morphology of sandy coastlines is highly dynamic due to re-
distribution of sand by waves and currents. In order to predict mor-
phological changes, an understanding of the processes driving on-off-
shore shifts of sediment is necessary. It has been known for a long time
that beach erosion usually occurs during high energy conditions when
offshore-directed mean currents are strong (e.g. Osborne and
Greenwood, 1992; Gallagher et al., 1998). Beach accretion, on the other
hand, is related to prolonged periods of low-moderate energy condi-
tions when short waves (wave periods between 2 and 20 s) transport
sediment onshore (e.g. Dubois, 1988; Osborne and Greenwood, 1992).
Sediment transport by mean currents is generally modelled with a
higher degree of confidence than the transport by short waves. Beach
recovery is thus often inaccurately predicted by morphodynamic
models (Henderson et al., 2004; Mariño-Tapia et al., 2007; Ruessink
and Kuriyama, 2008). The motivation of this paper is to further explore

how predictions of onshore sand transport in these models can be im-
proved based on measurements collected on a natural sandy beach.

The short-wave suspended sediment flux depends on complex in-
teractions in the wave boundary layer between fluid flow, suspended
sediment and the seabed configuration, including bed forms (Horikawa,
1981; Aagaard and Greenwood, 1994; Van Rijn et al., 2013). Intra-wave
time scales and processes are important, as the phasing of sediment
suspension is decisive for the direction of short-wave suspended sedi-
ment fluxes. The short-wave suspended sediment flux is onshore-di-
rected if the concentrations are largest under the wave crest, where the
oscillatory flow is onshore-directed. Furthermore, the phasing is im-
portant for the magnitude of the short-wave suspended sediment flux as
it, along with the sediment grain size, influences the probability of
sediment settling before flow reversal (Hassan and Ribberink, 2005;
Ruessink et al., 2009). Several mechanisms have been suggested to
enhance sediment pick-up within the onshore wave phase and thereby
to increase onshore sediment transport by short waves. One mechanism
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is wave shape asymmetry, which results in acceleration skewness and
hence evolution of a relatively thin wave boundary layer at the wave
front and large bed shear stress beneath the onshore wave phase
(Nielsen, 1992). Moreover, pressure forces become of importance be-
neath acceleration skewed waves, as the horizontal pressure gradient
emerging beneath the steep onshore face of the wave is significantly
larger than the offshore-directed pressure gradient under the more
gently sloping rear face of the wave (e.g. Sleath, 1999; Foster et al.,
2006a). Elgar et al. (2001) showed, for an onshore migrating bar, a
close correlation between maximum acceleration skewness in the cross-
shore and the position of the bar crest. Aagaard and Hughes (2010), on
the other hand, suggested that it was surface-generated turbulence at
the wave crest rather than acceleration skewness which was most re-
levant for sediment suspension beneath the onshore wave phase.
However, a high correlation and consistent phase relationship between
acceleration skewness and turbulence can make it difficult to distin-
guish between the two mechanisms (Aagaard and Hughes, 2010;
Brinkkemper et al., 2018). Previously, turbulence generated by wave
breaking was not considered to affect the sediment pickup rate at the
seabed except for extreme cases of plunging breakers (e.g. Nielsen,
1992). In recent decades though, more studies have examined the ef-
fects of surface-generated turbulence on the bed shear stress and sedi-
ment suspension (e.g. Thornton et al., 2000; Ogston and Sternberg,
2002; Van Rijn et al., 2013; Yoon et al., 2015). Plunging breakers ap-
pear to be more efficient in suspending sediment compared to spilling
breakers and surf bores, but all wave types can potentially affect sedi-
ment suspension (e.g. Beach and Sternberg, 1996; Aagaard and Jensen,
2013; Aagaard et al., 2018). Plunging breakers generate strong co-
herent vortices on or slightly ahead of the front face of the wave (Ting
and Kirby, 1995) which rapidly penetrate to the bed and cause sedi-
ment convection during the onshore wave phase (e.g. Aagaard and
Hughes, 2010; Brinkkemper et al., 2017a; van der Zanden et al., 2017).
Beneath spilling breakers and surf bores, turbulent velocities and ver-
tical mixing lengths are smaller, and diffusive mixing tends to dominate
(Ting and Kirby, 1994; Aagaard and Jensen, 2013). The mixing rate is
typically smallest beneath spilling breakers, where obliquely des-
cending eddies appear behind the wave crest and cause sediment sus-
pension (Nadaoka et al., 1988; Nadaoka et al., 1989). In the inner surf
zone at moderate-to-shallow water depths, turbulence rapidly pene-
trates to the bed beneath surf bores (Peregrine and Svendsen, 1978) and
causes high suspended sediment concentrations beneath the wave crest
(e.g. Brinkkemper et al., 2017a). The intra-wave variability in the
suspended sediment concentration is, however, often found to be
smaller than beneath plunging breakers (e.g. Aagaard and Hughes,
2010).

During non-breaking and weakly breaking wave conditions, the
effect of bed-generated turbulence is of greater importance for sediment
suspension than surface-generated turbulence. Turbulence is generated
at the bed due to the friction between the moving fluid and the rough
bed (e.g. Nielsen, 1992). In the presence of bed forms, bed-generated
turbulence also affects the phase relationship between suspended se-
diment concentration and wave orbital motion. Beneath both regular
(van der Werf et al., 2007) and irregular laboratory waves (O'Hara
Murray et al., 2011), vortex ripples have been shown to produce two
suspension events within the wave cycle: one at each flow reversal. This
is due to generation of sediment-laden vortices between the ripple
crests, which are trapped by the free stream flow until flow reversal. In
a natural surf zone this regular shedding is, however, only rarely ob-
served, as the number of peaks in the suspended sediment concentra-
tion within a wave cycle varies in response to both vortex strength and
wave skewness and asymmetry (e.g. Osborne and Greenwood, 1993;
Villard and Osborne, 2002). Strong vortices favour longer life spans of
the eddies and enable advection of suspension events from neigh-
bouring bed forms, whereby several suspension events can be observed
within one wave cycle (Villard and Osborne, 2002). Contrarily, highly
skewed and/or asymmetric waves favour a single strong suspension
event due to the higher orbital velocities beneath the wave crest than
trough (Osborne and Greenwood, 1993; Hurther and Thorne, 2011). In
addition to bed forms, the presence of strong currents is also expected
to affect the wave boundary layer and increase the near-bed turbulence
intensity (Nielsen, 1992). Ruessink et al. (2011), for instance, measured
a thicker wave boundary layer for flows with a counter-current than in
pure oscillatory cases. Moreover, the phasing of maximum turbulent
kinetic energy shifted from being beneath the wave crest for the pure
oscillatory cases to being beneath the wave trough when adding a
counter-current. Accordingly, current shear can also affect the phasing
of sediment suspension.

