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A series of laboratory experiments have been conducted to explore the wind
effect on Sediment Suspended Concentrations (SSCs) in fine-grained coastal
systems. The paddle waves were overplayed with surface-blowing winds in a
wind-wave flume to mimic offshore swells coupling with local wind waves
during rough weather. Both SSCs and water turbulences under different wind
and wave conditions have been investigated over two kinds of sediment beds
(Sediment 1, S1, Dsg = 52um and Sediment 2, S2, Dsg = 90um). The High
Concentration Layers (HCL) were formed under most of the wave-only
conditions, while with the introduction of the stronger wind, more sediment
suspensions were transported upward, increasing SSCs in upper water
elevations. The finer sediment S1 is easier to suspend than S2 under the
same conditions. The enhancement of the vertical turbulence intensity (o)
by winds is the main reason for the increase in SSCs. Meanwhile, because the
wind-induced turbulence can hardly penetrate the HCL, the turbulence
intensities outside the HCL can be further amplified compared to the
experiment without a sediment bed. The wind contributes over 65% of the
SSC enlargement above the HCL under a wind of 10m/s for S1, while less than
20% inside the HCL in most wind conditions. The sediment mixing coefficient
(e5), a crucial parameter for suspended sediment modeling, was enhanced with
stronger winds. Although the existing formulas for the vertical distribution of eg
are valid under both wave-only and small winds (2.5 m/s) for both sediment
beds, the enhancement of es caused by strong winds cannot be captured,
requiring further research.
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1 Introduction

Sediment transport has a marked influence on coastal physical
processes linking feedback loops between hydrodynamics (e.g.,
current, wave), turbulence, and morphological evolution (Bailey
and Hamilton, 1997; Wu and Hua, 2014). In shallow areas
abundant in fine sediments, such as estuaries and tidal flats, the
suspended load is the primary means of sediment transport.
Meanwhile, suspended sediments are important agents carrying
organic matter, nutrients, heavy metals, and other substances in
estuarine and coastal waters, which affect coastal environmental
processes (Green and Coco, 2014; Tao et al, 2020). Therefore,
understanding suspended sediment dynamics is substantial for
coastal morphology and ecological evolution (Cloern, 1987; Liu
et al, 2014).

Sediment suspensions are primarily dependent on the turbulent
motions in shallow waters, which are produced by single or
combined interactions between various hydrodynamics, such as
waves, currents, and winds (Bailard, 1981; Hassan and Ribberink,
2005; van Rijn, 2007; Kobayashi et al., 2008; Aagaard and Hughes,
2010; Kassem et al., 2015; Alsina et al., 2018). Bailard (1981)
reported that the oscillatory wave motions performed the
essential action to transport the sediment on the sandy coast. O’
Hara Murray et al. (2012) reported that the wave groups, compared
to a single incident wave, could generate over three times more
surficial SSCs. The wave groups with varying wave heights are more
active in suspending and entraining the bed sediment. Alsina et al.
(2018) presented that the short-wave groups induced sediment
suspended transport is dominated by horizontal advection with
significant wave-swash interactions. Kassem et al. (2015)
demonstrated that wave motion plays an important role in
entraining sediment inside the boundary layer and high-
frequency turbulence due to the momentum transfer into smaller
scales supports the particles in suspension. Furthermore, Pang et al.
(2020) revealed that the TKE contributed more effectively to
sediment suspension at the scale of wave group than that of the
incident wave, especially under broken wave conditions.
Meanwhile, some research focuses on sediment suspension under
complex dynamics. For example, Yao et al. (2015) conducted a
series of flume experiments to explore the sediment suspension
behavior under the wave and current conditions over sand-silt
mixtures, discovering that current velocity can prompt the sediment
suspension in upper layers compared to the wave-only condition.
Meanwhile, the current direction does not significantly affect the
time-averaged concentration profiles. Furthermore, much work has
been done in some wind-dominated areas to explore the
relationship and mechanism between wind and sediment
suspension concentrations (Bailey and Hamilton, 1997; Booth
et al., 2000; Su et al., 2015; Pu et al., 2022).

Apart from turbulent motions induced by various coastal
hydrodynamics, the properties of sediment particles themselves,
such as particle size, cohesion, and bed composition, also exert
influence on sediment suspensions (van Rijn, 1989; Van Rijn
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et al., 1993; Mitchener and Torfs, 1996; Jacobs et al., 2011). For
example, Van Rijn et al. (1993) reported that the vertical mixing
process of fine sand (Dso = 200um) suspension could be
significantly reinforced in current and wave conditions.
However, for cohesive sediment, different behaviors can be
observed. Flume experiments with a wave over a consolidated
mud bed have shown that the top-layer mud can be easily
fluidized, generating a thin layer with large concentrations near
the bottom (Maa and Mehta, 1987; Van Rijn and Louisse, 1987).
Moreover, several studies have paid attention to the behavior of
mixed sediment in order to predict mixed sediment transport
(van Ledden et al., 2006; Sanford, 2008). Based on a validated
fine sediment transport model, Waeles et al. (2008) proposed
that the relative mud concentration determines the critical bed
shear stress for the erosion of the superficial sediment. In
addition, silt, whose size is located between sand and clay, is
widely distributed in China, such as the tidal flat along the
central Jiangsu coast and the modern Yellow River Delta (Gong
et al,, 2017; Xu et al,, 2018). Silty sediment has been shown to
have both cohesive and non-cohesive properties, attracting the
attention of many scholars (Yao et al,, 2015, Yao et al., 2022a;
Yao et al.,, 2022b; Zuo et al., 2017; Zuo et al., 2021).

