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ARTICLE INFO ABSTRACT

Editor: Edward Anthony Knowledge about the tradeoffs among turbulent kinetic energy (TKE), waves, and suspended sediment con-

centrations (SSCs) in the nearshore zone is relevant for understanding beach morphodynamics at different

Turbulent kinetic energy temporal and spatial scales. A field measurement lasting for nearly three tidal cycles was conducted to holi-

Suspended sediment concentration stically discern couplings between TKE, waves and SSCs, with further evaluation of the relative significance of

Waves TKE and waves on SSCs under various wave conditions over a meso-macro tidal beach, Yintan, to the north of

Nearshore zone Beibu Gulf, China. The results showed a dramatic increase in wave groupiness intensity from the shoaling wave
condition to the breaking wave condition and a clear decrease further into the surf bore condition. The near-bed
TKEs under the surf bore condition were an order of magnitude larger than those under the breaking and
shoaling wave conditions at the measurement position. The averaged SSCs in the near-bed (approximately
10 cm) under the surf bore condition were 1.5 and 4.5 times larger than those under breaking and shoaling wave
conditions, respectively. The variations in relative wave height were a decisive indicator for the differences in
TKE intensities among different wave conditions, while the occurrence of peak TKEs at the wave front within the
intrawave cycle was associated with flow acceleration regardless of wave conditions. Mean SSCs were well
correlated with waves in terms of both incident wave scale and wave group scale, which was limited to the
shoaling wave condition, and the occurrence of near-bed intrawave peak SSCs was always related to the offshore
wave phase. Further, TKE contributed more effectively to sediment suspension at the wave group scale than at
the incident wave scale, especially under broken wave condition. Among the hydrodynamic factors, TKE played
the most important role in the variations in SSCs for all wave conditions. Flow acceleration served as the second
most important factor under the broken wave condition, while wave group, single wave and advection were
equivalent and less important factors for SSCs.

Keywords:

1. Introduction

The coastal hydrodynamic conditions and corresponding near-bed
suspended sediment concentrations (SSCs) are significant in controlling
the vast majority of beach sand motions and the subsequent beach
morphology evolution (Jaffe et al., 1984; Dai et al., 2010; Bolanos et al.,
2012; Leonardi et al., 2015; Hu et al., 2018). As important components
of coastal hydrodynamics, the turbulence produced by waves and the
wave orbital motions determine the amount of suspended sediment in
the water column and the direction and magnitude of near-bed sus-
pended sediment transport (SST) in the nearshore zone (Soulsby and
Humphery, 1990; Aagaard and Greenwood, 1995; Aagaard and Hughes,
2010; Brinkkemper et al., 2017). The coupling between turbulent ki-
netic energy (TKE), waves and SSC may act as a key mechanism in

controlling the beach morphodynamic process (Scott et al., 2009; Hu
et al., 2015; Leclaire and Ting, 2017). However, little information is
available regarding the tradeoffs among waves, turbulence and SSC
over the nearshore zone.

It has been confirmed that waves, including incident waves, infra-
gravity waves and wave groups, play important roles in both sediment
mobilization and the resulting suspended sediment transport (SST)
(Conley and Beach, 2003; Gonzalez-Rodriguez and Madsen, 2007;
Fagherazzi et al., 2010; Alsina et al., 2018). For incident waves that
propagate shoreward, sediment grains are usually stirred up into the
water column at both the wave trough and crest, which led to the oc-
currence of peak SSCs during each half wave cycle (Kularatne and
Pattiaratchi, 2008; Murray et al., 2011; Aagaard and Jensen, 2013).
Researchers have attributed the phenomenon to higher velocity-
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induced bed shear stress during the onshore phase of the wave cycle
and to the influence of vortex ripples. In general, different wave heights
were mainly responsible for the variations in average SSCs in the water
column due to its primary contribution to the mechanism of sediment
suspension compared to other factors, such as bed configuration and
mean current (Aagaard and Greenwood, 1995; Puleo et al., 2003;
Conley and Beach, 2003; Miles and Thorpe, 2015). However, the near-
bed SSCs do not vary linearly following wave heights. It was suggested
that very near-bed SSCs increased gradually as the wave energy in-
tensified persistently, while SSCs at higher elevations declined once the
wave energy was strong enough to transform the bedforms from vortex
ripples to post-vortex ripples and a planar seabed (Ribberink and Al-
Salem, 1995). In fact, the precise intra-ave distributions of SSCs are
determined by the coupling between wave height, wave period, sedi-
ment grain size, ripple morphology and breaking wave-induced tur-
bulence, which need to be comprehensively studied in future work (i.e.,
Osborne and Greenwood, 1993; Grasmeijer and Kleinhans, 2004;
Christensen et al., 2019).

Meanwhile, wave groups which consist of a succession of incident
waves whose heights are not all of equal length (Longuet-Higgins,
1984), could contribute more SSCs than a single incident wave by
generating surficial SSCs of more than three times than that under a
single incident wave at the same elevation (Murray et al., 2012), as well
as increasing vertical suspended sediment fluxes (Williams et al., 2002).
The wave groups with increasing wave heights followed by decreasing
wave heights are more capable than those with constant wave heights
of pumping and entraining the sediment from the seabed (Villard et al.,
2000; Vincent and Hanes, 2002; Murray et al., 2012). Moreover, the
peak SSC occurred at the time where wave groups began to weaken
following the largest incident wave (Villard et al., 2000). In addition,
sediment suspension can be significantly affected by infragravity wave
when infragravity wave orbital velocity increased distinctly and even
equaled or exceeded the incident wave orbital velocity, especially
within the surf zone under energetic wave conditions (Aagaard and
Greenwood, 1995). To be specific, the relative contribution of infra-
gravity wave to sediment suspension is associated with beach slope as
well as the ratio of infragravity wave height to incident wave height (De
Bakker et al., 2016). For instance, the more gentle beach slope is, the
more incident wave energy is dissipated along with the release of in-
fragravity wave after wave breaking (Longuet-Higgins and Stewart,
1964; Symonds et al., 1982; Baldock and Swan, 1996), which leads to
higher infragravity wave-induced orbital velocity than incident wave
(Bertin et al., 2018). However, the relative importance of incident
waves, infragravity wave and wave group on sediment suspension and
the subsequent SSCs have been less evaluated synchronously.

Furthermore, it has been proven that waves also greatly contribute
to TKE by means of both bed and surface-generated turbulence induced
by waves (van der Werf et al., 2007; Brinkkemper et al., 2016). Under
shoaling wave condition, friction between wave orbital motion and the
seabed at the wave troughs and wave crests are the main sources of
turbulence generation (Nielsen et al., 2002; Christensen et al., 2019).
High TKEs occur at the moment where the wave phase converted be-
tween onshore and offshore phases, which is associated with the ejec-
tion of turbulent eddies over a rippled bedform (Aagaard and Jensen,
2013). Under the breaking zone where breaking waves conditions
prevail, turbulent eddies are generated by waves striking the water
surface (Nadaoka et al., 1989; Stansby and Feng, 2005) and TKEs are
primarily determined by the shape of the incident wave spectrum (Ting,
2002). Further into the surf bore conditions, the generation of turbu-
lence is associated with breaking wave-induced surf bores which is
dominated by incident wave period and wave height, and it displays
more vertical mixing downward the seabed compared with that under
the breaking wave condition (Ting, 2002). However, peak TKEs exist
under either the onshore phase or offshore phase for both the spilling
breaker and plunging breaker, depending on the TKE dissipation rate
along the path of turbulent eddies downwards of the seabed (Nielsen,
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2006; Christensen et al., 2019). Therefore, further studies are needed to
predict TKE variations with a wave-related indicator under various
wave conditions.