The main aim of this paper is to examine the phase relationship
between the oscillatory flow, turbulence (which brings sediment into
suspension) and near-bed suspended sediment concentrations under
different wave and bed form conditions. Based on field measurements
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Fig. 2. Cross-shore profiles measured on September 19, 22 and 25, 2016. The
positions of the instrument rigs are marked by the triangles. The intertidal rig is
located at x=180m and the subtidal rig at x=192m.
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Fig. 3. a) Offshore significant wave height (Hs), b) mean wave period (T) and c)
direction of wave propagation (α) for September 17 to September 25. The
horizontal dashed line in c) marks the orientation of the shore-normal.
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of suspended sediment concentration and turbulence beneath shoaling
waves, spilling breakers and surf bores on a beach at Vejers, Denmark,
wave-averaging and wave-phase-resolving analyses are carried out. The
analyses provide the basis for examining the phasing of turbulence and

near-bed suspended sediment concentration within the wave cycle, and
its importance for the direction and magnitude of the near-bed short-
wave suspended sediment flux.

Fig. 4. Photos of a) the two instrument rigs at low tide and b+ c) the mounted instruments at respectively the intertidal and subtidal rig. The instruments elevations
noted on b+ c) are the nominal elevations above the bed.

Fig. 5. A 10min subset of time series of water surface elevation (η), cross-shore velocity (u) and suspended sediment concentration (c) from the subtidal rig on
September 17 at 1 pm.
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2. Methods

2.1. Field site and instrumentation

The TASTI (Turbulence And Sand Transport Initiative) field cam-
paign was conducted between September 17 and October 10, 2016 at
the beach of Vejers, located in west Denmark on the North Sea coast
(Fig. 1). This beach is multi-barred and exposed to wind and swell
waves with a mean annual offshore significant wave height of
Hs=1.3m. The tide is semidiurnal with a mean tidal range of 1.2 m
(Aagaard and Greenwood, 2009).

Offshore wave data were obtained from a wave rider buoy located
near Nymindegab (about 20 km north of Vejers) at 16m water depth. In
the surf zone, data were collected at two positions in a cross-shore
transect, twelve meters apart, between the intertidal and inner subtidal
bars where the local bed slope was initially β=0.037 (Fig. 2). The sand
at these positions was fine with a mean sediment grain size at the
subtidal rig (the outer rig) of 188 μm and at the intertidal rig (the inner
rig) of 211 μm. The subtidal rig was observed to be mainly located in
the outer surf zone, where non-breaking waves and spilling breakers
dominated, while the intertidal rig was primarily located in the inner
surf zone, where surf bores dominated. The periodical exposure of the
intertidal rig at low tide, moreover, caused a reset of the bed forms
here, at each low tide. Owing partly to these markedly different wave
and bed form conditions, the data sets from the two rigs are analysed
separately. On September 25, the instruments on the subtidal rig were
retrieved due to significant burial, for which reason only data obtained
before this date are used in this paper. Offshore wave conditions during
this period were low-moderate with Hs≈0.3–1.5m and mean wave
period T≈3–9 s (Fig. 3).

At both rigs, instruments were deployed to measure hydrodynamics,
suspended sediment concentration and bed morphology (Fig. 4).
Acoustic Doppler Velocimeters (ADVs), located at different elevations
(z) above the bed, were used to measure the velocity field from which
orbital velocities, mean currents and turbulence could be estimated.
Near-bed pressure transducers were mounted to obtain mean water
level and wave height. Suspended sediment concentration was mea-
sured in the lower 0.20m of the water column by (fiber) optical
backscatter sensors ((F)OBS), and bed form geometry was measured
using profiling and imaging sonars. The height of all sensors above the
bed was measured and, if necessary, adjusted once a day during low
tide. All instruments sampled to on-board data loggers on the two
frames in time segments of 30min, except for a Pulse-Coherent Acoustic
Doppler Profiler (PC-ADP) which logged internally in time segments of
17min. Data from the PC-ADP was only used to detect bed level
changes in this paper.

Fig. 5 shows 10min subsets of pressure, velocity and suspended
sediment concentration time series (~30min time segment of data)
from the subtidal rig.

At the intertidal rig (Fig. 4b), three downward-looking Sontek AD-
VOcean sensors recording at 10 Hz were initially placed at 0.57m
(ADV3), 0.38m (ADV2) and 0.28m (ADV1) above the bed. The mea-
surement volumes were hence located at 0.39m, 0.20m and 0.10m
above the bed. The sensors were oriented to record positive flows to the
north (alongshore), onshore and upwards. Suspended sediment con-
centrations were measured at 4 Hz by a vertical stack of five Seapoint
Turbidity Meters initially placed 0.04m, 0.07m, 0.10m, 0.13m and
0.17m above the bed. Data logging started at the hour or the half-hour
if near-bed instruments were submerged.

At the subtidal rig (Fig. 4c), two Sontek 5MHz ADVOcean sensors
were oriented sideways at initially 0.50m (ADV3) and 0.20m (ADV2)
above the bed. In addition, a 3-D sideways looking Sontek 10MHz ADV
was initially located 0.10m above the bed (ADV1). All three ADVs re-
corded at 10 Hz and were oriented to record positive flows to the north,
onshore and upwards. Data logging started at the hour. A vertical stack
of three OBS-3+ s (D&A Instruments) were initially placed 0.05m,Ta
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0.10m and 0.20m above the bed. Apart from that, four UFOBS-7s (D&A
Instruments) were mounted close to the bed with a vertical separation
distance of 0.01m. The lowest UFOBS-7 was initially located at a
nominal elevation of 0.02m above the bed. Both the FOBSs and two
lower OBSs recorded at 10 Hz. The upper OBS was logging to a
downward-looking Sontek 1.5MHz PC-ADP, which recorded at a rate of
2 Hz. Cross-shore scans of the seabed were obtained continuously by an
Imagenex 881A Profiling Sonar, while an Imagenex 881A Imaging
Sonar made rotational scans with a diameter of 5m every 20min. For
further information on the field campaign see Brinkkemper et al.
(2017b) and Christensen et al. (2018).