Regarding the dynamic behavior of suspension enriched in
silty sediments, Zhao (2003) reported that when the cohesive
fraction is low, three sediment motion forms can be identified
(i.e., bed load, near-bottom high concentration layers, and
suspended load in upper layers). Otherwise, the sediment
transport is mainly in the suspended load. Yao et al. (2015)
recognized that silty suspensions have different concentration
profiles from sand under wave-only and wave-with-current
conditions, respectively. Under wave-only conditions, a high
concentration layer (HCL) can be formed. Inside the HCL, the
silt concentration decreases logarithmically (sand-like behavior),
whereas the concentration profile is distributed homogeneously
outside the HCL (clay-like behavior). Zuo et al. (2021) updated
existing formulations for the sand-silt mixtures to estimate
depth-averaged SSCs for both vortex-rippled beds and sheet
flow conditions. Several basic physical processes have been
considered, such as stratification, hindered settling, and
mobile beds.

It is believed that wave motion is the primary form of energy
transference during wind blowing, which plays a significant role
in maintaining suspensions. In addition to wave motion, Su et al.
(2015) found that wind can enhance SSC directly by exerting
turbulence into the water using wind-flume experiments.
Furthermore, Zhu et al. (2016) found that wind would affect
water turbulence in another way besides wave orbital motions
based on in-situ field observations. Therefore, only applying
wave-induced bed shear stress and mixing coefficient cannot
interpret the enhancement of SSCs in a silt-dominated system
during rough weather. Whether surface-generated turbulence by
wind directly influences water turbulence structures, mixing
processes, and thus the SSC distribution is unclear.
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This study aims to explore the wind effect on fine sediment
suspensions over silt-dominated mixtures. A series of experiments
have been carried out in a wind-wave flume with two types of
sediments under different wind and paddle wave conditions (i.e.,
offshore swells combined with the local wind). The addressed
research questions include: (1) to what extent the wind will
affect silt suspensions in shallow areas; (2) how the wind affects
the mixing processes of suspended silty particles and the vertical
distribution of SSCs. Section 2 describes the experimental
setup, instrumentation, and analysis methods, followed by
the result analyses in Section 3, including vertical distributions
of SSCs and the turbulence intensities under different
experimental conditions. Section 4 provides discussions followed
by conclusions in Section 5.

2 Methods
2.1 Flume experiment

The laboratory experiments were performed in a wind-wave
flume at Hohai University, China. The flume has a length of
80m, a width of 1m, and a depth of 1m (Figure 1). Sediment
samples used in this experiment were collected from a silt-rich
tidal flat in the middle of the Jiangsu coast, China. Our sampling
fieldwork was carried out in mid-August 2018, and two sediment
samples from the tidal flat were collected: Sediment 1 (referred
to as S1) from the upper flat and Sediment 2 (referred to as S2)
from the middle flat. The particle sizes of the samples (S1 and
S2) were measured by a Malvern Mastersize 3000 laser particle
size analyzer. S1 is a silt-enriched mixture (70% of silt content;
Dso = 52pum) while S2 is a very fine sand-enriched mixture (30%
of silt content; D5, = 90um). The measured particle size
distributions of the two bed sediments are shown in Figure 2.

The layout of the experimental flume, such as the wave
generator, suction fan, and wave dissipator, is illustrated in
Figure 1. The wave generator is located upstream of the flume,
and three wave height probes are placed on the wave paddle to
detect the reflected wave. By automatically adjusting the position
of the wave paddle, the reflected wave can be minimized. The
gravel beach slope, with a slope of 1:4.5, was also set

10.3389/fmars.2022.1036381

downstream. In this study, a typical experiment duration is
around 2 hours, including the time to achieve a steady state of
SSC and the data collection. The active and passive wave
reflection absorption systems can guarantee wave stability
during long-time wave generation. Since this study focuses on
SSC profiles during a steady state, the stability of the wave is
essential for the measurement. Meanwhile, wave reflection is
inevitable during long-time wave generation. Thus, the waves at
the sediment section are combinations of the incident and
reflected waves, which show a similar shape as Stokes second-
order waves (See Figure SI in Supplementary Materials). The
2nd Stokes wave represents the function of wave reflection.
Therefore, the separation of wave reflection is not our primary
concern. The reflection coefficients of paddle wave experiments
are around 0.0626-0.2713 (based on 3-gauge method of Mansard
and Funke (1980) and 0.0647-0.2034 (based on a time domain
method of Sun et al. (2002)). See Table S1 in the Supplementary
Materials for details. Furthermore, the present experiment
methodology is consistent with existing studies on SSCs in the
wave flume (such as, van Rijn and Kroon, 1992; Thorne, 2002;
Yao et al., 2015; Davies and Thorne, 2016).

A suction fan was installed on the downstream side of the
flume to produce wind in the same direction as waves. The wind
covers were fixed on the top of the flume. Before experimenting
with a sediment bed in this study, we have also done a series of
experiments with a fixed bed (namely, sediment-free
experiment; SFE hereinafter), keeping other experimental
settings unchanged. The SFE mainly focused on wind effects
on water turbulence, which showed that the surface-blowing
wind intensified the turbulent kinematic energy (TKE) in the
upper water column in addition to wave orbital motions.