Turbulent motions are a critical factor for sediment suspension and
increasing SSCs (Heathershaw, 1974; Foster et al., 1994; Yoon and Cox,
2012) by enhancing the current-induced bed shear stress (LeClaire and
Ting, 2017), which has been confirmed in both field observations
(Aagaard and Hughes, 2010; Kassem et al., 2015) and sediment trans-
port models (Butt et al., 2004; Aagaard and Hughes, 2006; Kobayashi
et al., 2008). The higher the TKE intensity is, the more SSCs are pro-
duced in the water, which is consistent with observations that the SSCs
and TKEs are significantly larger under the breaking wave and surf bore
conditions than that under the nonbreaking wave condition (Hansen
and Svendsen, 1984; Yu et al., 1993; Beach and Sternberg, 1996).
Moreover, turbulent eddies mix suspended sediment vertically upward
to higher elevations above the seabed and lead to the phase lag of peak
SSCs between the near-bed area and dozens of centimeters above the
seabed (Murray et al., 2012). Further, studies have related the sediment
suspension to the second peak in surface elevation (a change in the rate
of water level decrease) and the ‘burst’ event of TKE under the shoaling
wave condition (Kularatne and Pattiaratchi, 2008), while sediment
suspension in the surf condition coincides well with a negative peak of
infragravity wave-induced horizontal velocity and incident bores
(Alsina and Céceres, 2011). Moreover, it has been demonstrated by
LeClaire and Ting (2017) that the generated high SSCs tend to be ex-
plained well by the TKEs contained within the counter-rotating vortices
and that other sources of TKEs may not contribute to sediment sus-
pension. Thus, more studies need to be conducted to understand the
role of TKEs in the mechanism of sediment suspension.

Although much attention has been paid to the influence of wave
orbital motions on TKEs and sediment motions as well as to the re-
lationship between turbulence and intermittent sediment suspension
(Ting, 2002; Kularatne and Pattiaratchi, 2008; Fagherazzi et al., 2010;
Yoon and Cox, 2012), few studies have focused on the interrelation
among TKE, waves and SSCs at different wave scales and relative im-
portance of various hydrodynamic forces on the variations of SSCs in
the nearshore zone. Therefore, the purposes of this paper are 1) to
detect the interrelation among waves, TKE and SSCs at different wave
scales and 2) to evaluate the relative importance of TKE and waves on
SSCs. The results of this work may be of great significance in the as-
sessment of coastal zone responses to changing oceanic forces.

2. Methodology
2.1. Study settings

A comprehensive field observation was conducted at Yintan Beach
(Fig. 1), Beihai City, China, from 28th May 2016 to 31st May 2016. The
beach is defined as a meso-macro tidal beach with a mean spring tidal
range of 3.6 m, and experiences diurnal tidal conditions during middle
and spring tides, whereas a semidiurnal tide prevails during neap tides
(Pang et al., 2019). The depth-averaged values of flood and ebb tidal
currents during the spring tide are 0.13 m/s and 0.31 m/s, respectively
(Huang et al., 2011). The mean wave height in this region is approxi-
mately 0.5 m and changes significantly along the seasons (Zhou et al.,
2015). In addition, the wave direction is northward in winter and
southwest in summer due to the impacts of the southwest monsoon
(Huang et al., 2011).

Multiple sandbar systems develop both in intertidal and subtidal
zones over the nearshore area (Ge et al., 2017). An obvious and straight
sandbar exists on the upper beach with an angle of 28° between the
sandbar and latitude line (Ge et al., 2017; Pang et al., 2019). The se-
diments here mainly consist of unconsolidated quartz sands, and the
median grain size varies from 0.14 mm to 0.20 mm across the intertidal
region (Huang et al., 2011; Ge et al., 2017), which leads to an average
slope of 0.02 over Yintan Beach.
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Fig. 1. Study area with (a) location of Beibu Gulf, (b) location of Yintan Beach and (c) instrument site.

2.2. Instrument deployment

The field measurement was conducted in the nearshore area of
Yintan Beach (Fig. 2a), which lasted over three tidal cycles between
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Fig. 2. (a) Beach profiles of Yintan Beach at the beginning of the measurement
(x = 0 indicated location of sand dune) and locations of instrument sites, with
red filled circles indicating instrument sites and blue dashed lines indicating
mean high water in spring (MHWS), mean water level (MWL) and mean low
water in spring (MLWS), respectively; (b) deployment of instrument rig. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

28th May 2016 and 31st May 2016. During the observation, a rig
(Fig. 2b) was equipped with a 6 MHz Nortek acoustic Doppler veloci-
meter (ADV) to record the high-resolution 3D flow velocity (u, v and w)
in three directions; an Argus surface meter (ASM-IV) was used to
measure the vertical profile of water turbidity (transformed to SSC,
R% = 0.99,P < 0.001, Fig. S1) (full details for the calibration of ASM-
IV sensors are provided in the Supporting Information, Text S1, Fig. S1);
an optical backscatter sensor (OBS-3A) was used to measure water
depth (h), and a tide and wave recorder (RBR-2050) was used to obtain
the water surface elevation (n) and significant wave height (Hj).

Specifically, the ASM-IV was inserted vertically into the seabed and
attached to an aluminum rod with several sensors buried in the sedi-
ment at the start of the observation to consistently obtain the SSCS in
the area very close to the bed (Fig. 2b). The ASM-IV was logged at 1 Hz
and obtained 96 vertical turbidity signals with a space interval of 1 cm.
With this sample rate, the ASM-IV could continuously record turbidity
data for 11.5 h due to a memory limitation. The ADV was fixed to the
aluminum rod with the sensors facing downward and the measurement
volume located approximately 4 cm above the bottom (called ‘cmab’
hereafter) at the beginning of the observation (Fig. 2b). The ADV was
recorded at 64 Hz for 5 min every 10 min. The OBS-3A was fixed to the
same rod as the ASM-IV and recorded the water depth for each minute,
and its turbidity probe was at 4 cmab. Moreover, the RBR-2050 was
attached to the other vertical pod close to the seabed and was logged at
4 Hz to record the pressure over a consecutive 512 s period every
20 min. Thus, there were 81 segments of 5 min synchronous mea-
surement data (called ‘burst’ hereafter), including water depth, water
surface elevation, high-resolution 3D flow velocity and near-bed ver-
tical profile of SSCs, except when the instruments were exposed to the
air at low tide and the ASM-IV missed the recorded data due to its
memory limitation.

2.3. Methods

2.3.1. Extreme event statistics

Here, we identified the intermittent extreme events when the signals
exceeded the 75th percentiles of the overall data for both TKE and SSC
(i.e., TKE event and SSC event), although some researchers defined the
extreme events by signals exceeding the mean plus one standard de-
viation (Cox and Kobayashi, 2000; Yoon and Cox, 2012) or only the
mean values (Jaffe and Sallenger, 1992). Specifically, the threshold
values of the 75th TKE and SSC events were 1.01 kg/ms? and 1.86 kg/
m? at 4 cmab, respectively. The fractions of intermittent and correlated
extreme events (defined as TKE events and SSC events occurred si-
multaneously) to the total time records and intermittent extreme event
time records were defined as "}, and "9,,, respectively, where n is the
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total number of data points for the TKE or SSC time series, n; is the
number of data points exceeding the 75th percentile for the TKE or SSC
time series, and ng is the number of data points where the TKE events
and SSC events occurred synchronously. Thus, "¢, indicated the fraction
of the time record that correlated extreme events occupied the total
time records for TKE or SSC. Similarly, the percent of motions over the
burst with respect to intermittent and correlated extreme events for
TKE or SSC were defined as "™,,,, and "0/, ... respectively, where m is
the mean value of the total data points, m; is the mean value of the data
points of extreme events and m, is the mean value of data points re-
ferring to correlated extreme events.