2.2. Data processing

2.2.1. Quality check and de-spiking of velocity data
ADV records from the surf zone are often noisy due to the presence

of air bubbles in the water. The 30min velocity time series were
therefore quality checked, based on the guidelines suggested by Elgar
et al. (2005), and subsequently de-spiked. The phase-space method by
Mori et al. (2007) was used for de-spiking of the velocity data from the
intertidal rig, following Ruessink (2010). At the subtidal rig, aerated
flows were a smaller problem and the method by Mori et al. (2007) was
considered to be too conservative. Instead, a spike-threshold method
was applied. Spikes were identified as cases when a change in hor-
izontal velocity (u,v) between adjacent data points exceeded 3σu,v
(where σ is the standard deviation). For vertical velocities (w), the
threshold was half the acceleration of gravity (1/2g). Further details on
the applied quality control of the velocity signals are described in
Christensen et al. (2018).

During the installation of the ADVs, it was impossible to ensure a
perfect alignment of the sensors relative to the sloping bed, and it was
therefore necessary to subsequently rotate the velocity data in order to
avoid aliasing of horizontal velocities into the vertical component. At
the intertidal rig, the rotation was performed using measurements from
the internal tilt sensors (Ruessink, 2010), while at the subtidal rig, the
procedure outlined in Emery and Thomson (2001) was applied:

= tan u w
u w
2( )

( )x
ds ds

ds ds
2 2

(1)

=w w ucos( ) sin( )ds x ds x (2)

where the subscript ds indicates that the velocities are de-spiked, αx is
the cross-shore vertical tilt and w is the corrected vertical velocity
vector. To correct for longshore vertical tilt, uds is replaced with vds.

2.2.2. Turbulence estimation
Turbulent velocities (u′, v′, w′) were estimated by using a frequency

filtering technique (e.g. Mocke, 2001; Scott et al., 2005; Foster et al.,
2006b). The cut-off frequency separating the wave orbital motion from
the turbulent motion was defined based on the cross-spectral phase
between cross-shore (u) and vertical velocity (w). A u/w-phase of± π/2
with a relatively high coherence is expected for organised wave motion.
The cut-off frequency of each time series was visually determined as the
highest frequency where the phase was maintained close to π/2, and
the coherence was dropping towards zero. Turbulence was only esti-
mated for frequencies below 5Hz due to the sampling frequency
(10 Hz). Previous studies have, however, shown a noise floor for fre-
quencies above 4–5 Hz (Raubenheimer et al., 2004; Ruessink, 2010)
indicating that turbulence omission in this study is negligible. The fil-
tering method was compared with the velocity-differencing method
(Feddersen and Williams, 2007). The two methods showed qualitatively
similar vertical and intra-wave variations in turbulence intensity (see
Christensen et al., 2018). We have chosen to use the frequency filtering
technique due to the ambiguity about the optimum separation distance
in the velocity-differencing method (Brinkkemper et al., 2016).

The extracted turbulent velocities were combined to yield the in-
stantaneous turbulent kinetic energy:

= + +TKE t u t v t w t( ) 0.5( ( ) ( ) ( ) )2 2 2 (3)

Froude-scaled TKE(t) was calculated as =k t TKE t gh( ) ( )/( ) where
h is the averaged water depth of the 30min time series.

2.2.3. Calibration and quality check of sediment concentration data
Conversion of the (F)OBS (i.e. FOBS and OBS) signals from intensity

of backscattered light into sediment concentrations (c) were made by
calibration of the (F)OBS sensors in a large recirculation tank using
sediment samples from the field sites. Sediment samples were taken
every other day and it was determined that the mean grain size did not
change significantly during the field campaign. Therefore, the (F)OBSs
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were calibrated with one sediment sample from the specific field site.
Known quantities of sand were added cumulatively to the tank while
the (F)OBSs were recording. Based on these data, calibration curves for
the specific sand grain reflectance were constructed for each sensor.
Backscatter intensity due to background turbidity was estimated to
correspond to the 2nd percentile of the (F)OBS signals, based on the
inflection point in the cumulative frequency distributions. These
backscatter levels were subtracted from the records prior to conversion.

The suspended sediment concentration records were then screened
and finally visually quality controlled. The screening consisted of a
comparison of the average suspended sediment concentrations of
30min time series at different elevations. If the average suspended
sediment concentration increased with distance above the bed, due to
for instance presence of air bubbles in the signal, the time series were
rejected. In the visual quality control, time series were rejected if a) the
(F)OBS signals were saturated, b) the bed level changed (e.g. due to
migrating bed forms) causing altered concentration offsets, c) a period
of high concentrations recorded by one sensor was not reflected in the

time series recorded at other elevations and d) the concentration level
was very high (e.g.> 100 g/l) indicating that the (F)OBS was very close
to the bed (in such cases the instrument is likely to interfere with the
flow). At the subtidal rig, just under 7% of the time series records were
rejected (for all (F)OBS sensors) mostly due to the sensors being in/at
the bed. At the intertidal rig, about 67% of the time series records were
rejected (for all OBS sensors). This was in most cases due to low water
depths in connection to low tide, causing high levels of air bubbles.

The vertical elevations at which the time series were recorded were
estimated at the subtidal rig using the changes in bed level determined
by the downward-looking PC-ADP, and measurements of instrument
elevations conducted in the field during daylight hours were used as
baselines. Migrating bed forms could make the estimates imprecise as
the PC-ADP and (F)OBSs were not completely co-located (Fig. 4c).
However, bed forms were small during the campaign (see below) so we
have confidence in the estimated instrument elevations being correct to
within± 0.02m. At the intertidal rig, only the measurements collected
in the field were used and linearly interpolated in order to get an

Fig. 7. a) Water depth (h), b) significant wave height (Hs), c) peak wave period (Tp), d) mean cross-shore current velocity (UADV1) and e) mean longshore current
velocity (VADV1) at the positions of the two rigs from September 17–25, 2016. Measurements from the intertidal and subtidal rigs are represented by triangles and
asterisks, respectively. Each triangle/asterisk corresponds to a 30min time series. Highlighted in red are the time series used in the analyses (requiring
zOBS=0.075–0.095m and z(F)OBS=0.03–0.05m at the intertidal and subtidal rig, respectively). The black circles indicate the time series from which waves are
extracted to form part of the phase-averaging analyses presented in Figs. 11 and 16. (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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approximate instrument elevation for a given time.