Four Wave Height Meters (WHMs) were installed along the
flume to measure the water surface elevation (Figure 1). The
instantaneous water velocity was measured by the Acoustic
Doppler Velocimeter (ADV). The ADV was mounted on a
mobile measuring frame that can be moved vertically by a
computer control system. Seven measurement points were
arranged along the beam, the lowest one was 0.6 cm above the
bottom, the highest one was at Z=0.6/ (h is the water depth), and
the other 5 points were placed at every 0.1h in between. The
sampling rate was set to 50Hz. It should be noted that the

Wind generator
~

Wave generator Wind tunnel
WHM WHM WHM WHM
S S A .
E —>
1| ——— I
- i ADV sof [OF
w T 2%
Gravel beach Sediment bed Gravel beach
FIGURE 1
The experimental design and schematic of the wind-wave flume.
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FIGURE 2
The particle size distributions of the two bed sediments.

velocity signal near the water surface, which is a blind area of the
ADV, cannot be recorded. Nevertheless, substance mixing (e.g.,
sediment suspension) was more pronounced in the middle and
lower water column. Therefore, the velocities in the middle and
lower layers were analyzed and investigated in this study. The
wind speed was measured by a hot-wire anemometer placed
350 mm above the motionless water surface.

Two Optical Backscatter Sensors (OBS 3+) were mounted
vertically on another mobile measuring frame with a 35mm
interval, providing the real-time signals on SSC development. The
lens of the OBS was adjusted to be parallel to the wave direction.
The initial position of the lower OBS was placed about 5 mm above
the sediment bed. Our previous study has proved that the OBS
signal was positively related to SSC when SSC< 40g/l (Su et al.,
2016). Thus, when the OBS signal reached a steady state, the stable
state of the water SSC was considered to be achieved and another
function of OBS is to help us check the quality of the water SSC
values during the data process. Subsequently, a specially designed
siphon device was applied for the water-sediment sampling to
obtain time-averaged SSC. Comparison between time-averaged
OBS signals and time-averaged SSC shows a quadratic
relationship, suggesting a good data quality of SSC measured by
the siphon device. See Figure S2 in the Supplementary Materials for
more information on OBS and SSC calibration curves. Meanwhile,
the ADV started to record the velocity data as well. The siphon
device (SD in Figure 1) was mounted at the left of the OBS frame at
a horizontal distance of 0.6m. The lowest intake tube was set
initially at 1 cm above the original flat sediment bed. During the
experiment, the local bed forms were developed so that the relative
height of the siphon device (i.e., SSC of each elevation) as well as the
velocity data from ADV was corrected correspondingly according
to the mean bed level (average of the ripple crests and troughs).
Thus, under different experimental conditions, each intake tube’s
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vertical positions differed. In each experimental case, the sediment
samples were taken twice with a time interval of 10 minutes and
were put into six pre-calibrated pycnometers and six glass cylinders,
respectively. For the glass cylinders, the samples had to be filtered,
dried and weighted to attain the time-averaged sediment
concentration. For samples in the pre-calibrated pycnometers, the
concentration can be calculated by weighting directly. Each
experimental group was repeated twice. By averaging the two
concentrations of repeated experiments, the final SSC of each
experimental group can be obtained.

2.2 Experimental conditions

Instead of mimicking the field conditions on an accurate
natural scale, the present study utilizes a series of controllable
flume experiments with various designs. Different combinations
of winds (wind speed of 0-10 m/s) and regular waves (wave heights
of 6-14 cm) were designed for the experiment. The water depth (/)
was 0.3m, and the wave period was kept constant, i.e., T=1.5s. Based
on different experimental conditions, the resulting bed shear stresses
and turbulence intensities which are important for SSCs, should be
comparable to the field conditions. By these designs, the bed shear
stress over the sediment bed varies in a range of 0.26-0.59 Pa over
sediment SI and 0.28-0.62 Pa over sediment S2. The bed shear
stress was calculated following van Rijn (2007) by the measured
near bed orbital velocity, wave period, water depth, and sediment
particle size (Dsp). The turbulence intensities (horizontal) in the
laboratory are in the range of 0-0.03 m/s (details refer to section
3.2), In the tidal flat, the typical bed shear stress during windy
conditions is around 0~0.8 Pa (Mariotti and Fagherazzi, 2013; Zhu
et al,, 2016; Hu et al., 2017), and the turbulence intensities are in the
range of 0-0.06 m/s (Soulsby and Humphery, 1990). Thus, the
representativeness of our experimental designs for the field
conditions can be well validated.

Several pre-experimental tests have been conducted under
wind-only and paddle wave-only conditions, respectively. The
paddle wave shows a relatively regular shape and a narrow
frequency band (see Figure S3 in the Supplementary Materials).
The wave induced by surface-blowing wind depicts a wide
frequency band with irregular shapes. Under 6 m/s pure wind
conditions, the wave heights measured in the sediment section are
around 1.77-1.93 cm, and the wave periods are 0.33-0.37s. Thus, the
features of the paddle wave and wind-blowing wave generated in
the flume are consistent with that of swells and wind waves in the
field. In the following, the paddle wave is named swell, and the
wind-blowing wave is named wind-wave, following previous
studies, such as Cheng and Mitsuyasu (1992) and Mitsuyasu and
Yoshida (2005).