2.3.2. Calculation of wave parameters

In this study, water surface elevation was reconstructed by linear
wave theory from the pressure signal recorded by RBR-2050 (Gibbons
et al., 2005), which provided a well estimation on wave parameters
within 5% relative error compared with that using the weakly non-
dispersive method of Bonneton et al. (2018) (full details of the com-
parison are provided in the Supporting Information, Text S2, Fig. S2,
Table S1). Initial pressure signals recorded by RBR-2050 were removed
the mean depths and detrended to obtain the hydrostatic-reconstructed
n. Then the hydrostatic-reconstructed n was transformed to its fre-
quency components by 1D real-only Discrete Fourier Transform. The
pressure attenuation correction was conducted by multiplying the
corresponding frequency components by the inverse of their attenua-
tion due to depth of the RBR-2050 and overall depth of water. As a
result, the reconstructed n was obtained by transforming the augmented
frequency component into the time series with the Inverse Discrete
Fourier Transform, during which the operation was limited to the de-
tectable frequency band (i.e., between two cut-off frequency). To be
specific, the minimum detectable frequency was calculated by sample
rate divided by number of samples and maximum detectable frequency
was determined by the lowest frequency whose pressure attenuation
declined below 0.05. Afterwards, individual waves were identified by
analyzing n with the zero-down crossing method and each single wave
was divided into 20 points, accompanied by the time axis of each wave
normalized with its period (/7). Similarly, the time series of other hy-
drodynamic parameters (u, TKE and a) and SSC were also averaged
over !/, which is shown in the discussion section.

The dominant wave conditions were determined by the combination
of relative wave height (£), wave shape skewness (Sk) and wave shape
asymmetry (As), which were divided into the shoaling wave condition,
breaking wave condition (generally corresponding to outer surf zone)
and surf bore condition (generally corresponding to inner surf zone),
respectively (Ruessink, 2010; Splinter et al., 2011; Grasso et al., 2012).
Specifically, the % < 0.3 indicated a shoaling wave condition (non-

breaking wave conditions) and % > 0.3 indicated a broken wave con-

dition (generally corresponding to surf zone), while £ = 0.6 ws the
boundary that separates the wave conditions between breaking condi-
tions and fully breaking conditions that are mainly subjected to surf
bores. Moreover, a better method was proposed to separate breaking
wave condition and surf bore condition by means of a Sk/‘ As| Tatio
(Grasso et al., 2012) under conditions of Hs/h > 0.3. Specifically,
Sk/| as| > 1 indicated breaking wave conditions, while Sk/| as| <1 in-
dicated surf bore conditions, of which the wave shape skewness was
defined as follows:

77iiw

—15

ninc (1)

Sk =

where the subscript inc represented n time series due to incident wave
motion (0.05 < frequency < 0.5 Hz), and the bar above n indicated
the average over an incident wave cycle.

The wave shape asymmetry was calculated by the following equa-
tion:
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(ninc)3
—515

ninc (2)
where x denoted the Hilbert transform (Elgar, 1987) of 7.

As =

2.3.3. TKE estimation

TKE was frequently used to detect the influence of turbulent flow
motions on sediment suspension in the nearshore area (Foster et al.,
1994; van der Werf et al., 2007; Yoon and Cox, 2012; Christensen et al.,
2019). The TKE was estimated from the turbulent fluctuations by ex-
tracting the turbulent component from the high frequency horizontal
and vertical velocities, and TKE was defined as follows (Stapleton and
Huntley, 1995):

1 2, n 2
TKE_Ep(u +V 4+ w') 3)
where u, v and w refer to the x, y and z components of velocity, re-
spectively, and ’ indicates the turbulent oscillation component.
p = 1025 kg/m>® was the seawater density. To obtain the turbulent
component, the frequency cut-off method was used, depending on ac-
curate determinations of the inertial velocity spectrum subrange (Foster
et al., 2006). Among the methods proposed to determine the cut-off
frequency, we chose the spectral slope breaks method (Smyth and Hay,
2003) to identify the inertial subrange of velocity data.

2.3.4. Calculation of both wave groupiness envelope and wave groupiness
factor

The instantaneous wave groupiness envelope (p(t)) was estimated as
follows (Veltcheva and Soares, 2016):
p(t) = yn*(®) + 7%(1) )

where n(t) indicated the water surface elevation from the mean water
level, and 7 (t) was the Hilbert transform of n, which was calculated by
the following equation:

A=—p [

7/7(t;) dt’
-1t

T t

)

where P indicated the Cauchy principal value of the integral.
According to List (1991), the wave groupiness factor (GF,) was
defined as follows:

A®) (6)

where A(t) was obtained by low-pass-filtering p(t) with a cut-off fre-
quency of 0.05 Hz, while A(t) and 04 were the mean and standard
deviation of A(t) over two consecutive wave troughs, respectively.

2.3.5. Grey relational analysis method

Grey relational analysis (GRA) was an effective technique to solve
the complicated interrelationship between multiple factors and vari-
ables within grey system theory (Deng, 1989; Balasubramanian and
Ganapathy, 2011). GRA was used to compare the similarity between
reference sequences and comparison sequences, so as to evaluate the
relative importance of all factors to the system variables through grey
relational degree (Deng, 1989; Huang and Huang, 1996). In recent
years, it has been widely applied to biological processes, water quality
evaluation, material science, computer science and so on (Tang et al.,
1995; Chen and Syu, 2003; Chou and Tsai, 2009; Xu et al., 2011a,
2011b), because the factors used to evaluate complex systems are not
necessarily independent of each other (Xu et al., 2011a, 2011b; Kadier
et al., 2015). The limitation of GRA is that the resulting grey relational
degree depends on the characteristics and numbers of other comparison
sequences and therefore, all the possible influential factors should be
contained in the GRA.

To evaluate the relative importance of various hydrodynamic forces,
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including turbulence (TKE), waves (wave groups, incident wave and
infragravity wave), horizontal pressure gradients (flow acceleration)
and advection (mean current) on the time series of SSC, the GRA
method was introduced to compare the similarities among SSC time
series and TKE, wave groupiness envelope (A(t)), velocity due to in-
cident wave (u;,,, bandpass filtering of u with cut-off frequency of
0.5 Hz and 0.05 Hz), velocity due to infragravity wave (uis; low-pass
filtering of u with cut-off frequency of 0.05 Hz), flow acceleration (a)
and mean current. The time series of SSCs was regarded as the reference
sequence and was written as follows:

Xo = {xo(k) 1k =1,2,3,..,n} @
The comparison sequences were expressed as follows:
zi={zik)li=1,2,...mk=1,2,3,.,n} (8)

where n was the number of data points of each sequence, and m was the
total number of comparison sequences. In this paper, m=6 and n= 300
in consideration of the sample rate of ASM-IV over each 5-min interval.

However, for the convenience of the GRA, it was necessary to nor-
malize the original comparison sequences. The calculated normalized
sequences were expressed as follows:

max(z; (k) — zi (k)

x; (k) = :
max(z; (k)) — min(z; (k)) ©)

Hence, the grey relational grade was analyzed by the following
steps:

Agi (k) = |xo (k) — x; (k)| 10)
Apin = minimin (4g; (k)) an
Apax = maximaxy (Ag; (k)) 12)
k) =
w=t 3 e ®

na a4

where Agi(k) was the matrix of the difference in absolute values be-
tween the reference sequence and normalized comparison sequences.
Apmin and 4,4, were the minimum and maximum values of matrix Aq;(k),
p was a distinguishing coefficient that could be adjusted according to
requirements, and this value was selected as 0.5 in this paper (Wong
et al., 2006). &y;(k) represented the grey relational coefficients, while yo;
was the grey relational grade, which was calculated by the averaged
values of &y(k). Thus, the influence degrees of TKE, wave groups, in-
fragravity wave, incident wave, flow acceleration and mean current on
the SSC time series can be obtained by the grey relational grade yo;.

3. Results
3.1. Characteristics of hydrodynamic conditions

During the observation when 81 synchronous bursts were recorded
(i.e., except for the extreme low water period) from late 28th May to
early 31st May, h ranged from 0.2 m to 2.2 m with decreasing tidal
range (Fig. 3a). Hy ranged from 0.2 m to 0.6 m (Fig. 3b), and the sig-
nificant wave period (T,) varied between 3 s and 5.5 s over the ob-
servation time, with a relatively low T; occurring at the start of the third
tide (Fig. 3c). The maximum relative wave height (¥n/,, where H,, is the
maximum wave height of each wave burst) varied from 0.2 near each
high tide to 1.4 at low tide (h = 0.2 m) of the first tidal cycle (Fig. 3d).
Moreover, both the mean cross-shore velocity (u) and alongshore ve-
locity (v) ranged approximately = 0.5 m/s, and the corresponding
mean values during the observation were —0.05 m/s and —0.01 m/s,
respectively (Fig. 3e and f).