2.2.4. Estimation of cross-shore short-wave suspended sediment fluxes
Based on the processed velocity and concentration data, the in-

stantaneous short-wave suspended sediment flux (qs,hf(t)) was estimated
at a discrete sensor elevation:

=q t u c( )s hf hf, (4)

The subscript hf denotes that the data have been bandpass filtered
into the short-wave component by applying a lower and upper fre-
quency threshold of 0.05 Hz and 1 Hz, respectively. In the estimation of
the fluxes, FOBS records were combined with ADV1 records, while OBS
records were combined with ADV3 records at the subtidal rig. At the
intertidal rig, OBS records were combined with ADV1 records as ADV1
was generally located at higher elevations above the bed than ADV1 at
the subtidal rig. In addition, only time series where the (F)OBSs were
located at almost the same elevation above the bed were used for the
analyses. Changes in elevation significantly affect the suspended sedi-
ment concentration, and including measurements collected in a too
wide range in z can thereby blur the results. At the subtidal rig, mea-
surements obtained as close to the bed as possible were selected,
however with a minimum elevation of 0.03m to avoid potential flow
interference from the instruments. This resulted in 37 usable time series
records with z(F)OBS=0.03–0.05m. At the intertidal rig, only a few

time series measured at zOBS=0.03–0.05m passed the quality control.
In order to get a sufficient number of time series records for the ana-
lyses, the lowest usable elevation was increased to 0.075m above the
bed, which resulted in 23 time series records with
zOBS=0.075–0.095m.

2.3. Wave and bed conditions

In addition to visual observations, the dominant wave types at the
two rigs during specific time series records were predicted based on the
relative wave heights (Hs/h, where Hs=4ση in which ση is the standard
deviation of the water surface elevation (η)), the wave shape skewness
(SK)/asymmetry (AS) ratio and the local Iribarren numbers (ξ). Relative
wave height can be used as a proxy for cross-shore location relative to
the position of the breaker zone (e.g. Kana, 1978; Ruessink, 2010) and
thereby also to some degree wave non-linearity, mean cross-shore
current strength and turbulence intensity. Based on Ruessink (2010)
and Splinter et al. (2011), a threshold between wave shoaling and in-
itial wave breaking was defined at Hs/h=0.3, while the boundary
between initial wave breaking and fully breaking conditions was de-
fined at Hs/h=0.5. Fully breaking conditions typically correspond to
surf bores in the inner surf zone, but to further distinguish between
breaking waves and surf bores, waves with SK > |AS| were defined as
breaking while waves with SK < |AS| were defined as surf bores fol-
lowing Grasso et al. (2012). The wave shape skewness was calculated
as:

=SK hf

hf

3

2 3/2 (5)

where angle brackets denote the average over a 30min time series. For
calculation of the wave shape asymmetry, η was replaced by its Hilbert
transform:

=AS
( )hf

hf

3

2 3/2

H

(6)

The velocity skewness and asymmetry can be calculated by repla-
cing η with cross-shore velocity (u).

The dominant breaker type (0.3 < Hs/h < 0.5 and SK > |AS|)
was estimated by the local Iribarren number using a threshold of
ξ =0.4 as the boundary between spilling and plunging breakers
(Battjes, 1974). The Iribarren number was estimated as:

= tan
H L/b 0 (7)

where β is the local bed slope, Hb is the wave height at the breakpoint
and L0 is the deep-water wave length (Battjes, 1974). For these breaking
waves (0.3 < Hs/h < 0.5 and SK > |AS|) the significant wave height
(Hs) is assumed to correspond to Hb. The significant wave period (Ts),
which was used to compute L0, was determined from the zero-th and
second moments of the wave spectrum ((m0/m2)1∕2).

The bed state during these different wave conditions was estimated
based on the mobility number (ψ) at the locations of the two rigs, and at
the subtidal rig, bed profile scans were also used to identify wave ripple
geometry. Ripple heights were determined by = 2 2r r where σr is
the standard deviation of the bed elevation (Hay, 2011). Ripple wa-
velengths (λ) were identified using the peak in the auto-correlation
function of individual bed profiles. The mobility number was calculated
as:

= u
s gD( 1)

s
2

(8)

where us is the significant wave orbital velocity (us=2(σu2+ σv2)½), s
is the ratio of sediment and water density (=2.65) and D is the mean
grain size. Following the ripple classification scheme of Dingler and
Inman (1976), vortex ripples are present for ψ < 40 while low post-

-1.5 -1 -0.5 0 0.5 1 1.5
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 8. Wave shape skewness (SK, in red) and asymmetry (AS, in blue) versus
relative wave height (Hs/h). Measurements from the intertidal and subtidal rigs
are represented by triangles and asterisks, respectively. (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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Fig. 9. a) Mobility number (ψ) versus relative wave height (Hs/h) at the intertidal (triangles) and subtidal (asterisks) rig. The vertical dashed lines indicate the
approximate boundary between shoaling, initial breaking and fully breaking waves (Hs/h=0.3/0.5). Horizontal dashed lines indicate the boundaries between vortex
ripples (ψ < 40), low post-vortex ripples (40 < ψ < 240) and flat bed conditions (ψ > 240) (Dingler and Inman, 1976). The colours separate dominantly breaking
wave conditions (red) from surf bores (blue) based on the relation between wave skewness (SK) and asymmetry (AS) (Grasso et al., 2012). Non-breaking waves (Hs/h)
are black.
b) Mobility number (ψ) versus Iribarren number (ξ) for time series with Hs/h=0.3–0.5 and SK > |AS| at the intertidal (triangles) and subtidal (asterisks) rig.
Vertical dashed line indicates the theoretical boundary between spilling (SP) and plunging (PL) breakers (Battjes, 1974). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. a) Bed form length (λ), b) height (ηr) and c) steepness (ηr/λ) at the location of the subtidal rig from September 17–25, 2016. Highlighted in red are the time
series used in the analyses (requiring z(F)OBS=0.03–0.05m at the subtidal rig). (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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vortex ripples dominate for 40 < ψ < 240 and flat bed prevails for
ψ > 240.

2.4. Wave-averaging and intra-wave variations of grouped single waves

To analyse the short-wave suspended sediment flux magnitude and
direction, individual waves in each time series were grouped according
to their (individual) relative wave height (Hz/hz, in which Hz is the zero
crossing wave height and hz is the mean surface elevation between zero
crossings). This method was preferred over 30min time averages be-
cause there were large variations in the individual wave heights within
each time series especially at the subtidal rig (primarily located in the
outer surf zone). First, the individual waves of the velocity time series
(ADV3) were identified by use of a zero down-crossing analysis. In
order to remove any long-term trends (e.g. tide) the time series were
demeaned and de-trended, and high-frequency noise was removed by

applying a bandpass filter (f=0.5 Hz in this case). Since the focus of
this paper is on suspension by short waves, infra-gravity wave fre-
quencies were also removed by applying a high-pass filter (f=0.05 Hz
in this case) before identifying the zero down-crossings. Secondly, the
relative wave height of each wave was determined (Hz/hz), and the
waves were grouped into 0.1-wide Hz/hz-bins (Hz/hz=0–0.1, 0.1–0.2
etc.). Subsequently, for each bin of the relative wave heights, the short-
wave suspended sediment flux, the suspended sediment concentration
and the Froude-scaled TKE were extracted and normalized against re-
lative wave-phase (t/T) and then phase-averaged. Phase-averaging was
carried out using:

= +
=

X t T
N

X t nT( / ) 1 ( )
n

N

0

1

(9)

where X represents some quantity over time and N is the number of
ensembles. Twenty and ten ensembles were applied at the subtidal and
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Fig. 11. Phase-averaged cross-shore velocity (u(t/T)), normalized Froude-scaled TKE, k(t/T) (with respect to the maximum k(t/T) at ADV3) and normalized sus-
pended sediment concentration, c(t/T) (with respect to cmax(t/T)). The dashed lines are the full cross-shore velocity signal, i.e. including the mean current. a) Shoaling
waves (17/09 at 1 pm), Hz/hz=0.2–0.3, Tz=6.0 s (± 2.1), kmax,ADV3(t/T)= 0.01, cmax(t/T)= 2.4 kg/m3, b) Spilling breakers (20/09 at 5 am), Hz/hz=0.3–0.4,
Tz=9.8 s (± 2.0), kmax,ADV3(t/T)= 0.01, cmax(t/T)= 1.4 kg/m3 and c) Surf bores (24/09 at 7.30 am), Hz/hz=0.6–0.7, Tz=5.9 s (± 1.6), kmax,ADV3(t/T)= 0.03,
cmax(t/T)= 12.4 kg/m3. Standard deviations on the zero crossing wave periods (Tz) are given in parentheses. Measurements from the intertidal and subtidal rig are
represented by triangles and asterisks, respectively.
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intertidal rig, respectively. A smaller N was selected for the intertidal
rig due to lower sampling frequencies (cwas only sampled at 4 Hz at the
intertidal rig compared to 10 Hz at the subtidal rig). These results were
then either wave-averaged (qs,hf, k, C) or used for examinations of intra-
wave variations in c(t/T) and k(t/T). If less than five time series con-
tributed waves within a particular Hz/hz-bin (this would especially be
the case for very small or large relative wave heights), this specific bin
was not included in the results.

Table 1 shows the percentages of time series contributing waves
within the different Hz/hz-bins. Due to lack on guidance on classifica-
tion of waves on a wave-by-wave basis, we maintain the relative wave
height limits for shoaling waves, spilling breakers and surf bores de-
fined for the 30min time averages (Section 2.3).

In order to examine trends in the timings of maximum suspended
sediment concentration relative to the wave crest, the selected (F)OBS
time series (zOBS=0.075–0.095m and z(F)OBS=0.03–0.05m at the
intertidal and subtidal rigs, respectively) were cross-correlated with the
corresponding flow velocity time series for the different Hz/hz-bins. As
focus is on local sediment suspension, only recorded time series where
cross-correlation coefficients were statistically significant at 95% con-
fidence level were included. It is thus likely that sediment is not locally
suspended if intra-wave variations in c(t/T) are insignificant. In addi-
tion, results are only plotted for relative wave height bins containing
contributions from more than five time series records. At the two rigs,
41% and 23% (the intertidal rig and subtidal rig, respectively) of the
records resulted in insignificant cross-correlation coefficients due to
absence of intra-wave variations in c(t/T). This could be due to, for
example, advection of sediment clouds into the sensor array, in which
case it is difficult to examine the relationship between turbulence and
suspended sediment flux. Moreover, diffusive processes reduce intra-
wave variations of c(t/T) with distance above the bed, whence the
higher elevations of the OBSs at the intertidal rig compared to the
subtidal rig could be of importance for the lower percentage of usable
records.

2.5. Flux efficiency

To explore the importance of intra-wave variations in c(t/T) for the
short-wave suspended sediment flux (and independent of the magni-
tude of C), qs,hf was normalized with the wave-averaged suspended
sediment concentration (i.e. qs,hf/C). The dimension of the term is m/s,
and it is thereby a measure of transport velocity. However, we prefer to
interpret it as a “flux efficiency”, as the term expresses the efficiency by
which the waves transport suspended sediment. A comparison of two
cases shows that conditions with an equal magnitude in C can occur in
combination with different magnitudes in the short-wave suspended
sediment flux, due to differences in the intra-wave variation of c(t/T)
(see illustration, Fig. 6a). Accordingly, the flux efficiency indicates the
importance of intra-wave variations in c(t/T) for the magnitude of the
short-wave suspended sediment flux. In cases of large differences in
sediment load under the crest and trough phases the flux efficiency is
large while small differences degrade the flux efficiency. Moreover, not
only the magnitudes of the sediment loads but also the phases of
maximum c(t/T) with respect to the maximum horizontal orbital ve-
locity affect the flux efficiency. On the other hand, the flux efficiency is
independent of C, so two cases with different C (and qs,hf) can have the
same flux efficiency (Fig. 6b).

3. Results

3.1. Experimental conditions

During the first week of the field campaign (17th to 25th
September), Hs varied between approximately 0.2 m and 0.65m at the
two rigs, with an increase in Hs towards the end of the campaign
(Fig. 7b). The increase in wave height coincided with a change in the
prevailing peak wave period (i.e. the period associated with the most
energetic waves of the wave spectrum) from Tp≈12 s to Tp≈5 s
(Fig. 7c). This change in Tp represents a shift from a wave field domi-
nated by swell waves to a wave field dominated by wind waves. During
the swell conditions between September 19 and 22, sediment was
transported onshore causing erosion at the seaward slope of the inter-
tidal bar and thus at the positions of both rigs, while the intertidal bar
accreted in the vertical and the seaward slope became steeper (Fig. 2).
During the succeeding conditions with larger wind waves, sediment was
transported offshore from the upper part of the intertidal bar to the
seaward slope of the bar and in particular to the location of the subtidal
rig.

The semi-diurnal tide caused hydrodynamic conditions to shift in
the cross-shore over time, resulting in the presence of shoaling waves,
breaking waves and surf bores at the two rigs. Visual observations in-
dicated that the main breakpoint was often located in between the two
rigs during high tide such that at the subtidal rig, shoaling waves and
spilling breakers dominated while at the intertidal rig, surf bores pre-
vailed when the rig was fully inundated. The wave shape was also more
asymmetric at the intertidal rig with AS in the range −0.3 to −1.3
compared to AS from 0 to −0.6 at the subtidal rig (Fig. 8). The visual
observations were supported by predictions of the dominant wave type
based on Hs/h, SK/|AS| and ξ (see Section 2.3) (Fig. 9). Even when Hs/h
was between 0.3 and 0.5 at the intertidal rig, the wave shape asym-
metry exceeded the shape skewness so waves were classified as surf
bores.