Details of other experimental conditions are listed
in Table 1. The capital letters (A, B, C) represent the
experimental cases (i.e., wave height, H = 6cm, 10cm, 14cm)
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and the numbers represent the corresponding wind speed level.
Four levels of wind speed are designed, i.e., 0, 2.5, 6, and 10m/s.
For example, S1A3 represents the experimental case with
sediment S1 under a wave of 6cm and a level 3 wind speed
(i.e., 10m s™'). As mentioned before, the waves generated by
wind only are tiny, and no sediment is initiated into motion.
Therefore, the experimental conditions do not include wind-
only conditions. The impacts of wind-induced turbulence on
the sediment suspension can be obtained by comparing SSCs
under wave-only and wave-wind combined conditions.
Subsequently, the relative contribution of wind-induced and
wave-induced turbulence on SSC under different conditions
can be deduced.

2.3 Data analyses

The data analyses in the present study include the vertical
distributions of the SSC, the calculation of turbulence parameters of
the water column as well as the sediment mixing coefficient. For the
vertical distributions of SSC, the method has been described in 2.1.
The turbulence component needs to be separated from the original
velocity signal to get the turbulence intensity. Then, the horizontal
intensity G,, and the vertical intensity G,, can be calculated.

The instantaneous water velocities in horizontal and vertical
directions are typically divided into:

u=u+u+u, (1)

TABLE 1 Basic measurements and derived data for S1 and S2.

10.3389/fmars.2022.1036381

W=W+W+W, 2)
where u and w are the instantaneous velocity in the
horizontal and vertical direction, respectively; # and w are
the time-averaged components of u' and w', respectively, z and
w are the periodical components, and u' and w’ represent the
turbulent fluctuations (Benilov et al., 1974; Cheung and Street,
1988). To investigate the variation of the turbulence intensities,
the time-averaged and periodical components of u and w must
be removed. There are several methods for decomposing raw
velocity data to extract turbulent velocities, such as the tenth-
order Butterworth filter method (Lamb, 2004; Hooshmand et al.,
2015), the linear filtering technique, the triple decomposition
method (Olfateh et al., 2017), the phase-average method (Thais
and Magnaudet, 1996; Su et al.,, 2015; Qiao et al,, 2016). In
this study, the phase-averaged method was adopted, which
has already been validated by Cheung and Street (1988) and
Qiao et al. (2016) using similar instrumentations and
experimental settings. The turbulence intensities between the
present study and the results of Cheung and Street (1988)
show similar variation patterns and the same magnitude.
Furthermore, the decomposed turbulent velocities of this study
are 107 to 102 m/s, which are in the same magnitude as Su et al.
(2015), who also chose the phase average method, and Olfateh
et al. (2017), who chose the Linear Filter Technique (LFT)
method. The principle of the phase-averaged method is
illustrated in Figure 3 (taking the horizontal velocity u as an
example). The details refer to Cheung and Street (1988) and Su
et al. (2015).

Al 2.5 5.75 5.64 0.57 0.73 0.13 0.13 0.22 0.27 0.30 0.32 0.78 0.36
A2 6 6.28 6.18 0.47 0.63 0.12 0.13 0.54 0.47 0.53 0.51 1.05 0.59
A3 10 7.27 7.76 0.50 0.63 0.12 0.15 0.78 1.00 0.96 0.77

B0 0 9.94 9.37 0.50 0.75 0.22 0.19 0.30 0.27 0.33 0.30 0.62 0.24
Bl 2.5 9.63 9.40 0.60 0.83 0.22 0.20 0.47 0.30 0.46 0.35 0.72 0.33
B2 6 10.03 9.49 0.67 1.01 0.22 0.21 0.97 0.63 0.91 0.73 115 0.71
B3 10 10.84 11.36 0.50 0.93 0.21 0.23 112 1.03 112 0.95

Co 0 13.12 13.20 0.43 0.83 0.27 0.28 0.75 0.46 0.62 0.43 1.06 0.55
C1 2.5 12.90 12.46 0.30 0.97 0.27 0.27 0.84 0.57 0.64 0.57 1.14 0.56
C2 6 14.05 13.29 0.43 0.83 0.28 0.26 1.33 0.93 1.27 0.85 112 0.59
C3 10 14.76 14.14 0.50 0.83 0.28 0.30 1.65 1.89 1.48 1.39

H represents the wave height, averaged by the two wave gauges near the OBS and siphon device. Ur represents the reference wind speed, v-6,, and v-G,, represent the vertical-averaged
horizontal and vertical turbulence intensity, respectively. A represents the wave height of the bed ripples. U,, represents the near bed peak orbital velocity, v-6',, and v-6',, are the
vertical-averaged horizontal and vertical turbulence intensity of the SFE, respectively.
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Subsequently, the horizontal and vertical turbulence
intensities (G, and G,,) can be calculated as follows:

3

4

As mentioned earlier, the vertical distributions of SSC were
measured during a steady state according to the OBS signal. By
applying the time-averaged (over the wave period) advection-
diftusion equation during a steady state, the sediment mixing
coefficient (e;) can be derived based on measured SSCs and
settling velocity @, (Ogston and Sternberg, 2002; van Rijn,
2007):

Clz)o, + e,—

=0, ©)

where C(z) is the time-averaged concentration at height z
above the sediment bed, ¢, is the sediment mixing coefficient and
a; is the settling velocity of the suspended sediment particles,
which can be determined from the following formulations (van
Rijn, 1990; te Slaa et al., 2013):

(s-1)gd?
18v

[(1 . 0.01(i;1)gd3 ) 0'5_1}

1.1[(s - 1)gd]**

forl < d < 100um

10v

Oy =93 & for100 < d < 1000um

ford > 1000um
(6)

in which d is the median size of the suspended sediment
particles and can be measured by sampling method, s is the
sediment relative density (= 2.65), and v is the kinematic
viscosity coefficient. It is well known that the settling velocity
can be affected by various factors, such as particle shape,
flocculation, and the sediment concentration itself. The
percentages of fine-grained particles (i.e., grain size smaller

0.2

T
—— phase-average stable compnent
original signal
s N

01t |\ \ ]
= N
= \
A \
= 0 —
k)
<
<
- = .

