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Abstract

Three different examples of intra-wave variationssuspended sediment concentration (SSC) were egdniin
relation to turbulence level and bed morphologyaMeements were collected on the seaward slopeiafextidal bar
during both breaking and non-breaking wave conaiitioDuring non-breaking conditions with presencevarftex
ripples the sediment suspension was dominated ktgweshedding. When suborbital ripples were presgrsgimple
proportionality existed between SSC and the wavbitar velocity. Thus, the largest suspended sedimen
concentrations existed at the time of maximum vgéscand for velocity skewed waves this resulte@ inet onshore
wave-induced sediment transport. During breakingeagonditions coherent breaker eddies appearetieonrshore
wave phase causing high SSCs and a net onshoreiméiveed sediment transport.

Key words. suspended sediment concentration, turbulence, loephmlogy, cross-shore wave-induced sediment
transport

1. Introduction

The suspended sediment concentration under irnegudses varies in magnitude and timing within the
wave cycle and intra-wave variations are of gregidrtance for the net wave-induced sediment tramhspo
direction due to the orbital motion of the wavesiribg low-moderate energy conditions the non-steady
oscillatory wave motion dominates the sedimentdpant which tends to cause net onshore sediment
transport. Presently available transport models laogvever, often incapable of simulating this omsho
transport with confidence (Marifio-Tapia et al., ZDMany numerical transport models are based en th
energetics approach which relates sediment trangptite near-bed wave orbital motions (Bagnol&&)9
and hence, velocity skewness is the principal cémsan onshore sediment transport. The limiteditgbi

of the energetics based models to predict onstetengnt transport, nevertheless, indicates thatcitgl
skewness alone may be insufficient to explain tieeoved transport.

An important shortcoming of the models is the agsion of proportionality between time dependent
orbital velocity and suspended sediment concentrafror instance, presence of bedforms may dishapt
proportionality, as for example vortex ripples magpuse sediment suspension events and peak
concentrations at the time of flow reversal (O'Hsltaray et al., 2011).

Several mechanisms, presently omitted in the ti@mspodels, have been suggested to contribute to an
onshore sediment transport by causing near-bedlambe, and thereby sediment stirring, on the arsho
wave phase. Acceleration skewness is hypothessezhlise an onshore sediment transport due to an
emerging onshore pressure gradient and a thin Wwauedary layer enhancing shear stress on the amshor
wave phase (Nielsen, 2006). Field measurements shwen a close correlation between acceleration
skewness and sandbar crest location (Elgar é2@01). This indicates that acceleration skewnesidoe
of importance for observed onshore sandbar migrafiaceleration skewness is, however, often caedla
to surface-generated turbulence, and it is theeefmssible that it is the surface-generated turizale
which is critical to the sediment suspension beneath the wave crest (Puleo et al., 2003; Aagaard and
Hughes, 2010). Surfaggenerated turbulence can be large all the way to the bed (Scott et al., 2005;
Ruessink, 2010; Grasso et al., 2012) and in particular plunging breakers tend to be of significant
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importance for sediment suspension (Aagaard Funghes, 2010; Yoon and Cox, 2012). Under spilling
breakers turbulence can stretch towards the bedlagiely descending eddies behind the wave cnaist b
turbulent kinetic energy is typically smaller compared to plunging breakers (Nadaoka et al., 1989; Scott et
al., 2009).

Examinations of the relation between turbulencespsnded sediment concentration and bedform
dimensions in the field are limited in number, &mbwledge of the timing and magnitude of surfaced a
bed-generated turbulence within the wave cycles, the way that it affects sediment suspension, is
insufficient. In this paper, three examples ofanatvave variations in suspended sediment concemtratie
presented. The examples represent different wawk teadform conditions (breaking/non-breaking,
megaripples/wave ripples). The applied field measwents were obtained by Larsen et al. (2015) on a
beach at Skallingen on the west coast of Jutlamshniark. The aim of the paper is to relate the ofeser
intra-wave variations in suspended sediment conaon to turbulence level and bedform type.

