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Abstract. In this paper, the numerical simulation of sediment erosion and siltation near the Yellow River
estuary is carried out by using wave, tidal current and sediment coupling model. A fine triangular mesh is
used in the pattern to improve the spatial resolution of numerical calculations. Comparing the measured
water depth data with the simulation results, the result shows that the simulation results are in good
agreement with the actual situation. In order to analyze the influence of waves on sediment erosion and
siltation, the paper carried out wave influence experiments under four conditions: no wind, north wind,
easterly wind and south wind. The experimental results show that the wave has a great influence on the
erosion and siltation of the seabed in the study sea area. Under the northward wave condition, an erosion
zone is distributed in the SE-NW direction, and the maximum erosion thickness is about 1.9 m. Under the
eastward wave condition, the erosion zone is north-south. The maximum scouring thickness is about 1.7 m;
the scouring and silting effect under the southward wave condition is relatively weak.
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Introduction

The large amount of sediment brought by the Yellow River into the sea has changed the
trend of the shoreline of the Yellow River estuary, affected the spatial and temporal
distribution of the seabed erosion and siltation in the nearby sea, and affected the protection
of land and ecological resources, the exploitation of offshore oil and gas, and the
construction of other marine projects. The modern Yellow River delta is formed near the
estuary of the Yellow River with the characteristics of short formation time, efficient
sedimentation rate and loose structure which make sediments prone to be compacted and
consolidate under the geo-static stress and overburden stress. It is one of the areas most
susceptible land subsidence disasters in China, bringing a series of safety hazards to
production and living (Liu et al., 2018).

Li et al. (2004) calculated the coastal erosion/accumulation rates from 1964 to 1976
using Landsat TM imagery. With the combination of historical data, field observations and
satellite remotely sensed images, changes in Yellow River estuary since 1996 when were
studied by Fan et al. (2005), mainly including water and sediment discharge from the river,
tides, tidal currents, suspended sediment diffusion, coastline changes and seabed
development. Liu et al. (2011) analyzed the temporal changes of water discharge and
sediment load of the Yellow River into the sea based on hydrological data observed at Lijin
gauging station from 1950 to 2008. Huang et al. (2018) investigated the distribution of
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estuarine salinity and suspended sediment by a three dimensional with numerical
simulation under different flow rates. Wang et al. (2019) demonstrated that the shape and
length of the Yellow River Delta coastline has changed dramatically since 1976 using the
general high-tide line method, which combines remote sensing and geographic information
system technology, using multi-spectral scanner, thematic mapper, and enhanced thematic
mapper plus images from 1976 to 2014. Yang et al. (2017) investigated water and sediment
changes by using coastline and suspended sediment concentration methods, indicate the
inter-annual and intra-annual variations of the sediment concentration from 1986 to 2013.

Waves have a vitally important effect on erosion and siltation of shore beach. With the
rise of coastal engineering, foreign scholars began to study the sediment movement under
the action of waves, and obtained some achievements. Putting forward a variety of sediment
starting formulas are mostly limited to the coarser particles of non-cohesive sediment.
Because of the complexity of wave motion, the lack of understanding of the oscillating
boundary layer flow caused by surface waves and the turbulent mixing mechanism inside
the water body, coupled with the randomness of the sediment movement itself, brings a lot
of difficulties on theoretical research about sediment movement under wave action. Xu
(2003) established a multiple regression equation between the sediment flux to the sea and
the influencing factors to estimate the change in the sediment flux to the sea when the
influencing variables are further changed. Wang et al. (2005) use a two-dimension
numerical model to reveal the tidal and wave dynamics in 2012, and conducts comparative
analysis of the changes from 1996 to 2012. Kong et al. (2009) established a numerical
model with the application of environmental fluid dynamics code to the Yellow River Delta.
The simulation indicates that most of the sediment deposited just out of the Mouth which
makes the mouth move forward into the sea 2.5 km per year. Zhan (2017) developed the
novel cubic model, which used the ratio of a near-infrared band (740-900 nm) to a visible
band (400-600 nm) as factors, for the retrieval of SSSC from Yellow River Estuary. Wang
et al. (2019) used a three dimensional current-wave-sediment coupled model to examine
the seasonal suspended sediment transport. Yao et al. (2018) developed a new multi-
fractional, depth-averaged sediment transport module and embedded into a morph dynamic
model for a sand-silt mixed shallow water environment. Comparisons with measurements
over two successive tidal cycles indicate that the present model produces very good results
on short-time scales.