Furthermore, as shown in Fig. 4a, the mean wave skewness (Sk)
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Fig. 4. (a) The variations in As and Sk versus the single relative wave height
(H/h) for all the data points where the empty circle and vertical bar indicate the
mean value * standard deviation for the interval of 0.1H/h (except for the
rightmost point); (b) fraction of breaking wave Q, and surf bore Q; of each
burst. The grey areas in (b) indicate the distributions of 81 bursts.

increased from 0 at % = 0.05 to its maximum of 0.46 at % = 0.55.
Subsequently, the mean Sk tended to decrease with increasing % On
the other hand, when % was lower than 0.3, As was positive and varied
exponentially as % increased (the information for As > 3 is not shown

because it is beyond the scope of our discussion). As  increased fur-
ther, As showed negative values and continued to increase slowly in
magnitude. Note that at the point of% = 0.3, As changed from positive
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to negative as % increased, while % = 0.6 was the transition point

where|As|became larger than Sk (Fig. 4a). Hence, % = 0.3 and 0.6 were
the thresholds to separate the shoaling wave condition and broken
wave condition, and the breaking wave condition and surf bore con-
dition, respectively.

To better understand the hydrodynamic conditions of each burst,
the fractions of broken waves (Qb, ratio of breaking wave and surf bore
numbers (% > (.3) to total wave number of the burst) and surf bores

(Qs, ratio of surf bore numbers (% > 0.6) to total wave number of the
burst) were calculated and are shown in Fig. 4b. Qb > 0 mainly oc-
curred at low tide during the flood and ebb tides, and Qb reached 91%
for Burst 47. Nonbreaking wave conditions occurred only at high tide
with several bursts. In addition, the surf bore (Qs > 0) occurred for 18
of the 81 bursts at very low ebb tides, and the highest Qs of 85% oc-
curred for Burst 47 (Fig. 4b).

Taken together, our measured data have encountered all three kinds
of wave conditions (i.e., shoaling wave condition, breaking wave con-
dition and surf bore condition). Considering that the three wave con-
ditions may have different effects on the patterns of TKE and SSC dis-
tribution, three bursts from each kind of wave condition will be taken as
examples for analyses hereafter.

3.2. Waves and wave groups under different wave conditions

To briefly compare the variations of incident waves and wave
groups under different wave conditions, we selected three examples
from the shoaling wave condition (Burst 27, Qb=0), breaking wave
condition (Burst 42,Qb=0.47, Qs =0.06) and surf bore condition (Burst
46, Qb=0.82, Qs=0.68) (Fig. 5) (Burst 47 was not used here because
the lowermost probe of ASM-IV was intermittently emerged, though
Qb=0.91 in Burst 47).

Under the shoaling wave condition (Fig. 5a, d and g), n varied from
—0.35 m to 0.35 m, and the water level fluctuation was obviously
modulated by wave groups at time scales longer than 25 s, since the
low-pass filtered wave groupiness envelope A(t) reflected the intensity
of wave groups. The % changed between 0.02 and 0.3 in relation to a

single incident wave, and larger I values occurred with the passage of

Marine Geology 425 (2020) 106190

period (T) fluctuated between 2.1 s and 6.6 s (Fig. 5d). Six complete
wave groups occurred during Burst 27, and GF, varied between 0.15
and 0.41, with a wave group period (Tj,) ranging between 27.8 s and
50.7 s (Fig. 5g).

Under the breaking wave condition (Fig. 5b, e and h), n ranged
between —0.31 m and 0.40 m, and a significant difference occurred
between the largest (time = 160 s) and smallest wave groups
(time = 1755s). The % values were no larger than 0.9, which was due to
the further wave shoaling in shallow water, and larger % values oc-
curred similarly as the larger wave groups (Fig. 5e). T values were
smaller than 6.6 s, and a very small T usually appeared following a
small% (Fig. 5e). GF4 values were > 0.1 and up to 0.5, while T;, ranged
between 24 s and 73 s (Fig. 5h). Moreover, there was large GF4 (0.51,
wave group number = 3) under nonbreaking conditions (average re-
lative wave height = 0.28, incident wave number ranged between 36
and 43), while quite small GF, (0.11, wave group number = 4) oc-
curred under breaking conditions (averaged relative wave
height = 0.36, incident wave number ranged between 44 and 49).

Further into the surf bore condition (Fig. 5c, f and i), n ranged be-
tween —0.18 m and 0.27 m, and the incident waves became highly
skewed and asymmetric. The maximum % during the burst was 1.55,
while the maximum T was > 10 s (Fig. 5f). Basically, T changed con-
sistently with variations in % Six wave groups occurred in the burst,
with minimum and maximum T, values of 26 s and 60 s, respectively
(Fig. 5i). As expected, the GF4 values ranged between 0.04 and 0.26,
which were the smallest among the three wave conditions (Fig. 5i).

3.3. Variations in near-bed turbulent kinetic energy

Under the shoaling wave condition (Burst 27, Fig. 6a), TKEs were
primarily smaller than 5 kg/ms?, and high TKEs usually occurred under
relatively high A(t) (time = 50 s and 230 s, Figs. 5a and 6a). The mean
value of TKEs was 0.48 kg/ms?, and most TKEs were lower than the
threshold value of 1.01 kg/ms2, which defined a TKE event (Fig. 6a).
The low-pass-filtered TKEs indicated that relatively high TKEs occurred
in the water column in the form of clusters, which corresponded well
with the passage of large waves and wave groups (note the consistency

larger wave groups (time = 50 s and 230 s with incident wave between variations of low-pass-filtered TKEs (Fig. 6a) and A(t)
number = 12 and 55, respectively). Accordingly, the single wave (Fig. 5a)).
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Fig. 5. Single wave and wave group variations for (a)(d)(g) Burst 27, (b)(e)(h) Burst 42, and (c)(f)(i) Burst 46 on behalf of shoaling wave condition, breaking wave
condition and surf bore condition, respectively. Time series of (a)(b)(c) water surface elevation n and low-pass filtered wave groupiness envelope A(t) (black dashed
line); Time series of (d)(e)(f) single relative wave height % and single wave period T; Time series of (g)(h)(i) wave groupiness factor GF, and wave group period Tj,.
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Fig. 6. Time series of turbulent kinetic energy TKE for (a) Burst 27, (b) Burst 42
and (c) Burst 46. Black lines indicate low-pass-filtered TKE with a cut-off fre-
quency of 0.05 Hz. Red dashed lines indicate threshold values (1.01 kg/ms?) of

TKE events. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

As the water depth decreased where the measurement point was
located within the breaking point (Burst 42, Fig. 6b), TKEs became
prominently larger than those in Burst 27, which was subject to
shoaling wave conditions. The burst-averaged TKE in Burst 42 was
1.24 kg/ms?, and the maximum TKE was up to 20.7 kg/ms? (Fig. 6b).
Approximately 30% TKEs exceeded the threshold value of the TKE
event (Fig. 6b). Similar to the variations in TKEs for Burst 27, the high
TKE groups were produced within the passage of large wave groups
(time = 50 s, 220 s and 260 s, Figs. 5b and 6b), which was confirmed
by coincidence between low-pass-filtered wave groupiness envelopes
and the corresponding low-pass-filtered TKEs (note the consistency
between variations in low-pass-filtered TKEs (Fig. 6b) and A(t)
(Fig. 5b)).

For Burst 46, where the water depth decreased further into the surf
bore condition, TKE became extremely large compared to the situations
for Burst 27 and Burst 42 (Fig. 6¢, a and b). The maximum TKE was
close to 150 kg/ms® and the mean value was equal to 10.1 kg/ms®
(Fig. 6¢), which meant that the water turbulent intensity within the surf
bore condition was an order of magnitude larger than that under the
breaking and shoaling wave conditions near the seabed of the mea-
surement position. Moreover, the extreme TKE events occupied over
83% of the time records of TKEs (Fig. 6¢).