2. Methods
2.1 Field site and experimental conditions

The beach at the barrier spit Skallingen is locaiadthe Danish North Sea coast with a shore-normal
orientation towards the south-west. The barriezxigosed to wind waves with a mean annual significan
height of 1.1 m and a mean wave period of 4-5 $he. beach is dissipative with a gently sloping uppe

shoreface and two subtidal bars. Moreover, onearermtertidal bars exist in the intertidal zondeTide

is semidiurnal with a mean tidal range of 1.5 m anspring tidal range of 1.8 m (Aagaard and Hughes,
2006).

Data was collected in September-October 2012, énitiertidal zone near mean water level. The
instruments were positioned at the seaward slopthefinner intertidal bar (Fig. 1) where the mean
sediment grain size was 240n. During the field campaign the offshore signifitavave height (k)
ranged between 0.4-1.8 m and had a peak wave pleeitveeen 5 and 8 s (Fig. 2). The inshordatl the
instrument) was up to 0.7 m. Breaking waves weeslgminately spilling (Larsen et al., 2015). In this
paper the focus is on September 28, September riZD,Oztober 4, with respectively shoaling wave
conditions on the 28and the & (run 42 and 337), and spilling breakers on tH2 (28n 98).
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Figure 1. The cross-shore beach profile measurkmhatide on September 29 (solid line) and Octdbédashed line).
The distance is related to the top of the aeoliaredx = 0). The position of the tripod is markedtie plus-sign

2.2 Instrumentation and initial data processing

The instrument station (Fig. 3) consisted of andtéas steel tripod to which the following instrurtewere
mounted: a 5 MHz SonTek Acoustic Doppler VelociméfDV) integrated with a piezoresistive pressure
sensor, two Optical Backscatters (OBS-3) and argémeax 881A pencil-beam sonar combined with an
azimuth drive. The ADV and upper OBS were initighhaced about 10 cm above the bed, while the lower
OBS was located at nominally 5 cm above the bed. géncil-beam sonar was mounted on an arm, on the
tripod, pointing seaward and to the south in otdeminimize the risk that scour holes around thys lef

the tripod would affect the measurements. Thealhitistallation-height of the sonar was 55 cm abitnee
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Figure 2. Significant wave height (a) and peak wasdgod (b) seaward of the surf zone at 6 m wadgthd off Fang
during the field campaign in 2012. The days of datéection used here are indicated by verticahdddines

Measurements of flow velocity, pressure, and sudpersediment concentrations were conducted in
periods of 17 minutes every half-hour. The ADV usesbmpling frequency of 16 Hz, and it was oriented
to measure positive flows to the north, onshore @maard. The estimated flow velocities from the ADV
have been rotated in order to minimize small titbes of the sensors. Instrument noise in velotiite
series recorded by acoustic sensors is very comaspgcially, in the surf zone due to the presefi@ero
bubbles. Signals with a correlation value lowemntha applied threshold of 62 %, have been replagea
filtered value obtained from a 1 second moving ager(Larsen et al., 2015).

A few spikes in the OBS record< ¢ C+100), probably due to air bubbles, were replaced with
linearly interpolated values. Moreover, saturatatles due to instrument burial as well as measuneme
obtained less than 4 cm above the bed were rejesieck the latter are likely to have been affedigd
enhanced suspended sediment concentration duewadisturbance. Consequently, all the measurements
obtained by the lower OBS were discarded. In r@hatb signal calibration, the field offset of thé8®
signals were determined to correspond to the 2nckpéle of the measured OBS signals.

The pencil-beam sonar was set to a scan-width mf &nd only scans perpendicular to the coastline
were obtained. Details on data processing canuradfn Larsen et al. (2015).