The different wave conditions affected the bed states at the locations
of the two rigs. Sonar scans of the seabed indicate the continuous
presence of small-scale wave ripples, and based on the calculated mo-
bility numbers, low post-vortex ripples were predicted and also ob-
served to be present at the subtidal rig. Flat bed as well as low post-
vortex ripples probably dominated at the intertidal rig at times when
this was submerged (Fig. 9a). Moreover, ripple wavelengths (λ) were
determined to be in the range λ=0.05–0.20m (Fig. 10a) which cor-
responds approximately to 0.1d0 where d0 is the wave orbital diameter
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Fig. 12. Mean values of the maximum cross-correlation coefficients (r) for
cross-correlations of phase-averaged ∂u/∂t(t/T) and c(t/T) (full-line) and
kADV1(t/T) and c(t/T) (dot-and-dash) for surf bores at the intertidal rig (Hz/
hz > 0.3, |AS| > SK). The error bars show± the standard error on the means.
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(d0= usTp/π). This indicates that the ripples were of the anorbital type
(Wiberg and Harris, 1994). The ripple height was in the range
ηr=0.007–0.030m (Fig. 10b) and the steepness of the anorbital, post-
vortex ripples were found to be ηr/λ=0.08–0.27 (Fig. 10c).

3.2. Intra-wave variability in c(t/T) and k(t/T)

The variety in hydrodynamic conditions make it possible to examine
the phase relationships between the oscillatory flow, turbulence and
near-bed suspended sediment concentration beneath both shoaling
waves, spilling breakers and surf bores, and above low post-vortex
ripples as well as flat beds. Three representative examples have been
selected to characterise the different conditions: shoaling waves (Hz/
hz < 0.3, qs,hf < 0, subtidal rig), spilling breakers (Hz/hz=0.3–0.5,
SK > |AS|, qs,hf > 0, subtidal rig) and surf bores (Hz/hz > 0.5,
|AS| > SK, qs,hf > 0, intertidal rig). In these examples (Fig. 11), the
Froude-scaled TKE-levels have been normalized with respect to max-
imum k(t/T) at the upper velocity sensor (ADV3), and c(t/T) is nor-
malized with respect to cmax(t/T) within the wave cycle in order to
emphasize intra-wave and vertical variations.

Shoaling waves (Hz/hz=0.2–0.3: Fig. 11a) were generally small
and only weakly onshore-skewed (in this case SK=0.33). Intra-wave
variation in k(t/T) at ADV1 is insignificant, but c(t/T) peaks beneath the
wave trough shortly after the zero down-crossing (t/T=0.125). This

phasing of c(t/T) suggests that sediment-laden turbulent eddies may
have been ejected from the bed at the on- to offshore flow reversal due
to bed form effects (ηr/λ=0.15). ADV1 may have been located too
high above the bed (z=0.14m) to identify the turbulent eddies, or
they have not been sufficiently systematic with respect to the phase.

For spilling breakers (Hz/hz=0.3–0.4: Fig. 11b), k(t/T) peaks just
after the wave crest in the upper part of the water column (t/T=0.875,
ADV3) indicating injection of surface-generated turbulence. Closer to
the bed (ADV1), k(t/T) also peaks near the wave crest but is sig-
nificantly larger than at ADV3 (t/T=0.675–0.825) indicating pre-
dominantly bed-generated turbulence at this sensor. The suspended
sediment concentrations peak slightly after the maximum horizontal
orbital velocity (t/T=0.9). Sediment is probably brought into sus-
pension by turbulent eddies generated by friction between the wave
orbital flow and the seabed, as surface-generated turbulence did not
dominate at the bed (k(t/T)ADV1 > k(t/T)ADV2). Moreover, there are no
indications of bed forms affecting the phasing of c(t/T). This was ex-
pected, as the ripple steepness was low ηr/λ=0.11 (ηr/λ < 0.12 cor-
responds to low-steepness ripples (Davies and Villaret, 2002)).

Beneath surf bores at the intertidal rig (Hz/hz=0.6–0.7: Fig. 11c), k
(t/T) peaks on the wave front throughout the water column (t/
T=0.65). Slightly after kmax(t/T), a peak in c(t/T) appears, which in-
dicates a coupling between the two parameters. The phasing of kmax(t/
T) coincides with the turbulent surface roller which appears on the
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Fig. 13. Histograms showing the significant (95% confidence interval) timing of maximum suspended sediment concentration (c(t/T)) with respect to the wave crest
(max u(t/T)) for different classes of relative wave heights (Hz/hz=0.1–0.2, 0.3–0.4, 0.4–0.5 etc.) at the subtidal rig. For each Hz/hz-bin the average horizontal orbital
velocity (u(t/T)) is plotted to facilitate the reading of the phasings.
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wave front of surf bores (Svendsen, 1984). Surface-generated turbu-
lence thus likely penetrated to the seabed. However, turbulence in-
tensities appear slightly larger at the elevation of ADV1 compared to
ADV2 which might suggest a contribution from bed friction. Without a
contribution from bed friction, we would expect kADV1(t/T) to be sig-
nificantly smaller than kADV2(t/T) given the difference in elevation
between the two sensors. Generation of turbulence at the bed beneath
the wave front might have been enhanced by strong acceleration
leading to a relatively thin wave boundary layer at this wave phase and
consequently increased shear stresses. Cross-correlations of ∂u/∂t(t/T)
with c(t/T), and k(t/T) with c(t/T), beneath surf bores (Hz/hz > 0.3,
|AS| > SK), show that the maximum cross-correlation coefficients
were of equal magnitude (Fig. 12). Acceleration skewness is thereby a
possible additional cause for increased k(t/T) near the seabed (ADV1)
near the zero up-crossing.