3.4. Variations in suspended sediment concentrations

For Burst 27, as representative under the shoaling wave condition,
the SSC time series at four vertical elevations within 10 cm (4 cmab, 6
cmab, 8 cmab and 10 cmab) showed similar variations, except at 2
cmab where persistent relatively high SSCs occurred approximately
before time at 25 s (Fig. 7a). Specifically, at an elevation of 2 cmab, the
SSC ranged from 1.0 kg/m> to 53.7 kg/m>. When the elevation in-
creased to 10 cmab, the corresponding SSCs decreased radically with
respect to both the maximum (SSC = 6.5 kg/ms) and minimum (SSC
close to 0 kg/mB) values, and the 5 min average SSC within 10 cm near-
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bed of the burst was 1.74 kg/m3 (Fig. 7a). In addition, 10.7% of the SSC
time records at 4 cmab were beyond the threshold of the SSC event of
1.86 kg/m°. The other three SSC time series varied between the two
time series described earlier (Fig. 7a). SSCs appeared in the form of
clusters, and no phase lags occurred within 10 cm near-bed in terms of
the peak SSC at different elevations, which was confirmed by the co-
occurrence of maximum and minimum low-pass filtered SSCs at 2, 4
and 10 cmab (Fig. 7b, black and green vertical lines).

For Burst 42 (Fig. 7c), where data were recorded under the breaking
wave condition, the SSCs apparently became larger for five elevations
compared with those for Burst 27, which could be directly illustrated by
the SSC time series at both 2 cmab (range of 1.6 to 54.8 kg/m3) and 10
cmab (range of 0 to 15.6 kg/m3), with a 5 min average SSC within
10 cm near-bed of 4.86 kg/m® (Fig. 7c). Moreover, the proportion of
SSC time records at 4 cmab exceeding the threshold of the SSC event
increased to 35%. In comparing the maximum and minimum values of
low-pass-filtered SSCs at three elevations (Fig. 7d, black and green
vertical dashed lines), the peak SSCs associated with wave groups
within 10 cmab tended to be misaligned, which implied that multiple
factors generated by breaking waves led to sediment resuspension and
the consequential phase lags of SSCs at different elevations.

As the water depth decreased further into the surf bore condition
(Burst 46, Fig. 7e), a significantly different pattern of SSCs was ob-
served for Burst 46. Although the variation ranges of SSCs at 2 cmab
were similar to those for Burst 40, the SSC time series at 10 cmab was
obviously larger, with a peak SSC of 19.4 kg/m® for Burst 46. The
5 min-averaged SSC near the seabed (approximately 10 cm) under the
surf bore condition was 7.72 kg/m?>, which was 1.5 and 4.5 times larger
than those under breaking and shoaling wave conditions, respectively
(Fig. 7a and c). Moreover, the proportion of SSC time records at 4 cmab
exceeding the threshold of the SSC event increased to 74%, which
suggested more vertical mixing of SSCs under the surf bore condition
(Fig. 7e). Unlike the SSC variation patterns at different elevations under
the shoaling and breaking wave conditions, misalignment of the max-
imum (and minimum) values of low-pass-filtered SSCs among the three
elevations revealed the phase lags of vertical SSCs during Burst 46
(Fig. 7f, black and green vertical dashed lines).

4. Discussion
4.1. The influences of waves on TKEs

The TKE showed distinct variations under different wave conditions
during the observation (Fig. 6). The mean TKEs near the bottom under
the surf bore condition (Fig. 6¢) were one order of magnitude larger
than those under the shoaling condition (Fig. 6a) and were associated
with the sources of turbulent eddies within different wave conditions
according to the findings of Stansby and Feng (2005) and Nielsen et al.
(2002). The mean TKEs under the breaking wave condition ranked
between the two wave conditions (Fig. 6b) due to the partial surface-
generated turbulence propagating downward the seabed (Svendsen,
1987). Considering that different wave conditions were separated by
the level of relative wave height and that relative wave height was used
to scale the nonlinearity of incident waves and the degree of breaking-
wave intensity (Grasso and Ruessink, 2011; Aagaard et al., 2013;
Christensen et al., 2019), % may be a decisive indicator of the TKE
intensity within the water column regardless of wave conditions. As
expected, this assumption was confirmed by good correlation coeffi-
cients between TKE and single % for different wave conditions
(R = 0.41, 0.53 and 0.46 for Fig. 8a, b and c, respectively) and all
bursts (81) (Fig. 8d). In fact, the larger the wave heights were, the
stronger the water turbulence in the near-bed induced by friction be-
tween wave orbital motion and the seabed (Nielsen et al., 2002).
Moreover, the shallower the water depths were, the weaker the wave
attenuation along the path downward the seabed (Gibbons et al., 2005);
this situation was accompanied by wave transformation from shoaling



W. Pang, et al. Marine Geology 425 (2020) 106190
Burst 27 Burst 27
60 a ——2 cmab ——4 cmab 6 cmab ——8 cmab —— 10 cmab 40 : ——2 cmab ——4 cmab —— 10 cmab
40 ;
20 : il
S M
0lees E o N AR
12y Burst 42
60 =40 T T
~ |C O |d o
e [75) 1 1
£ 40 2 b
& 220f ;
920 } j = :
| S
75 | | T I
0 XL“‘U“ fin)y LA 1A 2 0 SO = NV o ==
Burst 46 T Burst 46
60 T g 40 T T — T T
S |f :
40 :
20
20
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Fig. 7. Time series of SSC for (a) Burst 27, (c) Burst 42 and (e) Burst 46 at elevations of 2 cmab, 4 cmab, 6 cmab, 8 cmab and 10 cmab, respectively. Low-pass-filtered
SSC with a cut-off frequency of 0.05 Hz for (b) Burst 27, (d) Burst 42 and (f) Burst 46 at elevations of 2 cmab, 4 cmab and 10 cmab, respectively. Black dashed lines at
(a) (¢) and (e) indicate threshold values (1.86 kg/m3) of SSC events. Black and green vertical dashed lines at (b) (d) (f) indicate the occurrences of maximum and
minimum low-pass-filtered SSCs at 2 cmab, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

to breaking waves and surf bores when the water depth was lower than
the breaker depth, and both conditions would improve the turbulence
intensity by means of bed and surface-generated turbulent eddies
(Stansby and Feng, 2005). Hence, combining the impacts of wave
height and water depth explained that more near-bed turbulent eddies
were produced from both the seabed and the water surface as the re-
lative wave height increased shoreward.

Wave groups could play an important role in TKE due to the
structure coupling between smaller waves and antecedent larger waves
under the passage of wave groups (Villard et al., 2000). However, in

Shoaling wave condition

Breaking wave condition

this study, there was no statistically significant relationship between
TKE and the intensity of wave groups (GF,) with poor correlations for
both shoaling wave conditions (R = 0.27) and broken wave conditions
(R = -0.21) (Fig. 8e and f). Meanwhile, a negative correlation between
GF, and the corresponding TKE was found under the broken wave
condition, which might be ascribed to wave breaking and the resulting
surface-generated turbulence (Stansby and Feng, 2005; Dong et al.,
2008). Based on the lagged correlation analysis between A(t) and low-
pass-filtered TKEs (Fig. 8g), the variations in TKE were mainly one
wave period (wave period ranged from 3 s to 5.5 s) lagged behind wave

Surf bore condition All bursts
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Fig. 8. Mean TKE against H/h under (a) shoaling wave condition, (b) breaking wave condition, (c) surf bore condition, and (d) for all bursts (81) covering the three
wave conditions. Mean TKE against GF, under (e) shoaling wave condition and (f) broken wave condition. (g) Best correlation coefficient R,, and lag/lead time of
lagged correlations analysis between A(t) and low-pass-filtered TKE of each burst.