Figure 3. The tripod with the installed instrumeat$ow tide on September 30, 2012
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2.3 Data analysis

A main task of the paper is to isolate the turbulantions from organized wave motions in the veioci
records, and several methods are applicable e.gemdye averaging, frequency cut-off, velocity-
differencing, and vertical velocity variance (Aaghand Hughes, 2010). It is, though, a nontrivaskt
which none of the presently available methods stidvsatisfaction. For instance, the ensemble aimgag
method where phase-averages of the velocity measums are computed, and the residual is defined as
turbulence, is only applicable to regular wavethim laboratory. The frequency cut-off techniqueereha
change in spectral slope is used to indicate tamesition from dominance of orbital wave motion to
turbulent motion, is likely to omit large-scale lutent eddies. In the velocity-differencing method,
velocity differences between two adjacent sensmparated by a distance which is small in relatbothe
wavelength but large in relation to the turbulertdth scale, are defined as turbulence. A wealofetbss
technique is how to determine the right separatfistance compared to the present turbulent lengite s
and moreover, if the sensors are placed in the saamical level, it is required that the waves are
unidirectional so that the sensor separation axisientated parallel to the wave crests. Finallgrder for
vertical velocity variance to represent only tudnil motions, measurements must be conducted vesg cl
to the bed, where the orbital wave motion is assltade only horizontal (Aagaard and Hughes, 2010).

In this paper the frequency cut-off method has bapplied initially as the waves were irregular,
measurements were only available from one ADV, tmedmeasuring height (c 10 cm) was too high to
assume that the velocity measurements were unedfdigt wave orbital motions.
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Figure 4. Windowed spectral density plots on Iapanic axes and lines having a slope of respectively (dashed)
and -4/3 (solid) indicating turbulent cascade

Fig. 4 illustrates autospectra of cross-shore Vgladth an applied 50-point Hanning filter. Theegjtra
have a break in the slope near f = 1 Hz. For fragas above 1 Hz the spectral densities decreasest
of about -4/3. The spectral slope is thus flattemt expected for the inertial subrange, where #te of
cascade for turbulent energy is assumed to be(S#8ront et al., 2005). However, flatter spectlapas
near the bed have been reported in other studigsSmyth et al., 2002). Turbulence is therefosuased
to dominate the fluid motions at frequencies gnetitan 1 Hz.

To test the selected cut-off frequency for the flly of erroneously omitting large-scale turbote
eddies, co-spectra of cross-shore (u) and venalcity (w) is calculated (Fig. 5). The coherefgedigh
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and a phase of abom2 dominate for f < 1 Hz in the two shoaling waeeses (run 42 and 337). A phase of
n/2 between u and w indicates a dominance of waké&abmotion. For f > 1 Hz the co-spectral density
and coherence approaches zero, implying that tkare systematic relation between u and w. Thdirsgil
wave case (run 98) exhibits a phaser/@f for f < 0.35 Hz. For f > 0.35 Hz u and w arepimase, and the
co-spectral density is negative indicating an onstdmwnward or offshore/upward fluid motion. This
pattern of motion is characteristic for surfacegrated turbulence (Ting, 2013). A cut-off frequerafy
0.35 Hz in run 98 is, therefore, assumed to resutiore robust estimations of turbulent energy.

The shear stress exerted at the seabed by théemtinuotions can be expressed by the Reynoldssstres

Re = p(u,w") )

(Aagaard and Hughes, 2010) whergisithe vector sum of the cross- and longshoreutart velocities, w'
is the vertical turbulent velocity, apds fluid density.
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Figure 5. Co-spectral density, phase, and coherfencan 42, 98 and 337

3. Results

The three selected time series are characterizetiffieyent hydrodynamic and bedform conditions (€ab
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1). The two shoaling wave cases are comparablelation to weak mean currents, small acceleration
skewness, and presence of wave ripples. The waees, mowever, higher and more velocity skewed
during run 337 compared to run 42, and, furthermttre bedforms were shorter and steeper. Accortding
Wiberg and Harris (1994) the ratio of ripple wavath to orbital diameter is typicalli/dy, = 0.65 for
equilibrium vortex ripples. Based on this criteti@ bedforms can be classified as vortex ripplesguun
42, and as suborbital ripples during run 337 (Tdble

The spilling wave case (run 98) was more energetib stronger mean currents, larger acceleration
skewness (Table 1), and presence of gently slapiega ripples (Larsen et al., 2015).