The phase relationship between umax(t/T) and cmax(t/T) for all the
selected time series records (60 in total for the two rigs), is examined by
a cross-correlation analysis (Section 2.4). Fig. 13 (subtidal rig) and
Fig. 14 (intertidal rig) show the distributions of timings of cmax(t/T)
within the wave cycle for different classes of relative wave heights (0.1-
bins of Hz/hz). A positive time lag indicates that c(t/T) peaked after the
passage of the wave crest, and a negative time lag indicates that c(t/T)
peaked before the wave crest. Besides the time lags of c(t/T), phase-
averaged horizontal orbital velocity u(t/T) for the different Hz/hz-bins is

also plotted in the figures in order to facilitate the reading of the c(t/T)
phase. Despite some scatter in the timings, the results show the same
general tendencies as the examples presented in Fig. 11. For shoaling
waves at the subtidal rig (Hz/hz < 0.3, Fig. 13), c(t/T) was primarily
maximum beneath the wave trough. However, at the intertidal rig (Hz/
hz=0.1–0.2, Fig. 14), c(t/T) peaked beneath the wave crest. As the
relative wave height increased and wave breaking commenced (Hz/
hz > 0.3, Fig. 13), the timing of cmax(t/T) shifted towards the crest
phase with maximum c(t/T) just after the maximum horizontal orbital
velocity. For surf bores at the intertidal rig (Hz/hz > 0.3, |AS| > SK,
Fig. 14), c(t/T) was maximum beneath the wave crest for all Hz/hz-bins
and with a tendency towards maximum c(t/T) increasingly lower on the
wave front as Hz/hz increased.

3.3. Wave-averaged flux efficiency, C, k and qs,hf

The timing of sediment pick-up within in the wave cycle affects the
flux efficiency of the waves (Section 2.5). Based on the above findings
on c(t/T)-phasings we would expect a positive correlation between Hz/
hz and near-bed flux efficiency which was in fact the case (Fig. 15a). For
shoaling waves (Hz/hz < 0.3), the direction of the transport, however,
deviated between the two rigs. At the subtidal rig, qs,hf/C was negative
(i.e. offshore-directed), while at the intertidal rig qs,hf/C was positive
(i.e. onshore-directed). This difference is in agreement with the
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Fig. 14. Histograms showing the significant (95% confidence interval) timing of maximum suspended sediment concentration (c(t/T)) with respect to the wave crest
(max u(t/T)) for different classes of relative wave heights (Hz/hz=0–0.1, 0.1–0.2 etc.) at the intertidal. For each Hz/hz-bin the average horizontal orbital velocity (u
(t/T)) is plotted to facilitate the reading of the phasings.
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observed suspension patterns at the two rigs, with cmax(t/T), in most
cases, occurring beneath the wave trough at the subtidal rig, while c(t/
T) peaked beneath the wave crest at the intertidal rig (Figs. 13 and 14).
The variations in suspension patterns might be related to the different
bed states, with continuous presence of low post-vortex ripples at the
subtidal rig and often flat(ter) bed conditions at the intertidal rig
(Fig. 9a). Hence, beneath shoaling waves above a flat bed, u(t/T) and c
(t/T) are in phase, i.e. c(t/T) peaks beneath the wave crest where u(t/T)
is largest, while presence of bed forms can alter this phase relationship
(e.g. van der Werf et al., 2007; Aagaard and Hughes, 2010;
Brinkkemper et al., 2017a). For breaking waves (Hz/hz > 0.3), there
was a tendency for slightly larger near-bed flux efficiencies at the
subtidal rig compared to the intertidal rig, which may have been due to
larger wave skewness at the subtidal rig. The difference in flux effi-
ciency at the two rigs was not statistically significant, however.

To summarize, the timing of sediment suspension (which depended
on the timing of turbulence production) within the wave phase is shown
to be key for transport direction and the magnitude of the flux effi-
ciency. However, the rates and volumes by which beach morphology is
changing also depend on the total sediment load in the water column.
Wave-averaged near-bed suspended sediment concentrations and
Froude-scaled turbulence intensities are related to relative wave height
in Fig. 15c, d. Suspended sediment concentrations were higher at the
intertidal rig compared to the subtidal rig for similar relative wave
heights (Fig. 15c). This is in spite of the higher elevations of the OBSs at

the intertidal rig compared to the subtidal rig. Surf bores (dominant at
the intertidal rig) seemingly bring larger amounts of sediment into
suspension compared to spilling breakers (dominant at the subtidal rig)
likely because turbulence intensities are larger (Fig. 15d). This resulted
in slightly larger near-bed short-wave suspended sediment fluxes at the
intertidal rig for Hz/hz < 0.4. For larger relative wave heights, the
difference in C (and k) between the two rigs diminished and coupled
with the perhaps slightly larger flux efficiencies at the subtidal rig, the
short-wave suspended sediment fluxes were comparable in magnitude
for spilling breakers and surf bores (Fig. 15b). The magnitude and di-
rection of qs,hf thus depend on both the intra-wave variations of c(t/T)
and the magnitude of the suspended sediment concentration.

4. Discussion

Some general tendencies in suspension patterns were shown to exist
beneath shoaling waves, spilling breakers and surf bores. Even though
sediment mobilization beneath shoaling waves at the subtidal rig was
observed most frequently beneath the wave trough, c(t/T) peaked in
some cases at the wave front or beneath the wave crest (Hz/hz < 0.3,
Fig. 13) and the flux efficiencies were thus low (i.e. small short-wave
suspended sediment fluxes when averaging over waves where c(t/T)
peaked either beneath the trough or beneath the crest of the wave). This
might be due to differences in bed form dimensions and their location
relative to the instruments and thereby in their effect on the intra-wave
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legend, the reader is referred to the web version of this article.)
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variability of c(t/T). Ripples were small during the field campaign
(Fig. 10) and mainly classified as anorbital, post-vortex ripples
(Fig. 9a), hence, regular vortex shedding was rarely expected to occur
(Osborne and Vincent, 1993; Doucette, 2000). The most obvious ex-
planation for the consistent phasing of cmax(t/T) beneath the wave
trough in Figs. 11a and 13 is, however, vortex shedding. Vortex shed-
ding might be related to cases of large ripple steepness (> 0.12) (Davies
and Villaret, 2002). During the field campaign, ηr/λ varied between
0.08 and 0.27 (Fig. 10c) suggesting that ripples sometimes (as indicated
by Fig. 11a), but not always, may have been sufficiently steep to shed
vortices. Another possible explanation for the observed dominant
phasing of cmax(t/T) is offshore sediment advection from a breakpoint
located slightly onshore of the instruments.