W. Pang, et al.

Shoaling wave condition

Breaking wave condition

Marine Geology 425 (2020) 106190

Surf bore condition

0.4 0.4 0.4
0.2 g 0.2 ke 0.2 :
=0 ° *PreH
-0.2 -0.2 =0.2
s 10
) d € 40t f
g 2 5
oh
& 1 20 ’I'//’
- : oFHHHHHITITH
| 5
2 2 2
e h i
NV} -
& opppHHHT G p o HMH\W d W+
<
=D =2 29
02 04 06 038 1 02 04 06 0.8 1 02 04 06 038 1
t/T YT t/T

Fig. 9. Phase-averaged (a)(b)(c) n of a single wave, (d)(e)(f) TKE and (g)(h)(i) flow acceleration an under shoaling wave condition, breaking wave condition and surf
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groups with delay times varying from — 2.3 s to 4.7 s. The reason of the
lagged relations between low-pass-filtered TKEs and wave groups were
the continual ejection of turbulence associated with wave pumping and
vortex releasing processes (Vincent and Hanes, 2002). Notably, both
the lag time and best correlation coefficients of Burst 47 and Burst 53
(Fig. 8g) were abnormal which may be associated with massive wave
breaking-induced bubbles (Qb=0.91 for Burst 47, Fig. 4b) and chan-
ging wind wave climate (relatively low T for Burst 53, Fig. 3c, Fig. 4b)
that might break the coupling relationship between wave groups and
TKE (Grasso and Ruessink, 2011).

Furthermore, by phase-averaged analysis, temporal differences in
TKEs within the intrawave scale were directly illustrated by the phase-
averaged process (Fig. 9). Specifically, larger TKEs occurred at ap-
proximately 0.55-0.75 t/T (at the wave front), and mean TKEs peaked
at the wave front, 0.05 to 0.1 t/T ahead of the wave crest, especially for
the cases of the breaking wave condition and the surf bore condition,
while the TKE was not obviously larger in the wave front under the
shoaling wave condition (Fig. 9d, e and f). In these cases, for the
shoaling wave condition, the relatively high TKE at the wave front may
have been due to ejection of the turbulent vortex from the bed at the
flow reversal in the wave front, which was related to the evolution of
the wave boundary layer (Fig. 9d) (van der Werf et al., 2007;
Christensen et al., 2019). Under the breaking wave condition, the dis-
tribution of high mean TKE > 1.01 kg/ms? (Fig. 9e) was associated
with a rapid increase in the cross-shore pressure gradient-induced dis-
turbance of the wave boundary layer at the wave front due to near-
breaking waves (Nielsen, 2006; Nichols and Foster, 2007). Further into
the surf bore condition, a higher mean TKE > 1.01 kg/ms® occurring
within the wave front was primarily ascribed to the influence of sur-
face-generated turbulent eddies (Butt et al., 2004; Christensen et al.,
2019).

Noting that all three mechanisms of explanation were related to
flow acceleration (Drake and Calantoni, 2001; Butt et al., 2004), at-
tention should be paid to the characteristics of the intrawave a varia-
tion. As shown in Fig. 9g, h and i, larger mean a values occurred in the
wave front (t/T = 0.55 to 0.75) for the breaking wave condition
(0.58 m/s?) and surf bore condition (0.59 m/s?), while the mean a that
occurred in the wave front (0.26 m/s?) was approximately equal to that
in the wave rear (—0.28 m/s?) for the shoaling wave condition. A larger
peak a still existed in the surf bore condition, as the average a plus one
standard deviation for the surf bore condition reached 1.9 m/s? (Fig. 9i,
Y7 = 0.7), while that for the breaking wave condition was smaller than

1.1 m/s? (Fig. 9h, Y/y = 0.6), although the mean values were approxi-
mately identical at 0.6 m/s?. The consistency of occurrence between the
large phase-averaged TKE and peak a implied that flow acceleration
played an important role in the generation of turbulence at the moment
of flow reversal for different wave conditions (van der Werf et al., 2007;
Nichols and Foster, 2007; Murray et al., 2011) Moreover, the assump-
tion that the flow acceleration contributed to the ejection of the tur-
bulent vortex was directly suggested by the good correlation coefficient
(R = 0.53, Fig. 10) between the peak a of a single wave and the syn-
chronous TKE in Fig. 10. The possible reason was that when the flow
acceleration was large, the boundary layers had little time to develop
and a high intensity of turbulence was generated (Nielsen, 2006).
Hence, flow acceleration might act as a proxy for turbulence in terms of
the sediment transport mechanism (Puleo et al., 2003; Austin et al.,
2009).

4.2. The influences of waves on SSCs

Incident waves have been confirmed to act as a stirring mechanism
of sediment suspension, making the event of sediment suspension occur
at the time scale of a half wave or incident wave (Dally and Dean, 1984;
Williams et al., 2002). In this study, the mean SSC, in terms of a single
wave, was well correlated (R = 0.45) with £ under the shoaling wave
condition (Fig. 11a), which indicated that the SSC could be estimated
by % However, further into the surf zone where waves were broken,
correlations between them became relatively poor (R = 0.25 and 0.12,
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Fig. 10. Synchronous TKE against peak flow acceleration a of a single wave for
all the data points.
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respectively), especially under surf bore condition (Fig. 11b and c).
Therefore, the factors controlling sediment suspension became more
complicated under broken wave condition (within the surf zone), where
factors including undertow, infragravity wave, surf bores and even in-
filtration/exfiltration processes could make significant differences
(Aagaard and Greenwood, 1995; Longo et al., 2002; Butt et al., 2004).

An analysis of intrawave SSC variation needs to be conducted to

Table 1

Averaged SSCs at an elevation of 4 cmab at different wave phases under the
shoaling wave condition (relative wave height < 0.3), breaking wave condi-
tion (0.3 < relative wave height < 0.6) and surf bore condition (relative
wave height > 0.6).

SSC (kg/m>)

determine the characteristics of sediment suspension under different Wave trough ~ Zeroup  Wave crest  Zero-down
wave conditions for further exploration of the corresponding me- Shoaling wave condition 2.8+ 45 14422 06+14 08+18
chanism. As shown in Fig. 12g, h and i, the phase-averaged SSCs under Breaking wave condition 9.7 +8.1 42+43 13+19 2.3+29

Surf bore condition 11.6 = 8.8 6.9 =59 3.4+42 43 =48

the surf bore condition were obviously larger than those under the
breaking and shoaling wave conditions, with peak mean values of
13.6 kg/m>, 11.5 kg/m® and 3.75 kg/m?>, respectively. Combined with
the statistics of mean SSC under different wave phases (Table 1), it was
preliminarily inferred that phase-averaged peak SSCs were coincident
with the lowest surface water elevation and the largest negative u over
a normalized wave cycle regardless of wave conditions (Fig. 12). Some

Shoaling wave condition

Breaking wave condition

Note: Data are shown as the mean value *+ standard deviation.

previous measurements found that two peak SSCs dominated each wave

half-cycle in laboratory and field experiments (Nakato et al., 1977;
Villard and Osborne, 2002; Murray et al., 2011; Ruessink et al., 2011).
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Among these studies, the occurrence of two peaks at times of flow re-
versal was attributed to energetic turbulent eddies due to flow se-
paration. In addition, some measurements only captured one peak SSC
during incident wave cycles, during which the peak SSC could occur
either in the onshore phase (O'Donoghue and Wright, 2004;
Brinkkemper et al., 2017) or in the offshore phase of the wave cycle
(Osborne and Greenwood, 1993; Kularatne and Pattiaratchi, 2008). The
researchers attributed this phenomenon to higher velocity-induced bed
shear stress in the onshore phase of the wave cycle or to the influence of
vortex ripples, respectively (O'Donoghue and Wright, 2004; Aagaard
and Jensen, 2013). However, in this study where the peak SSCs always
occurred in association with the wave trough, the occurrence of the
peak SSC relative to the wave phase may be due to the influence of
ripple morphology under the condition that the peak flow velocities at
wave crest and wave trough were close to each other, as suggested by
Aagaard and Jensen (2013). When incident waves propagated over
sand ripples, sediments were entrained near the seabed due to onshore-
directed velocity and sand-laden vortices were formed on the lee sides
of the ripples during the onshore phase of wave motions. Then the sand-
laden vortices were released and ejected to higher elevations as the flow
reversed (Inman and Bowen, 1963; Vincent et al., 1991). Eventually,
high SSCs were transported seaward under offshore-directed flow,
which was coupled with the offshore wave phase. To further examine
the relationship between the wave and peak SSC within the intrawave
scale, curve fittings with regard to peak SSC and the u and 1 values over
each incident wave cycle were conducted and were shown in Fig. 13. A
good correlation between peak SSC and simultaneous u (R ranging from
—0.51 to —0.60, P < 0.001) and n (R ranging from —0.50 to —0.55,
P < 0.001) for all three wave conditions indicated that near-bed peak
SSCs were associated with the phase of the incident wave in which the
wave trough occurred.