Table 1. Significant wave height {{imean water level (h), cross- and longshore aunelocities (U, V), significant
horizontal orbital velocity (4, orbital diameter (g}, velocity skewness (SK), acceleration skewnes3)(hed form
height ), spacingX), n/A, and\/dyfor run 42, 98 and 337

Run 42 Run 98 Run 337

Hs [m] 0.42 0.64 0.51
h [m] 1.26 1.61 1.02
U [m/s] -0.04 -0.15 -0.04
V [m/s] 0.04 -0.42 -0.15
Us [m/s] 0.62 0.94 0.82
do [M] 1.12 2.06 1.82
SK 0.17 0.58 0.58
AS 0.11 0.27 0.08
n [m] 0.051 0.022 0.046
A [m] 0.814 2.154 0.460
n/A 0.06 0.01 0.1
Mdy 0.73 1.05 0.25

Short excerpts of the three different time seriesmesented in Fig. 6. The two shoaling wave cé&ses

42 and 337) differentiate with respect to flow @y and suspended sediment concentration. Flow
velocities were highest in run 337, resulting ismended sediment concentration peaks of nearlyitaes

the magnitude of the peaks in run 42. Moreoverp@rionality appears to exist between orbital visjoc
and suspended sediment concentration in run 33Y peiaks in concentration typically beneath the wave
crests. This is less evident in run 42. The wavethé spilling wave case (run 98) were less irragul
during the one minute excerpt, while distinct peakshe suspended sediment concentrations were less
frequent compared to run 337, and suspended setlier@ained in the water column for a longer duratio
(e.g. t =590-610 s). Furthermore, it appearstti@tlow was more turbulent (Table 2).

In order to study persistent patterns in the plgasirhigh suspended sediment concentrations dtineg
wave cycle, and potentially relate the events ®itttra-wave variations in turbulence, phase-avesagf
horizontal orbital velocity (u), suspended sedimeohcentration (c), Reynolds stress (Re) and wave-
induced cross-shore suspended sediment transpest (@ = u-c) were calculated. The individual waves
were identified from zero-up-crossing analyses, iaratder to eliminate the influence from high foeqcy
noise or long infra-gravity waves in the recordsthba low-pass Hanning filter and high-pass boteffil
were applied. The cut-off frequencies used werpaetsvely 0.5 Hz and 0.06 Hz.

The phase-averaging was based on 57-95 individaaksv containing “coherent events”. “Coherent
events” are defined as periods with a suspenddtheaticoncentration higher than the mean concéoitrat
plus one time the standard deviation (Jaffe ank:&gér, 1992).
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Figure 6. One minute excerpts of time series dewdepth (h), cross-shore velocity (u), verticaloeity (w) and
suspended sediment concentration (c) during shpélim 42 and 337) and spilling wave condition$ (88)

Table 2. Root mean square (rms) turbulent vertiebdaities for run 42, 98 and 337

Run 42| Run9 Run 33f
Wyms | 0.016 0.045 0.021
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The resultant phase-averages are presented ii.Fidpe suspended sediment concentration, normalized

with respect to the maximum concentration in the@evaycle (., exhibits a distinct phase-dependency in
both run 98 and 337, while it is less evident im A2. In terms of the turbulence (expressed by the
Reynolds stress), it was small and highly fluctugitivithout any significant patterns in the two dhaa
cases (run 42 and 337), whereas some consisterhg idirection of the turbulent motions appeartfa
spilling wave case (run 98). Accordingly, it appeénat the turbulent motions were consistently upwa

directed from t/T = 0.875 until t/T = 0.0025, ardidwed by downward directed motion from t/T = (280
until t/T = 0.225.
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Figure 7.Phase-average plots for run 42, 98 and 337 basesligpension events exceeding a threshol@ &fc..
Cross-shore wave orbital velocity (u), normalizedpgnded sediment concentration (G (normalized with respect
to the maximum concentration during the wave cydigbulence expressed by the Reynolds stress (Ré)cr@ss-
shore wave-induced suspended sediment transped (g) including the sum over the wave cyclg d@). The
ADV/OBS were located at respectively z = 9/10, 20:5111.5 and z = 9/9 cm