Due to the complex natural environment, it is a difficult problem to simulate calculation
of the sediment erosion and deposition in the sea area of the Yellow River estuary. It is of
great significance and practical value to improve the accuracy and precision of sediment
numerical simulation by using effective mode. The aim of this paper is to study the impact
of surface wave on the sediment erosion and deposition near the Yellow River Mouth by
numerical simulation method. The paper is devised into 5 sections. The section 2 is
numerical simulation. The section 3 studies the tidal current characteristics and the impact
of surface waves is analyzed in section 4. Finally, the conclusion is given in the section 5.

Materials and Method
Measurement data

Research area is near the Yellow River estuary, China, 37.5-38°N, 118.8-119.6°E. The
position of the stations is shown in Figure 1.

The measured data of tidal level is selected from May 9 to 13, 2004. The measured
data of tidal current is taken from May 5 to 6. And the measured data of sediment
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concentration is taken from May 1 to 2. Because the various elements are measured
separately and the measurement time is dispersed, only the current trend is carried out the
measurement of tidal current, tidal level and sediment concentration.

The data of tidal level is measured by RBR in tidal level station, and the data is
recorded every 10 min. Tidal currents are measured every 1 hour. The current direction
is measured in true north position. The current level of each vertical line is determined by
the water depth. The three-point is adopted when the vertical depth is less than 5.0 m that
is, the surface layer, the 0.6H layer and the bottom layer are observed. The six-point is
adopted when the vertical depth is greater than 5.0 m that is the surface layer, 0.2H layer,
0.4H layer, 0.6H layer, 0.8H layer and the bottom layer are observed.
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Figure 1. The Locations of observation stations

The specific levels are divided as follows:

o Surface layer: 0.5 ~ 1.0 m below the sea surface;

e 0.2H: 0.2xH below the sea surface;

e 0.4H: 0.4xH below the sea surface;

¢ 0.6H: 0.6xH below the sea surface;

e (.8H: 0.8xH below the sea surface;

The bottom layer: 0.5 ~ 1.0 meter above the sea floor. Where H is the depth of the
vertical water depth during observation, in meters.

Water depth is recorded and water sample are collected for suspended sediment
analysis layer by layer when measuring the current.

According to the stratified sediment concentration measured by indoor cup-dry
method and weighted by stratified current rate, the average vertical sediment
concentration was calculated according to the following formula:

Partace  Veurtace T 2(/70‘2 Voo T Poa Vout Pos Voot Pos 'Vo.s) + Poottom " Viottom

(Eq.1)
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Numerical Model

Numerical simulation is an effective method to study the sediment moment and the
model in this paper has been also applied and confirmed reliable by Wang et al. (2019).
The hydrodynamic model is based on the two-dimensional planar incompressible
Reynolds average Navier-Stokes shallow water equation, in which the Boussinesq
hypothesis and the hydrostatic pressure hypothesis are used, so that the tide surface can
be more accurately Curves and tidal fluxes are simulated. The following two-dimensional
depth-average shallow water equations can be obtained by integrating the horizontal
momentum equation and the continuous equation in the range:

oh ohu ohv
—_—

=hS
& o oy (Eq.2)
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Among them: the first item on the left is the local item, the second and third items are
the horizontal convection items, t is the time, x and y are the Cartesian plane coordinates,
d is the still water depth, n is the water level, h=n + d is the total water depth, and f is the
Coriolis parameters U andV are respectively the components of the depth average flow
velocity in the x and y directions, g is the acceleration of gravity, p is the water density.