0.1} . E

0.2 . L .

/2 T 3n/2 2r
wt

FIGURE 3

The demonstration of phase-average method: decomposition of
the velocity into stable components and turbulence components.
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than 8 pm) of both sediment SI and S2 are 0.8%-4%
(Figure 2). van Ledden et al. (2004) suggested that the
sediment mixture behaves as non-cohesive when the clay
content (grain size smaller than 2 pm) is smaller than 5%-
10%. Thus, both sediment S1 and S2 are considered non-
cohesive. Meanwhile, previous settling experiments also
showed no flocculation for suspended silt (te Slaa et al., 2013;
te Slaa et al, 2015; Xu et al., 2022). Furthermore, Yao et al.
(2022a) discovered that silty sediment with grain size larger than
8 um does not flocculate in freshwater (0%o of salinity), which is
consistent with our experimental phenomena. Therefore,
flocculation was not considered. The hindered settling is an
important process in case of high SSC to estimate the @, . The
larger the SSCs, the smaller the settling velocity of the particle.
Therefore, the hindered settling effect is considered by
multiplying a coefficient (13;,5=(1—0.65(:t/cge;)5 to @, . The cg is
the volume concentration of the immobile sediment bed, c,=
(D50/dsand)Ceels > Ceels 18 the dry bulk density and c, is the total
volume concentration.

3 Results

3.1 Vertical distributions of SSC

Figure 4 shows the vertical profiles of SSC for SI and S2,
respectively. By comparison, the SSC profiles of both SI and S2
are of the same magnitude as the previous studies under wave-
only conditions (Su et al., 2015; Yao et al, 2015), so the
rationality and repeatability of our experiments can be proved.

Under paddle wave-only conditions (blue lines in each
subplot), larger wave height results in higher SSC of S1. As the
wave height increase, the increment of SSC in the middle layers of
the water column is more remarkable than in the lower layers,
making the SSC profiles more homogeneous in vertical. Compared
to S1, the SSC profiles over S2 show the same pattern. However, for
the vertical-averaged SSC, c, are smaller than ¢,; under the same
wave height (Table 2), indicating that fine sediment is easier to
suspend in the water column to increase the water SSC.

When the wind is superposed with paddle waves, the SSCs of
S1 increase by different degrees, and the SSC distribution
patterns of the three cases with different wind speeds are
similar. Taking case S1B as an example (i.e., paddle wave
height of 10 cm, Figure 4B), the SSC profile is similar to the
wave only condition under relatively small wind (2.5m/s), and
then the SSCs increase correspondingly with increasing wind
speed, especially in the middle layers. When the wind speed is
6m/s, the SSC increment is 41.42% compare to the wave-only
condition in the lowest measuring layer while it keeps increasing
upward and reaches 275% in the middle layer (z/h=0.37). As the
wind grows up to 10m/s, the SSC of each layer enhances
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significantly. In the lowest measuring layer, the increment is
50.63% followed by a remarkable increase of over ten times to
525% in the middle layer. One similar phenomenon with the
wave-only condition is that the SSC profiles, for all the cases,
become homogenizing gradually with the increased wind speed,
which is more evident above z/h=0.2. This reveals that under
different wind conditions, the SSCs in the middle layers
are promoted significantly compared to those in the lowest
measuring layers.

The variations of SSC for S2 are generally similar to those
of S1 when additional wind is imposed. With increased wind
speed, the SSC magnitude of S2 at each elevation increases
correspondingly with a more homogeneous profile shape than
S1. Besides, the c¢;, is smaller than the ¢;; under the same
conditions (wave and wind). This is consistent with the
phenomenon of wave-only conditions since the S2 is
composed of fewer fine grains than SI.
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3.2 Vertical distributions of
turbulence intensities

The horizontal and vertical turbulence intensities, G, and
O, at different elevations above the sediment bed were averaged
over wave periods and displayed in Figures 5, 6, respectively. We
also compared the results of SFE under similar wind and wave
conditions. Note that, different from the fixed bed level in the
SEE, the mean bed levels in this study are different for each case
due to variations in bedforms.

Under paddle wave-only conditions (blue lines in each subplot
of Figure 5), compared to the corresponding conditions of SFE
(Figures 5G-I), the o, profiles over the sediment bed of S1
(Figures 5A-C) are more homogeneous in vertical without
evident gradient as the results of SFE. The magnitudes of G,, over
the sediment bed of S1 in each case are smaller than those of SEE,
especially in the upper layers (z/h=0.2). The reduction of G, in
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TABLE 2 The vertical-averaged SSC and bulk Richardson number (Ri.) of the HCL for S1 and S2 under various experimental conditions,
respectively.