Wave groups were previously shown to enhance sediment suspen-
sion and increase the following SSCs at higher free stream elevations
(Hanes and Huntley, 1986; Lee et al., 1994; Murray et al., 2012). There
was a good correlation coefficient (R = 0.54, Fig. 11d) between GF,
and SSC under the shoaling wave condition in this study, which in-
dicated a significant contribution to SSCs from the wave groups.
However, wave groups may act as a less important factor in controlling
the SSC under broken wave condition (within surf zone) relative to the

Shoaling wave condition

Breaking wave condition
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surf bore and undertow, which was clearly illustrated by the poor
correlation coefficient (R 0.12, Fig. 11e) between GF, and SSC.
Furtherly, both the surface-generated large-scale turbulence (surf
bores) and the offshore-directed undertow, a balance to compensate the
wave-induced onshore mass transport, greatly contributed to sediment
suspension (Roelvink and Stive, 1989; Aagaard and Hughes, 2010)
along with wave energy dissipation and wave deformation through surf
zone (Raubenheimer et al., 1996). Moreover, low-pass-filtered SSCs
primarily lagged behind the wave groupiness envelope, with a lag time
between —3 s and 4.9 s, during which only 17 bursts showed a negative
lagged times (Fig. 11f). Notably, poor correlation coefficients occurred
for Burst 45, Burst 46, Burst 47 and Burst 81 resulting from surf con-
ditions, which coincided with Fig. 11d. In addition, the lag time of Burst
53 was abnormal since the relationship between the wave groups and
TKE may have been broken due to the change in the wind wave climate
depicted previously (Grasso and Ruessink, 2011).

4.3. Coupling between TKEs and SSCs

Intermittent and correlated extreme events of TKE and SSC statistics
over 81 bursts were conducted and are shown in Fig. 14. The fraction of
SSC events ("),) ranged from 10% for Burst 54 to 75% for Burst 47
(Fig. 14a). However, the percentage of SSC records ("™,,,,) remained at
high levels (from 69% for Burst 4 to 99% for Burst 81) over all bursts.
The fraction of correlated extreme events to SSC events ("9,) varied
from 3% for Burst 23 to 95% for Burst 47. In addition, the percentage of
correlated extreme events to SSC records ("0™0},,,) ranged between 2%
for Burst 23 and 95% for Burst 46. Additionally, ™/,, "0, and "0"0/,,, of
TKE showed similar variation patterns to SSC, as well as qualitative
variation in proportion to Qb (Figs. 4b, 14), and the corresponding
variation ranges were 3% for Burst 26 to 100% for Burst 47, 10% for
Burst 23 to 74% for Burst 47, 2% for Burst 28 and Burst 61 to 76% for
Burst 46, respectively (Fig. 14b). Unlike the variation pattern of m™y,,,
in the SSC, the corresponding values of TKE varied in accordance with
Qb with a variation between 16% for Burst 26 and 100% for Burst 47.

The average TKE events and SSC events occupied 31.1% and 28.5%
of the corresponding time record and contained up to 78.2% and 90.1%
of motions, respectively (Table 2). The standard deviation of ™, for
the SSC (7.1%) was much smaller than that of TKE, which indicated

Surf bore condition
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Fig. 13. (a) and (d) indicate the best fit between the peak SSC and water surface elevation n and cross-shore velocity u under shoaling wave condition, respectively;
(b) and (e) indicate the best fit between the peak SSC and water surface elevation n and cross-shore velocity u under breaking wave condition, respectively; (c) and (f)
indicate the best fit between peak SSC and water surface elevation n and cross-shore velocity u under surf bore condition, respectively.
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Fig. 14. (a) The fractions of SSC events to the total time records (*,) and correlated extreme events to the intermittent SSC events ("0/,,1), and the percent of SSC
events to the total sediment concentrations (""/,,) and correlated extreme events to the total sediment concentrations (%0"0/,,,). (b) The fractions of TKE events to
total time records ("1},) and correlated extreme events to intermittent TKE events ("9),,), and the percent of TKE events to the total turbulent motions (""/,,,) and

correlated extreme events to the total turbulent motions ("0™0/,,,).

that not all the TKEs in the water column contributed to sediment
suspension (Alsina and Céceres, 2011; Yoon and Cox, 2012). The cor-
related extreme events accounted for 39.0% and 42.9% of records with
respect to TKE events and SSC events on average, respectively, and low
fractions of correlated extreme events were illustrated by the intrawave
variations in SSC and TKE (Figs. 9g, h, i, 12g, h and i). However, the
correlated extreme events contained 38.1% and 40.0% of the total
turbulence motions and suspended sediment concentrations, respec-
tively, under the conditions that correlated extreme events occurred
during only 12.2% of the time series for both TKE and SSC. Hence, this
finding implied that approximately 40% of sediment suspension mo-
tions were associated with turbulent motions and that approximately
38% of turbulent motions contributed to sediment suspension, even
though only 12% of data time records ("¢),) were occupied for the SSC
and TKE time series, which was consistent with the findings of Cox and
Kobayashi (2000) and slightly lower than the findings of Yoon and Cox
(2012). The results indicated that parts of TKEs dissipated directly in
the water column rather than suspended the sediments while sediment
motions were partly induced by other physical processes, not restricted
to turbulent motions.

Based on the contribution of TKE to SSC, the relationship between
TKE and SSC was further examined in terms of the incident wave time
scale and wave group time scale. As shown in Fig. 15a, b and c, the
correlation between the single wave-mean TKE and SSC was poor under
the shoaling wave condition (R = 0.28), while TKE and SSC were
considered to be unrelated under the breaking wave (R = -0.08) and
surf bore (R = 0.09) conditions. The statistics that show the con-
tribution of TKE to SSC increased proportionally with Qb, which was
contrary to the relationship between TKE and SSC among different
wave conditions, and this result may have occurred because the
threshold values of extreme events were calculated based on all bursts
(81). However, with respect to the time scale of the wave group, the
mean SSCs were highly correlated with the mean TKE whether under

Table 2
Statistical average of extreme events of overall bursts (81).

the shoaling wave condition (R = 0.58, Fig. 15d) or the broken wave
condition (R = 0.69, Fig. 15e). Thus, we deduced that it was more
effective for TKE to contribute to sediment suspension at the time scale
of the wave group than at the incident wave scale.

4.4. Relative significance of waves and TKE to suspended sediment
concentration

To evaluate the relative significance of different forces for the var-
iations in the SSC time series, the GRA method was carried out. The
grey relational grades of TKE (yo;), wave groupiness envelope (yo2),
velocity due to infragravity wave (yo3), velocity due to incident wave
(Yo4), flow acceleration (yos) and mean current (yoe¢) that reflect the
relative effects of the turbulence, wave groups, incident wave, infra-
gravity wave, horizontal pressure gradients and advection on SSC, re-
spectively, are compared in Fig. 16. From the results, we determined
that yo;, which ranged from 0.73 to 0.93, was always larger than the
other five grey relational grades for all bursts (81). For all bursts, we
noted that both vy, (ranging from 0.47 to 0.75) and vygs (ranging from
0.52 to 0.68) exceeded yo3 (0.48 to 0.62), yo4 (0.51 to 0.63) and voe
(0.50 to 0.62) for most bursts (Fig. 16). In addition, the mean yq; of
0.82 was highest among the six grey relational grades (Table 3). Both
the mean yo» and yos were equal to 0.58 and slightly exceeded 0.55,
which was the mean value of yg3, Y04 and yos (Table 3). From the
perspective of wave conditions, the relative importance of different
hydrodynamic forces had changed obviously. Under shoaling wave
conditions, it was still suggested that TKE (yo;) played the most im-
portant role in the variations of SSC time series (i.e., sediment sus-
pension) among the hydrodynamic factors, followed by the wave group
(v02) and flow acceleration (yos), while the single wave (including the
incident wave (yo3) and infragravity wave (yo4)) and advection (mean
current, yoe) slightly ranked last (Table 3). However, under broken
wave conditions (bursts dominated by breaking waves and surf bores),