The equations for sediment transport are following:

oc oc o 190 oc 10
—+U—+V—= hD, — |[+=—| hD -S Ea.
atta Ny hax( axj hay( ayj Qe (Ea-5)

whereC is the suspended sediment concentration, Dx and Dy are diffusion coefficient, Q.
is the point source emission per unit level area, C. is point source emission concentration,
S is the source of deposition or erosion.

The sedimentation rate could be expressed as

SD=w,-c,-p, (Eq.6)

where ws is the sedimentation velocity; ¢y is the bottom sediment concentration; pq is the
settlement probability.
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In the case of limited water depth, the fluctuation velocity of water quality points can
be expressed by the following formula:

7H cosh[k(z +h)]
Uu=—-—————""cos(kx—ot Eq.7
T sinhkh (kx=ot) (Ea.7)

7 sinh[k(z+h)] .
v=————"—=3sin(kx—ot )
T sinhkn X (Ea.8)

In the formula, k is wave number, o is angular frequency, t is time, h is water depth, L
Is wavelength, u and v represent horizontal and vertical velocity of fluctuating water
quality points.

The equation of unbalanced transport of suspended sediment under the combined
action of tidal current and wave can be expressed as follows:

0*S %S

o(hS) N olhSU, +U,)] N o[hS(V, +V,)] — .
ot OX
where S is sediment content, S« is sediment carrying capacity of current, &s is sediment
diffusion coefficient, o is recovery saturation coefficient, w is sediment settling velocity.
The reciprocating sediment transport process of waves is generally reflected in a tidal
current cycle (half a day or one day). Because the wave period is relatively small (usually
only a few seconds, the wave height greater than 10 seconds in the sea area near the
Yellow River Estuary is very rare), the tidal current cycle is relatively large. Therefore,
as long as the calculated time step is much longer than the wave period (e.g. more than
200 seconds for dt), the transport equation can be averaged in time. When a wave particle
rotates elliptically or circularly, its average velocity in the wave period is equal to zero,
and it is also zero when the time step is longer than the wave period, so only the current
tide velocity is considered. The results of the above equation are as follows:

o(hS) , ohSU,)  OMSVe) _ S | 0%, s—S)=0  (Eq.10)
p ™ 8y S o ayz * q.

Because the imbalanced transport of suspended sediment causes the erosion and
siltation of the seabed, the deformation equation can be expressed as follows:

h h hSV, ? ’
oS) , ohSY,) | OhSV,) _ , 'S O°S)  on (Eq.11)
ot ox oy ox oy ot

Among them, y is the dry density of sediment deposited on the seafloor, # is the change
of the thickness of the seafloor, h is the erosion and siltation.

It can be seen from the above that when calculating the sediment erosion and siltation
changes in estuaries and coasts on a large time scale, the short-period wave flow field is
not needed to be taken into account, and only the effect of tidal current is considered.
However, it cannot be concluded that the effect of wave on erosion and siltation can be
time-averaged, because the wave will affect the sediment carrying capacity of seawater.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(6):14911-14926.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ¢ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1706_1491114926
© 2019, ALOKI Kft., Budapest, Hungary



Wang et al.: The impact of surface wave on the sediment erosion and deposition near the Yellow River Mouth, China
- 14916 -

Results
Model validation

The Yellow River Delta locates in the Bohai Sea, which is a shallow semi-enclosed
sea that exchanges with the Yellow Sea through the Bohai Strait between Shan Dong and
Liao Dong Peninsulas. The topography datasets used in this paper are shown in Fig. 2.
The modeling range includes the whole of the Bohai Sea (Fig. 2a). The triangular mesh
is adopted with the resolution 5 km at the open boundary and 700 m at Yellow River
Delta nearshore. The model domain is 117.5°E-122.5°E, 37°N-41°N (Fig. 2b). On the
open boundary the amplitudes and phases of the four main tidal constituents (M2, Sz, K4,
O,) are used as the surface elevation forcing on the open boundaries. At the lateral land
boundary, a condition of no normal flux is applied to velocity.
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Figure 2. The topography of Bohai Sea (a) and the model grid (b)
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The measured data of tidal level, tidal current and sediment concentration are collected.
The distribution of station positions is shown in Table 1. The tidal level, tidal current and
sediment concentration in May 2004 were simulated and compared with the measured
data. The results are shown from Figure 3 to Figure 5. The comparison shows that it is
reasonable to use this model to simulate the hydrodynamic and sediment scouring in the
sea near the Yellow River Mouth.