A0 0 4.47 0.53 2.50 1.45 0.37 0.91 0.21 0.18
4.44 0.44 2.44 1.65 0.51 1.08
Al 2.5 0.18 0.19
- - 6.64% 25.12%
5.36 0.82 3.10 1.84 0.58 1.21
A2 6 0.35 0.20
16.69% 35.46% 15.89% 34.85%
6.86 1.59 423 2.10 1.01 1.56
A3 10 0.54 0.18
34.82% 66.15% 25.91% 62.79%
BO 0 7.47 0.69 4.08 3.83 0.50 2.17 0.39 0.27
7.53 0.72 4.18 3.93 0.57 2.25
Bl 2.5 0.39 0.26
0.76% 15.89% 2.56% 12.48%
8.80 111 4.96 4.54 0.76 2.66
B2 6 0.49 0.27
15.12% 37.94% 15.61% 34.45%
8.55 1.77 5.17 4.61 1.20 291
B3 10 047 0.37
12.65% 61.20% 16.86% 58.06%
Co 0 15.27 1.35 831 7.16 0.85 4.00 0.58 0.32
15.94 1.46 8.70 8.16 0.94 4.55
Cl1 2.5 0.66 0.40
4.17% 7.53% 12.32% 9.8%
15.18 1.54 8.36 8.78 1.20 4.99
C2 6 0.54 0.45
- 12.38% 18.50% 29.56%
16.65 2.56 9.61 8.38 1.69 5.04
C3 10 0.65 0.29
14.43% 47.36% 14.58% 50.26%
¢y represents the vertical-averaged SSC inside the HCL while ¢, represents the vertical-averaged SSC outside the HCL and ¢,represents the average of ¢y and c,.. The percentages below
the corresponding cz; and ¢, represent the wind contribution rate (i.e. SSC increase rate relative to paddle wave-only conditions) on SSC increment inside and outside the HCL,
respectively.

upper layers is because part of the turbulence energy is consumed
by maintaining sediment suspension. Meanwhile, the G, is
reinforced near the bed to a certain degree due to the
development of the wave ripples. Compared to S1, the o, profiles
of S2 exhibit a similar pattern with a relatively small magnitude
(Table 1). This reveals that coarse sediment suspensions consume
more energy than fine ones.

When the wind is added, the G, of both SI and S2 increase
with the wind speed proportionally (Figure 5). For S1, when the
wind speed is 2.5m/s, the G,, profile of each case is similar to the
wave-only condition with slightly larger magnitudes. However, as
the wind becomes more substantial (i.e., 6m/s, 10m/s), the profiles
of 6, exhibit vertical gradient shapes, which is consistent with the
pattern of SFE. For example, the G, are reinforced significantly in
case S1C2 (ie, 6m/s wind) and are nearly twice as large on
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average as those in S1C1 (ie., 2.5m/s wind) in each elevation
(Table 1 and Figure 5). The increase rate of corresponding
vertical-averaged value exceeds 58%. The increment declines
with the elevation downward, indicating that the wind-induced
energy transfers downward into the water with attenuation. This
phenomenon is in line with that of SFE. Besides, it can be found
that the value of G,, is smaller than the corresponding result of SFE
under the same wave and wind conditions (Table 1). For S2,
compared to S1, there are mainly two differences. First, the G,
profiles are basically homogeneous along the water depth and
show no significant gradient shape in each case, even under
stronger winds (6m/s and 10m/s) except S2C2. Second, the G,
values are not as large as S1, as shown by v-G, in Table 1.
Furthermore, the G, enhancement of S2 is more promoted in
lowest measuring layers than in S1.
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standard deviations.

Regarding vertical turbulence intensities, the G,, of SI increases
with wave height under paddle wave-only conditions (Figures 6A-
C). As the wind is superimposed with the paddle wave, the G,
increases correspondingly with the wind speed by different degrees,
similar to the variation pattern of 6,. For example, the G,,, in S1C3
(i.e., 10 m/s wind) at each elevation is twice larger on average than
the results of relatively minor wind (S1CO and S1Cl1). The
corresponding increase rates of vertical averaged values are
138.7% and 131.3%, respectively. Compared to the G, of SFE, the
G, profile of S1 only display a gradient shape under stronger wind
(6m/s and 10m/s) and more considerable wave height (10cm and
14cm) in case S1B and S1C. In contrast, the profiles are
homogenous in vertical under wave-only and 2.5m/s wind
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conditions. It is worth noting that the o,, values of S1A are lower
than those of SFE but they overtake the SFE as the wave and wind
intensify (case SIB and S1C, Figures 6B, C and Table 1). This is
different from that of 6, which is always smaller than SFE.

In the cases of S2A and S2B, the G, profiles are relatively
homogeneous in vertical, whereas noticeable gradient shapes
only appear in S2C2 and S2C3 (Figures 6D-F). Overall, the o,
profiles of S2 are consistent with SI, but the magnitudes are
smaller. Meanwhile, the G, magnitude in S2A is smaller than
that of SFE while it is larger in S2B and S2C. This is consistent
with the phenomenon of S1 in general. Moreover, the
enhancement of G, in the lowest measuring layers due to bed
forms of S2 is more promoted than S1.
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4 Discussions

4.1 How sediment suspensions respond
to different wind conditions

In natural systems, the wind blows across the water surface
constantly, propagating energy into the water column and
affecting water motions and suspended sediments in various
ways. Water waves are the most notorious form of wind-induced
movement, and the wave-induced turbulence inside the wave
boundary layer is the primary driven source of sediment
suspension. Similarly, the vertical profile of SSC exhibits a
gradient shape that decreases from the wave boundary layer
toward the water surface (Figure 4). Figure 7 shows the
relationship between depth-averaged SSCs and bed shear stress
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under different experimental conditions. Under the same paddle
wave conditions, the near bed orbital velocity is similar with
different wind speeds (Table 1), and the resulting bed shear stress
is also similar. This implies that surface wind blowing can hardly
influence bed shear stress. For both sediment S1 and S2, the SSC
is increased with bed shear stress. The fine-grained sediment
(i.e., sediment S1) leads to larger SSCs than the coarser one (i.e.,
sediment S2) when the bed shear stress is the same.