Beneath spilling breakers (Hz/hz > 0.3, subtidal rig), c(t/T) in most
cases peaked slightly after the maximum horizontal orbital velocity.
Sediment mobilization was dominated by bed-generated turbulence as
kADV1≥ kADV2 (Fig. 11a), which suggest a significant contribution of
turbulence from the bed. The phasing of cmax(t/T) indicates that tur-
bulence was generated by friction between the fluid motion and the
seabed, but the low post-vortex ripples did not significantly affect the
suspension of sediment in the sense of affecting the timing of the sus-
pension. This is in accordance with the expectation that less steep
ripples are associated with larger mobility numbers (Dingler and
Inman, 1976), and ψ was larger for Hz/hz > 0.3 compared to shoaling
wave conditions (Fig. 9a). The dominance of bed-generated turbulence
beneath spilling breakers is in accordance with laboratory studies of
spilling breakers by Ting and Kirby (1996), who observed that turbu-
lence generated beneath the wave crest at the sea surface decreased

considerably closer to the bed, and intra-wave variations became less
distinct vertically downward. In about 15–20% of the time series,
however, c(t/T) peaked beneath the wave trough/near the zero up-
crossing (Fig. 13, Hz/hz > 0.3). Examination of these waves showed a
low, broad peak in k(t/T) beneath the wave trough followed by an in-
crease in the suspended sediment concentration. A representative ex-
ample is shown in Fig. 16 with kmax,ADV1(t/T) at t/T=0.375 and cmax(t/
T) at t/T=0.375. Sediment suspension beneath the wave trough was
dominated by bed-generated turbulence as kADV1≥ kADV2. Bed forms
were not expected to affect the phasing of k(t/T) in this case, as they
were of low steepness (ηr/λ=0.1). The increased turbulence produc-
tion beneath the wave trough might, however, be explained by the
relatively strong offshore-directed currents (in this case
UADV3=−0.16m/s). This is in agreement with a more detailed study
of the turbulence conditions during this field campaign (Christensen
et al., 2018). Christensen et al. (2018) concluded that beneath spilling
breakers, turbulence was mainly generated at the bed at the lower front
of waves for Hs/h > 0.3 in cases where U was relatively large
(Table 2), due to an increase in the total velocity field of the trough
phase. Accordingly, Fig. 17 shows that the timing of kmax(t/T) shifted
towards the trough phase as the offshore-directed mean current velo-
cities increased. Offshore-directed mean currents have also previously
been shown to increase the turbulence intensity beneath the wave
trough (Ruessink et al., 2011). The effect cannot be identified at the
intertidal rig possibly due to larger contribution from surface-generated
turbulence.

Beneath surf bores at the intertidal rig (Hz/hz > 0.3, |AS| > SK),
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pended sediment concentration, c(t/T) (with respect to cmax(t/T)). The dashed
lines are the full cross-shore velocity signal, i.e. including the mean current.
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Standard deviations on the zero crossing wave periods (Tz) are given in par-
entheses.

Table 2
Mean cross-shore current velocity (UADV3) for different groups of relative wave heights (Hs/h). Standard deviations are given in parentheses.

Hs/h=0.1–0.2 Hs/h=0.2–0.3 Hs/h=0.3–0.4 Hs/h=0.4–0.5 Hs/h=0.5–0.6 Hs/h=0.6–0.7

Intertidal rig [m/s] −0.05 (±0.02) −0.06 (± 0.01) −0.06 (±0.04) 0.11 (±0.04) −0.12 (±0.06)
Subtidal rig [m/s] −0.01 (± 0.01) −0.05 (±0.04) −0.08 (± 0.04)
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Fig. 17. Mean values of the significant (95% confidence interval) timing of
maximum k(t/T) with respect to the wave crest (umax(t/T)) for different classes
of mean cross-shore current velocity (UADV3). The light grey area indicates the
crest phase and the dark grey area the trough phase (i.e. zero up-crossing at t/
T=−0.25). The vertical lines are± one standard deviation.
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penetration of surface-generated turbulence as well as acceleration
skewness were likely contributors to c(t/T)-maxima on the front phase
of the wave. As both factors are largest at the wave front, it is not
possible to separate the two effects simply based on the timing within
the wave cycle. Neither did the cross-correlation coefficients for k(t/T)
and c(t/T), and ∂u/∂t(t/T) and c(t/T) (Fig. 12) indicate that one para-
meter was more closely related to suspended sediment concentration
than the other. In previous studies on sediment suspension beneath surf
bores, there is no consensus on whether acceleration skewness (e.g.
Austin et al., 2009) or surface-generated turbulence (e.g. Smith and
Mocke, 2002; van Thiel de Vries et al., 2008; Aagaard and Hughes,
2010) is the main stirring agent. In addition, due to the positive cor-
relation between k and ∂u/∂t, acceleration skewness has also been
suggested to represent a proxy for surface-generated turbulence
(Aagaard and Hughes, 2010; Brinkkemper et al., 2018). The positive
correlation between k and ∂u/∂t makes it even more difficult to dis-
tinguish the individual effects of the two parameters.

In contrast to a number of earlier studies (e.g. Ting and Kirby, 1995;
Aagaard and Hughes, 2010; Brinkkemper et al., 2017a), the near-bed
turbulent velocity field causing sediment suspension did not appear to
be consistently dominated by surface-generated turbulence for this data
set. Instead it appears to comprise a significant contribution from bed-
generated turbulence, even under surf bores. This was probably due to
relatively moderate wave breaking conditions. Accordingly, our results
suggest wave-current interactions do affect sediment suspension be-
neath spilling breakers. Beneath surf bores, the effects of surface-gen-
erated turbulence and acceleration skewness could not be separated
and both processes probably affected sediment suspension.

5. Conclusions

Field measurements of suspended sediment concentration, turbu-
lence, wave orbital motion and bed morphology were collected in the
intertidal and shallow subtidal zones. Shoaling waves, spilling breakers
and surf bores were the prevailing wave types, and the bed was mostly
flat or composed of low post-vortex ripples of the anorbital type. In
contrast to previous studies conducted in a natural surf zone, the ana-
lyses were not based on time series averages but instead on wave-by-
wave analyses. The individual waves of each record were isolated and
subsequently grouped according to their individual relative wave
height.

For grouped single waves, qs,hf correlated positively with Hz/hz. This
is partly explained by increased turbulence intensity and thereby sus-
pended sediment concentrations with Hz/hz, but it was shown that the
timing of k(t/T) and c(t/T) within the wave cycle also was of im-
portance. The timing of cmax(t/T) within the wave cycle depended on
the wave (and current) conditions. In general terms, cmax(t/T) shifted
forward from the mid-trough position (shoaling waves above a rippled
bed) to the crest/back slope of the wave (spilling breakers) and to the
crest/front phase (surf bores). This suggests that suspended sediment
transport in the subtidal zone under non-breaking waves does not sig-
nificantly contribute to accretion and beach recovery. On the other
hand, breaking wave conditions appear to be necessary for significant
onshore (wave-induced) suspended sediment transport. However, a net
onshore suspended sediment transport obviously also requires un-
dertow-driven qmean to be smaller than the wave-driven transport.

Data availability

The data required to reproduce these findings cannot be shared at
this time, as the data forms part of an ongoing study.
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