Table 1. Locations of observation stations

No. Longitude Latitude Elements

T 118°56.733" 38°10.233° Tidal Level

1# 118°55.650" 38°11.600" Tidal Currents

2# 118°53.553" 38°8.547" Tidal Currents

3t 118°57.100" 38°8.933" Tidal Currents

A% 118°56.733" 38°10.233" Tidal Currents

5# 119°01.685" 38°04.909" Tidal Currents and Sediment
6# 118°59.200" 38°3.920" Tidal Currents and Sediment

08 . . . . . . . . . .

Tidal level (m)

10 20 30 40 a0 60 70 g0 a0 100
3-13 May 2004

Figure 3. Comparison of observation tidal level (red dot) and simulation result (blue line)

The accuracy of the model is estimated by the average absolute error. The average
absolute error is calculated as follows:

1 . i i
AMEAN =WZ\XM —X! (Eq.12)
i=1l

Where N is the number of observing stations, Xinog is the value of the mode result

i
interpolated to the i-th station, “*obs is the measured value of the i-th observatory.
The average absolute error of each element of each measurement point is shown in
Table 2.
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Figure 4a. Comparison of observation tidal current velocity (red dot) and simulation
result (blue line)
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Figure 4b. Comparison of observation tidal current direction (red dot) and simulation

result (blue line)
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Tidal current characteristics

Figure 6 shows the flow field diagram from May 5 to 6, 2004. Overall, the results
calculated by the model basically reflect the state of the measured flow rate. The tide of
studying the sea area is a regular semidiurnal tide. The tidal waves entering the Bohai Sea
are affected by the semi-closed bay form, forming complex rotating tidal waves. During
the flood tide, the direction of the tidal current moves from north to south, forming a large
clockwise vortex in the east and south sea areas of the old Yellow River estuary and then
flowing to the western and central sea areas of Laizhou Bay. During the ebbtide, the sea
in the southern part of the old Yellow River estuary (west of Laizhou Bay) was rotated
counterclockwise and transported northward. The study of the ebbtide of the sea area lasts
longer than the flood tide, and the average flow rate of the ebb tide is greater than the
average flow rate of the flood trend, showing an imbalance of fluctuations in the current
flow.
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Figure 5. Comparison of observation sediment concentration (red dot) and simulation result
(blue line)

Table 2. The mean absolute error of simulation and observation

T 0.11 - -

1# - 0.13 10.9

2% - 0.09 14.8

3# - 0.24 13.9

4# - 0.20 19.0 -
S# - 0.11 22.1 14.9
6# - 0.07 20.1 11.0

Figure 7 shows the maximum flow velocity distribution of the study sea area in a full
tide in May 2004. The contour of the northern Yellow River estuary is basically parallel
to the shoreline. The flow velocity is from 0.5 m/s increased to 1 m/s in the 2-15 m isobath.
In the southeast direction of the old Yellow River estuary, the maximum flow velocity
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increases rapidly from 0.5 m/s, forming a high value zone with a maximum flow velocity
of 1.4 m/s. According to historical data, there are two large flow velocity areas in the
Yellow River estuary, one of which is in the southeast of Laohekou. The maximum
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possible flow velocity is 1.8 m/s.
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Figure 6. Distribution of tidal current during 10:00 5th - 4:00 6th May 2004
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Figure 7. Maximum velocity distribution (m/s) of the study sea area

Sediment movement influenced by tidal current

Under the influence of no waves, sediment movement is mainly affected by the trend.