Figure 7 indicates that under the same bed shear stress, there
is an increased trend of SSC with increased wind speed, implying
an enhanced effect of wind on SSCs. In combination with
Figures 4-6 and Table 2, the wind can enhance turbulence
intensities in addition to wave-supported sediment suspension,
leading to an increase of SSCs mainly in the upper water column
(i.e., outside wave boundary layers). This implies that under
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wind and wave conditions, orbital wave motion controls the
suspended sediment dynamics inside the wave boundary layers.
In contrast, wind can interfere with sediment mixing processes
in terms of wind-induced turbulence outside the wave boundary
layers. The results indicate that the stronger the winds, the more
homogeneous the SSC profile and the higher the SSC magnitude
that can be developed.

To explore to what extent the SSCs respond to the winds, we
first define relative wind strength, i.e., the ratio of wind speed to
the maximum near-bed velocity, and then investigate the
relationship between the increment (8) of vertical-averaged
SSCs and the relative wind strength in Figure 8. A linear
curve, fitted with data from different combinations of winds
and waves, depicts a positive correlation between the two terms.
This further confirms that the wind can enlarge the SSCs but the
enhancement depends on the relative strength between the local
winds and oftshore waves (e.g., swells during rough weather).

Furthermore, we separate the depth-averaged SSC into two
parts, inside and outside the HCL, respectively, and calculate the
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FIGURE 8

The SSC increments of various experimental cases verse the
relative wind strength.
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wind contribution rate on the increment of SSC (Table 2).
The SSC for both inside and outside the HCL increases
proportionally with the increase of wind speed but in different
magnitudes. The SSC increase rates inside the HCL are generally
below 20%, whereas they can be as large as 66.15% (S1A3)
outside the HCL. This indicates that the wind mainly promotes
the SSC outside the HCL while the wave-induced turbulence
maintains the SSC inside the HCL.

4.2 Mechanisms underlying the SSC
enhancement by winds

During rough weather, offshore wind-generated waves (e.g.,
swells) propagate into shallow waters, touch the seabed, and
entrain bed sediment into suspension. Wave-induced turbulence
is a significant force that maintains sediment suspension
balancing with the settling process. Thus, when the local wind
is superimposed with offshore waves, the increase of SSC (see
Figure 4) can be attributed to either the enhancement of
turbulence intensities or the reduction of settling velocity. On
the one hand, when the wind is introduced, wind-induced
turbulence can be transferred into the water column, coupling
with wave-induced turbulence, enhancing both horizontal and
vertical turbulence intensities (o, and o) (Figures 5, 6). Our
previous clean-water experiment (SFE, Table 1) also suggested
that the G,, is more sensitive to the wind than G,. On the other
hand, finer particles with smaller settling velocities can lead to
larger SSC and are more sensitive to wind than coarser ones
(Figure 4 and Table 2).

With surface blowing wind, the horizontal intensity (o)
would be increased, contributing to sediment suspension
variations by influencing the lateral dispersion process. The G,
of both S1 and S2 is smaller than that of SFE (sediment-free
experiment) and only shows a gradient under relatively stronger

frontiersin.org


https://doi.org/10.3389/fmars.2022.1036381
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chen et al.

winds (i.e., 6m/s and 10m/s). This indicates that a part of the
increased horizontal turbulence energy is consumed by
maintaining the lateral dispersion of suspended sediments.
Thus, under the same condition, coarser sediments S2 tend to
consume more energy than the finer sediments S1, as shown by
v-G, of S1 and S2 (Table 1).

Regarding the vertical intensity (o), the enhancement of G,
by winds directly alters the vertical diffusion processes of
suspended sediments. The larger G, the larger the SSC with a
more homogenous profile shape (Figure 6 and Table 1). In
contrast to G, the 6, of both S1 and S2 is larger than that of SFE,
indicating a controversial way wind affects sediment diffusion in
horizontal and vertical directions. This can be explained by
developing the high concentration layer (HCL) over sand-silt
mixtures, where the turbulent motion can be significantly
constrained (Trowbridge and Kineke, 1994; Kineke et al., 1996;
Yao et al,, 2015). To characterize the stratification effect inside
HCL, the bulk Richardson number (Ri,) is chosen (Wright et al.,
2001):

Ric = S, C,avegaHCL/(U5/3)2’ (7)

where s'=s—1 is the relative excess density; c'sy. is the
averaged HCL concentration in volume; g is the gravity
Opycr is the HCL thickness and Ug is the
maximum orbital velocity near bed. The Ri, of steady stratified

acceleration;

flow is approximately 0.25 but varies with grain sizes. In this
study, the thickness of HCL was defined as twice the thickness of
the wave boundary layer according to Yao et al. (2015). The
relative water depth of each measuring elevation is different in
each experiment case. In some cases, there were only one or two
SSC measurement points inside HCL. Therefore, the data
extrapolation method was applied toward reference height to

Local wind + swell
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ensure the vertically averaged SSC calculation. The Ri. of HCL
(see Table 2) exceeds 0.25 except for A0 and Al for SI and A0-
A3 for S2, confirming the existence of stable HCLs under the
present experimental conditions. Hence, wind-induced
turbulence can hardly penetrate HCL due to the stratification
effect but can exert more effects on turbulence intensities
outside HCL.