Run 42 exhibited the highest suspended sedimeeatrations around the time of flow reversal (of);of
but trends are not very pronounced. In an attempiighlight potential patterns, small suspensioants,
which probably only makes a small contribution lte transport rates, are neglected. An “intensetéven
threshold, defined as the mean concentration piteettimes the standard deviation (Jaffe and Sgdlen
1992), is therefore applied. This resulted in twstidct peaks in the suspended sediment concestrati
within the wave cycle about the times of flow resadrwith largest concentrations beneath the wanegty
(Fig. 8). These intra-wave variations are charstterin the presence of vortex ripples as sedintehn
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vortices will be shed from the bedforms (O’Hara kéyr et al., 2011). Accordingly, there is consistenc
between the observed bedform dimensions (Tabled)tlze intra-wave variations of suspended sediment
concentration (Fig. 8). The higher suspended sattimencentrations beneath the wave trough thar cres
are probably a result of the velocity skewnesshefwaves (Table 1). Nevertheless, the net wavecitiu
sediment transport rate was onshore directed atlédwation of 10 cm above the bed. It is probahig tb

the fact that the peak in suspended sediment ctratiem under the wave trough was very short-liséd
=10 cm, and that the higher velocities under thgeicrest were a dominating factor.

Run 42
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Figure 8. Phase-average plots for run 42 basedugpession events exceeding a threshold &f 3g.. Cross-shore
wave orbital velocity (u), normalized suspendedirsedt concentration (Cjt, (normalized with respect to the
maximum concentration during the wave cycle), tleboe expressed by the Reynolds stress (Re), aisd-shore
wave-induced suspended sediment transport rafei@uding the sum over the wave cyclg {&). The ADV/OBS
were located at z = 9/10cm

The other shoaling wave case, run 337, exhibitéfdrdint intra-wave variations with peaks in suspahd
sediment concentration at the time of maximum wanvkital velocity (Fig. 7). This dissimilarity is
probably related to the observed change in bedftimension, which resulted in a smaller ratioéd,
(Table 1), and, hence, less regular and coherexddafg of vortices (O’Hara Murray et al., 2012).€Th
effect is, therefore, not apparent in the phaseeaaesl plots. Moreover, breaker-generated turbulevas
absent and consequently, the bed shear stresskefysih phase with the orbital motions which, doehe
velocity skewness of the waves, caused a net oasWawe-induced sediment transport. Furthermore,
significant peaks in Reynolds stress were almostapparent at the instrument elevation, and thikesy
because of the smaller turbulence length scale aoedpto bedform generated vortices and/or breaker-
generated turbulence (Fig. 7).

The spilling wave case (run 98) differed from thealing cases by exhibiting higher turbulence Isvel
at z = 10.5 cm (Fig. 7 and Table 1) and by contgiriome phase-consistency. Hence, in contrasteto th
shoaling cases the sign of the Reynolds stressnetshifting for more or less every measurement.
Positive Reynolds stresses, indicating upward thceturbulent motions, appear about the off-to-onsh
flow reversal (t/T = 0.875-0.0025), followed by doward velocities and negative stresses beneath the
wave crest (/T = 0.0025-0.225). This sequencéénnbain direction of the turbulent motions from tip-
downward probably indicates the presence of suifgeerated turbulent eddies. Just prior to the wave
arrival the water rushes upwards and the low preskfts sediment. As the wave breaks, the wavetfro
hits the surface in a motion towards the bed, amally the eddy motion continues upward. The laiter
also weakly indicated in Fig. 7, but the positieak in the Reynolds stress at t/T = 0.35 is natii@ant.