The numerical simulation of suspended load concentration and sedimentation and

siltation in the absence of wind is shown in Figure 8. The northern part of the sea is

affected by sediment from the Yellow River and is weakly silted. The concentration of
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suspended load is generally 0.6 kg/m3, and the southern part is scouring. In the strong
tidal zone in the southeast of the old Yellow River estuary, the scouring is the strongest.

Without considering the influence of waves, the stability of the particles is actually
mainly controlled by the water pressure of the film and the adhesion between the particles
and the performance of gravity is not dominant. From this point of view, in the absence
of waves, the finer the sediment particles, the more difficult it is to reach the conditions
of suspension. It can be seen that the effect of waves on the sediment, especially the fine
sediment, is more obvious. The waves in the Yellow River estuary are basically wind and
waves. Although the average wave energy intensity is not large, due to the fine sediment
of the Yellow River underwater delta, the levitation force of the waves on the seabed
sediment is relatively large.
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Figure 8. Distribution of suspended load concentration (a) and distribution of scouring and

silting under no-wave action (b, unit: m, positive value is scouring)
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Discussion

Zhang (2011) examined coastline changes in the Modern Yellow River delta in China
on the basis of remote sensing and GIS techniques, the Landsat data obtained in 1987,
1996, and 2008. Peng et al. (2010) found that the water discharge and sediment load into
the sea were decreasing from 1950 to 2007 with serious fluctuation at Lijin. Cui et al.
(2011) extract mean high tide lines of the Yellow River estuary from 1976 to 2005, and
explored relationships between the accretion—erosion of land and the runoff and sediment
load of the Yellow River. Li et al. (2010) diagnosed the effects of different hydrodynamic
factors on the transport of suspended sediment discharged from the Yellow River in the
Bohai Sea. Peng et al. (2013) analyzed temporal and spatial evolution of coastline and
subaqueous geomorphology in muddy coast of the Yellow River Delta based on measured
data of coastline and bathometry.

The coast near the Yellow River estuary is mucky, and the sediment movement is
generally dominated by the suspended load. The waves cause the sediment to enter a
suspended state, and even if the suspended load is superimposed with the velocity of the
smaller water, a large amount of sediment transport will occur. Studies have shown that,
without considering the influence of waves, the stability of particles is actually mainly
controlled by the water pressure of the film and the adhesion between particles, and the
performance of gravity is not dominant. From this point of view, in the absence of waves,
the finer the sediment particles, the more difficult it is to reach the conditions of
suspension. It can be seen that the effect of waves on the sediment, especially the fine
sediment, is more obvious. The waves in the Yellow River estuary are basically wind and
waves. Although the average wave energy intensity is not large, due to the fine sediment
of the Yellow River underwater delta, the levitation force of the waves on the seabed
sediment is relatively large.

Impact of north wave

The north wind in the research area is the strongest, the north wind is the least in
summer and the most in spring, autumn, and winter. The average wind speed is 12.3 m/s,
and it is stronger at sea. In the cold wave wind on March 3-5, 2007, the average wind
speed at sea reached 9-10, and the extreme wind speed is 21.5 m/s. Therefore, in this
compromise, the wind speed of the north wind is designed to be 18 m/s and the direction
is straight north.

In the process of northbound wind, 2.3 m waves can be formed in the sea near the
Yellow River estuary, and the suspended sediment concentration reaches 13 kg/m?, 20
times higher than that in the case of no waves. Under the influence of northbound waves,
the east sea area of Laohekou river presents scour on the whole. There are two high value
centers in the northeast and southeast, and the maximum net scour value is up to 1.8m.
Inshore waves are small, and the sand-lifting capacity of waves is weak, showing weak
deposition of about 0.2 m. The wave action in the new and old Yellow River estuary is
mainly reflected by erosion. Erosion in the old Yellow River estuary is caused by both
waves and currents.