Figure 9 depicts a conceptual diagram showing how wind
influence SSCs by turbulence intensification outside the HCL.
Under wave-only conditions (i.e., offshore swells), a steady HCL
can be formed over sand-silt mixtures. When local winds overlay
with swells, both 6, and o, are intensified, which is only
effective outside HCL. Subsequently, increasing G, by wind-
induced turbulence can lift more suspended sediment to a higher
elevation, increasing vertical suspended sediment flux and
resulting in a more homogenous SSC profile. Meanwhile, the
enlargement of SSC in the upper water column further increases
the burden of lateral diffusion processes, reducing ©,,. Finally,
after a period of feedback adjustment, a new steady state can
be achieved.

4.3 Estimation of vertical mixing
coefficient during rough weather

The vertical mixing coefficient, €, is one of the most
important parameters that describe the vertical diffusion of
suspended sediment and the calculation of SSCs in numerical
models. In order to interpret the wind effect on vertical
distributions of SSC and the mixing process of suspended silty
particles, the e, have been deduced from the measured SSCs
according to Eq. (5). Meanwhile, the calculated e are then
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The concept diagram on mechanisms of wind effects on SSCs outside the HCL.
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compared with results based on the widely applied wave-related
mixing coefficients proposed by Van Rijn et al. (1993):

€5 wbed = Osz55s for z < 55

_ 0.0035hH
€S,W(Z) = €swmax = T forz > 0.5h

z-6,

G5 foro, <z < 0.5h

(8)
where 04,=0.0018D- , D= DSO[(S—I)]g/VZ]”3 , Us is the peak

near-bed peak orbital velocity; d; is the thickness of the sediment
mixing layer, and z is the vertical elevation above the

Eswbed T (es,w,mux - €s,w,hed)

sediment bed.

10.3389/fmars.2022.1036381

Figure 10 illustrates comparisons of vertical distributions of
€s from measured SSCs (by Eq.(5) and from Eq. (8). Note that
the calculation of the SSC gradient starts from the lowest
measurement point, so only five points of the mixing
coefficient are displayed. Under wave-only conditions, the € of
S1, for the three cases, display roughly the same pattern. Below z/
h=0.1, the €, remains relatively stable, with a slight increase
above z/h=0.1. As the wind was introduced, the €, varied
correspondingly with the wind speed. In S1B, for example, the
€s increase slightly when the wind speed is 2.5m/s; however,
when the wind speed increases to 10m/s, the e of z/h=0.1
enhances significantly. Concerning S2, the € display a similar
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The sediment mixing coefficient, es of each case, and the pink dotted dash lines are the theoretical modeled results of Van Rijn et al. (1993).
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pattern under both wave-only and wave with wind conditions.
One difference is that the € of S2 is larger than that of SI under
the same dynamic conditions.

The €, under wave only and small wind conditions (2.5m/s)
show better agreement with Van Rijn et al. (1993). However, in
relatively stronger wind conditions (6m/s and 10m/s), the model
may underestimate the e, especially for the elevations above z/
h=0.1. Considering van Rijn’s model is derived from the fine
sand (Dsp - 200um) under wave-only conditions, it can be
drawn that the model can be applied for wave-only and minor
wind conditions in shallow waters, while for rough weather,
the mixing coefficients need to be expanded to avoid the
underestimation of SSCs. Deriving a quantitative estimation
model of the €, under wind and wave conditions would be a
future research direction to improve the performance of
numerical modeling.

5 Conclusions

The present study investigated the influence of local wind on
sediment suspension over silt-dominated mixtures using a wind-
wave flume experiment. Different combinations of paddle waves
(representing swells) with wind speeds (representing local wind
waves) have been conducted to explore the wind-induced effect
on the SSCs and turbulence structures in addition to the wave.
The following conclusions can be summarized:

During rough weather, the swell wave is the primary driver
maintaining the high concentration layer near the bottom over silt-
dominated mixtures, while local wind can promote more
suspensions in the water, especially in the upper water column.
The stronger the wind, the higher the SSCs develop. Furthermore,
the fine sediment S1 is more sensitive to wind than coarse grains.

The vertical turbulence intensity G, which is enhanced in
the upper water column than in the lowest measuring layer, is
the main reason for the increased SSCs. The wind contribution
to SSC increment can be over 65% outside the HCL. By contrast,
the wind contribution rates inside the HCL all remain less than
20%, indicating the main driver of the HCL during rough
weather is the swell wave-induced turbulence. Meanwhile, the
existence of the HCL hampered the further downward transfer
of the surface wind-induced turbulence into the HCL.

Further analyses on the vertical mixing coefficient of
sediment suspensions also depict an enhancement of mixing
processes by local wind, especially in the upper layer. Hence, it is
necessary to consider the enhancement of SSCs when predicting
sediment suspension during rough weather in fine-grained
systems. Future studies may focus on formulating a modified
€, considering wind effects to increase the modeling accuracy of
suspended sediment transport in rough weather.
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