The duration of this turbulent eddy is related tpexiod of high suspended sediment concentrations
signifying the importance of surface-generated ulebce for sediment suspension. Since the high
suspended sediment concentrations occurred onrisigoce wave phase, the net wave-induced sediment
transport rate was onshore directed.
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The bedforms during run 98 were megaripples of $t@epness (Table 1). The effect of megaripples to
sediment suspension is, for the time being, unknamad in this case, the surface-generated turbelenc
seems to have dominated the timing of sedimentesisspn.

The net wave induced cross-shore suspended sedirargport rates for each of the three examples are
presented in Table 3. In all three runs the trarispde was positive indicating a net onshore dagc
oscillatory transport, but the underlying causestiics, probably differed as implied by the phaserages
(Fig. 7). A small net transport rate (or even negatmight have been expected for run 42 due to the
process of vortex shedding beneath the velocityekewaves. This was, however, not the case, but the
transport rate was two to three times smaller thaimg run 98 and 337.

Table 3. The net wave-induced cross-shore suspesstiichent transport rates based on phase-averagea wave
cycle for run 42, 98 and 337

Run | Wave induced cross-shore sediment transpost fiedé/s]
estimated from phase-averages

42 0.021
98 0.072
337 ] 0.065

4. Discussion and conclusions

In this study three examples of intra-wave varigin suspended sediment concentration duringrdifte
hydrodynamic and bedform conditions were preserfdhse-averaging was applied to waves containing
suspended sediment concentration above a threshafth- o, in order to study persistent patterns in the
timing of high suspended sediment concentratioindua wave cycle. By neglecting small, inconsistent
suspension events the intra-wave variations inendgd sediment concentration become more distinct,
and it facilitates the data interpretation. Accagly, it is an underlying assumption that the small
suspension events make negligible contributiorhéttansport rates. This is supported by seveundiest

e.g. Cox and Kobayashi (2000), Ruessink (2010), ¥oah and Cox (2012). In the latter, it was, for
instance, determined that “coherent events” (> mearstd.) of respectively suspended sediment
concentration and turbulence occurred in less flta%o of the time series but contained about 40-4&f %
respectively the sediment and fluid motion.

The phase-averaged plots for the spiling wave dase 98) indicated the existence of surface-
generated turbulent eddies on the onshore waveepditagz = 10.5 cm, concurrent with high suspended
sediment concentrations. This is contrary to thedifigs of earlier laboratory studies. According to
Nadaoka et al. (1989) the turbulence generatedpblng breakers develops into obliquely descending
eddies which approach the bed with a consideraiie-tag compared to the time of breaking. Therefore
large near-bed turbulence is often observed duliagpffshore wave phase for spilling breakers astlén
laboratory experiments. For instance, co-occurr@fidegh concentration events and turbulent eveouk
place during the offshore wave phase for about®@67f the time in the study by Scott et al. (2009)

Beneath shoaling waves (run 42 and 337) the tunbwigocities were small at about z = 10 cm (Fig. 7
This is consistent with Scott et al. (2005) whoarted that surface-generated turbulence beneatlisgo
waves was almost non-existing. The bed morpholsgjérefore relatively more important for sediment
suspension in these cases. The presence of vapiges in run 42 highly affected the proportionalit
between the orbital velocity and suspended sedicmmtentration. This is comparable with the findirad
previous laboratory measurements (e.g. O'Hara Muetal., 2011).

The considerable effect of both surface-generaidslitence and bedform dimensions for the timing of
high suspended sediment concentrations within theewcycle emphasises the need of including these
parameters in sediment transport models in orderake accurate estimates of the net suspended esatdim
transport direction during low-moderate energy dtmaks.
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