The distribution of wave field under the action of northbound wind, the distribution of
suspended sediment concentration under northbound wave action, the distribution of
erosion and deposition under the influence of north waves and the change of scour and
silt caused by the north wind waves are shown in Figure 9.
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Figure 9. a Distribution of wave field under the action of northbound wind (significant wave
height, m), b Distribution of suspended sediment concentration under northbound wave action,
¢ The distribution of erosion and deposition under the influence of north waves (m, positive for

scour) d The change of scour and silt caused by the north wind waves (m, positive for scour)

Impact of east wave

Under the influence of monsoon climate, the sea area is mainly dominated by south
wind and north wind, and the direction is mostly east, forming southeast wind or northeast
wind. In a year, 17 out of 33 north wind processes occur in the form of northeast wind,
and the average wind is between north wind and south wind. At 21 o ‘clock on October 11,
2003, affected by the typhoon, the wind speed of easterly wind increased to 20 m/s and
then slowly decreased, and the extreme value is smaller than the maximum value of
northerly wind. Therefore, the wind speed of easterly wind is designed to be 15 m/s.

The east wind formed a wave of 2 m in the research area, and the suspended sediment
concentration at the depth of 10 m reached 10 kg/m?, which is 16 times the concentration
without waves. The distribution of net scour and silt under the influence of eastbound
waves is similar to that of northbound waves, but the scour zone located in the east of the
estuary has a smaller scope and intensity, and the net wave erosion depth is 1.7 m, while
the direction of scour zone also changes to north-south direction.

The distribution of wave field under the action of eastbound wind, the distribution of
suspended sediment concentration under eastbound wave action, the distribution of
erosion and deposition under the influence of east waves and the change of scour and silt
caused by the east wind waves are shown in Figure 10.

Impact of south wave

In the process of the south wind, sea and land breeze wind speed difference is small,
the mouth observed port south winds only 3 times a year, with an average of 11.6 m/s,
maximum value is 15.6 m/s, appeared in the July 29, 2006, considering the south wind
frequency is low, the aerodynamic probability is less, so take the average wind speed for
reference, the design wind speed 11.6 m/s, and set this direction due south.
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The south wind process can generate 1 m waves, and the suspended sediment
concentration at 10 m reaches 2.7 kg /m?, which is four times larger than the suspended
sediment concentration under no wind condition. Compared with northbound and
eastbound waves, southbound waves have weak erosion capacity, with maximum erosion
thickness of less than 1 m.

The distribution of wave field under the action of southbound wind, the distribution of
suspended sediment concentration under southbound wave action, the distribution of
erosion and deposition under the influence of south waves and the change of scour and
silt caused by the south wind waves are shown in Figure 11.
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Figure 10. Same like Fig. 9 but under east wave conditions
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Figure 11. Same like Fig. 9 but under south wave conditions
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Conclusion

Sediment movement is influenced by runoff, tide, wave, sediment particle size,
cumulative siltation area and the specific gravity and composition of the sediment. Wave
is an important dynamic factor in the process of erosion and deposition of sediment, which
plays an important role in the transport of river sediment into the sea, the re-suspension
of seabed sediment and the formation of delta coast.

The suspended sediment concentration in the wave action is much higher than the
concentration of the tidal current. The sediment concentration is 20, 16 and 4 times of
that without wind wave under north, east and south wind condition respectively. The
resuspension is strongest under north wind condition and weakest under south wind
condition. The erosion is very strong at the north side slope of Yellow River influenced
by north and east waves, and the erosion is relative weak at the south side.

The erosion of the shallow sea floor by waves is very obvious. Wind and waves cause
strong scour zone to the east of the estuary. Under the condition of northbound waves,
the scour zone is distributed in SE-NW direction, with the maximum scour thickness of
1.9 m. Under easterly wave condition, the scour range is more intense, and the scour zone
shows a north-south trend, with the maximum scour thickness up to 1.7 m. The scour and
silting action of southward wave is weak.
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