Coherent events % mmy_ iy nO/"l W nomoy O]

(%) (%) (%) (%) (%)
TKE 31.3 + 24.1 78.2 + 24.7 39.0 +15.3 12.2 +15.1 38.1 £17.2
SSC 28.5 + 14.9 90.1 £7.1 42.9 + 239 12.2 +15.1 40.0 = 22.6

Note: Data are shown as the mean value + standard deviation.
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Fig. 16. Grey relational grades of TKE (yo,), low-pass-filtered wave groupiness
envelope A(t) (yo2), velocity due to infragravity wave (yo3), velocity due to
incident wave (yo4), flow acceleration (yos) and mean current (yoe) to SSC for
each burst.

the relative importance of flow acceleration for variations in SSCs im-
proved significantly (mean yos = 0.65) while the four hydrodynamic
forces (grey relational grades varied between 0.58 and 0.59, expect for
TKE) were considered equivalent factors to the contributions to SSCs.
Thus, we deduced that TKE played the most important role in the
variations in SSC time series (i.e., sediment suspension) among the
hydrodynamic factors irrespective of wave conditions and that flow

Table 3

acceleration played the second most important role under broken wave
conditions while the wave group, single wave (including the incident
wave and infragravity wave) and advection (mean current) were con-
sidered equivalent and less important factors in terms of our measured
data.

The deduction that turbulence played the most important role in
sediment suspension among most hydrodynamic factors (yo; was lar-
gest) was consistent with the results of Osborne and Greenwood (1993)
who observed that higher suspension events were caused by turbulence.
Our results therefore supported that SSC could not be well predicted by
the wave velocity (Jaffe and Rubin, 1996), as well as the observation
that the seabed configuration served as a secondary factor relative to
oscillatory wave motions in terms of sediment suspension (e.g.,
Sternberg et al., 1985; Osborne and Greenwood, 1992). Meanwhile, the
greater contribution to sediment suspension from wave group (yo2) than
single wave (yo4 and yo3) under the shoaling wave condition (Table 3)
could be verified by the finding of Williams et al. (2002) who showed
that sediment suspension was more prominent at the time scale of wave
group than at the incident wave frequency band. Moreover, yos and yoe
were relatively large for Burst 19 (0.67 and 0.62) and Burst 47 (0.65
and 0.61) (Fig. 16) where Qb was accordingly high (0.82 and 0.91,
respectively, Fig. 4b). It could thus be concluded that there were greater
contributions to sediment suspension from flow acceleration and ad-
vection (mean current) due to highly skewed and asymmetric breaking
waves and strong breaking wave-induced mean current in the high-

Statistical grey relational grades of TKE (yo;), low-pass-filtered wave groupiness envelope (yo2), velocity due to infra-gravity (yo3), velocity due to incident wave (yo4),
flow acceleration (yos) and mean current (yoe) relative to SSC under different wave conditions and for all bursts (81).

Comparison sequences

Yo1 Yo2 Yo3 Yo4 Yos Yoe
All bursts 0.82 = 0.04 0.58 = 0.05 0.55 = 0.03 0.55 = 0.02 0.58 = 0.03 0.55 = 0.02
Shoaling wave condition 0.82 = 0.04 0.59 = 0.06 0.53 = 0.03 0.54 = 0.02 0.58 = 0.02 0.54 = 0.02
Broken wave condition 0.79 = 0.04 0.58 = 0.04 0.58 = 0.03 0.59 = 0.02 0.65 = 0.03 0.58 = 0.02

Note: Data are shown as the mean value =+ standard deviation.
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energy dissipative surf zone, which provides new evidence to support
the previous view proposed by Aagaard and Greenwood (2008).
Moreover, the effects of the environment including sediment grain size,
beach slope and seabed configuration (erosion/deposition, bed ripple)
would also influence sediment suspension and the resulting SSCs
(Longuet-Higgins and Stewart, 1964; Osborne and Greenwood, 1993;
Masselink et al., 2007a, 2007b; Bertin et al., 2018), which were not
reflected in the process of GRA. In fact, the sediment grain size on the
surface of the measurement site varied from 0.14 mm to 0.20 mm (fine
sand) across the intertidal region, and such a small variation in grain
size would not significantly change the relationship among TKE, waves
and SSC. Moreover, the beach slope was approximately 2.5%, and it
might have remained unchanged during the observations according to a
previous study (Pang et al., 2019) that was conducted in the same
position and under similar wave conditions. Hence, the stable beach
slope would also not affect the mechanism of sediment suspension. In
addition, the measured position generally exprienced a slight erosion/
deposition rate (Capo et al., 2009; Ge et al., 2017). Therefore, the in-
conspicuous changes in beach elevation would not disorder the relative
importance of different hydrodynamic forces. Note that the variation in
the beach slope is consistent with the sediment grain size (generally, the
sediment grain size is large where the beach slope is steep and vice
versa). Thus, for other coastal environments where sediment sizes are
coarser (corresponding to steeper beach slopes), the incident wave
energy and wave group are correspondingly stronger (Masselink et al.,
2007a), which leads to higher wave-induced turbulence (van der Werf
et al., 2007). Meanwhile, stronger mean current and flow acceleration
are produced by wave breaking on steeper beach slopes. In contrast,
infragravity wave may be weaker because of inadequate release of in-
fragravity wave after wave breaking due to limited breaker width
(Longuet-Higgins and Stewart, 1964; Symonds et al., 1982; Baldock and
Swan, 1996). Hence, we infer that the relative contributions of the TKE,
wave group, incident wave, flow acceleration and mean current to SSCs
would increase, while that of infragravity wave would decrease corre-
spondingly in the environment with coarser sediment grain size (i.e.,
steeper beach slope) and vice versa.

Though the relative importance of different hydrodynamics forces
has been evaluated by GRA method herebefore, the technique can not
quantify the respective contribution of all the relevant factors to SSC
(Deng, 1989; Chen and Syu, 2003). Therefore, in order to quantify the
contribution of all the relevant factors (hydrodynamic forces and en-
vironmental factors) to SSC, further studies were necessary to com-
prehensively explore the physical mechanism of sediment suspension.

5. Conclusions

A field observation measuring water depth, water surface elevation,
high-resolution 3D flow velocity and the near-bed vertical profile of
SSCs was conducted throughout the shoaling, breaking and surf bore
conditions over a meso-macro tidal beach for nearly three tidal cycles.
The aim of this study was to conduct a comprehensive analysis of the
tradeoffs among TKE, waves, and SSC in different wave conditions. The
main conclusions are as follows:

(1) Variations in relative wave height were a decisive indicator of the
differences in TKE intensity among different wave conditions, while
the occurrence of the peak TKEs at the wave front within the in-
trawave cycle was associated with flow acceleration irrespective of
wave conditions.

(2) SSCs were well correlated with waves in terms of both incident
wave scale and wave group scale which was limited to the shoaling
wave condition, while the relationship between the SSC and waves
disappeared under the wave breaking and surf bore conditions. The
occurrence of near-bed peak SSCs was related to the offshore phase
of the incident wave where a wave trough occurred.

(3) The correlated TKE events accounting for 12.2% of the total TKE
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time records and containing 38.1% of the total turbulent motions
were associated with 42.9% of SSC events and 40.0% of total se-
diment concentrations during the observed time. In addition, it was
more effective for TKE to contribute to sediment suspension at the
wave group scale than at the incident wave scale, especially under
broken wave conditions.

TKE played the most important role in the variations in SSCs among
the hydrodynamic factors regardless wave conditions, and flow
acceleration played the second most important role under the
broken wave condition, while wave group, single wave (including
the incident wave and infragravity wave) and advection (mean
current) were considered equivalent and less important factors.
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