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The hydrodynamics and sediment characteristics of muddy estuaries and coasts
during typhoons are closely related to the geomorphic evolution, ecological
environment, and economic development of coastal zones. Taking the macro-
tidal turbid Hangzhou Bay (HZB) as an example, the sediment characteristics
and effects of wave-current interactions on sediment dynamics during
Typhoon Mitag were studied using a fully-calibrated numerical model. The
model considered tide-wave sediment interactions and the reconstructed
typhoon wind field. Net sediment fluxes were controlled by residual currents
and suspended sediment concentration (SSC). The combined interactions of
currents and waves led to a high SSC during the typhoon. Under calm weather
conditions, the impact of wave-current interactions (wave dissipation, form
drag, wave radiation stress, mean current advection and refraction) was small,
except for the combined bottom stresses. The combined bottom stress was the
primary wave-current interaction that changed sediment resuspension and
increased SSC, particularly in shallow waters or during storms. The advection
term, which played an essential role in reducing SSC in HZB, mainly affected SSC
by increasing the velocity. The wave dissipation term enhanced vertical mixing,
which involved the vertical exchange of suspended sediment and currents. In
the shallow waters of the southern bay, the wave dissipation term mostly led to
decreased bottom stresses, increased currents, decreased SSC, and increased
SSC in deep waters. The effects of form drag, wave radiation stress, and
refraction terms on the suspended sediment dynamics were relatively small.
These findings provide a theoretical foundation for the study of dynamic
geomorphology in macro-tidal estuaries.
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Highlights

1 A numerical model coupling tides, waves, storm surges,
reconstructed winds, and sediments was used and calibrated
to study the effects of wave-current interactions on sediment
dynamics in Hangzhou Bay during Typhoon Mitag.

2 Wave-current interactions during the typhoon changed the
hydro and sediment dynamics in Hangzhou Bay, mainly
through combined wave-current bottom stress, which
changed sediment resuspension and, therefore, affected SSC.

3 Compared to during calm weather, lateral circulation at the
Andong tidal flat was reversed during Typhoon Mitag, and
sediment flux subsequently changed, controlled by the friction
term and vertical profile of SSC.

1 Introduction

The dynamic characteristics of estuarine and coastal
sediments are closely related to geomorphological evolution,
the ecological environment, and marine and coastal economic
development. The dynamic processes of estuaries, particularly
currents and waves, are closely related to sediment resuspension
processes. The hydrodynamics of estuaries and coasts are
influenced by various factors, for example, tides, wind stress,
river flow, and horizontal density gradients associated with ocean
circulation (Soulsby, 1997). In the East China Sea, tides are the
dominant forces in the area, and tidal energy accounts for 80% or
more of the total energy in this ocean dynamics (Wang, 2014).
Waves occur intermittently, and typically, the period of wind
waves in estuaries and coasts is between 0.5-5s. The period of
surge waves may exceed 20 s (Shi et al., 2006). The nonlinear
coupling of waves and currents is important in shallow seas
because it drives sediments, shapes coastal geomorphology, and
even causes greater erosion and siltation (Wang, 2014). Fast-
varying strong turbulence near the bottom can also have
important effects on sediment processes, such as flocculation,
sedimentation, and the resuspension of sediments (Yuan et al.,
2009; Yang et al., 2016). Therefore, studying hydrodynamic and
sediment characteristics and mechanisms during typhoons is
critical in estuarine sediment dynamics (Jiang et al., 2014).

Bed shear stress is an important parameter for discussing
sediment resuspension (Zhu, 2017), and bed shear stress is
difficult to directly measure (Grant and Madsen, 1979).
Widely used theories for calculating flow-induced shear stress
7, include the logarithmic distribution of current velocity,
turbulent kinetic energy, and Reynolds stress, and there can
be a 19% difference between different methods (Kim et al., 2000).
Wave-induced shear stress 7, is usually calculated based on
linear wave theory (Green and Coco, 2007). Comparative
studies on bed shear stress under the combined action of
waves and currents have been conducted worldwide. Yang
(2016) measured sediment resuspension in a radial sand ridge
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and Yangzi shoal in Jiangsu Province, China. The results showed
that flow-induced shear stress was substantially larger than wave-
induced shear stress in this tidal-dominated environment. For
shallow water areas, such as tidal flats, wave motion is more likely
to penetrate down to the seabed, and the effect of waves on
sediment resuspension cannot be ignored, particularly during
storms (Green and Coco, 2014). Many studies have shown that
orbital motion, even under very small waves (<0.2 m), can lead to
the resuspension of intertidal sediments (Dyer et al., 2000; Uncles
and Stephens, 2010; Green, 2011). Christie et al. (1999) found
that in the intertidal zone of the Humber Estuary in the UK,
sediment resuspension was dominated by flow-induced shear
stress during calm weather, while wave was dominant during
storms, and the suspended sediment concentration (SSC)
increased substantially. Xu et al. (2021) conducted continuous
observations of sediment dynamics in the near-bottom layer of
the southern channel of the Yangtze Estuary during Typhoon
The results
significantly to increasing the shear stress in the bottom bed
during the typhoon, SSC in the near-bottom layer of the south
channel could reach 10 kg/m® and a fluid mud layer with a

Rann. showed that the waves contributed

thickness of more than 1.15 m occurred.

In most coastal areas, waves and currents play an extremely
important role in sediment dynamics. Wave-current interactions
are complex and are not only a linear sum of their individual
behaviors. Wave-current interactions mainly include wave-
induced currents (including coastal current and bottom return
flows), wave refraction (flow changes wavelength and phase
velocity), and wave-current interactions in the boundary layer,
leading to the nonlinear enhancement of sub-bed shear stress
(Soulsby et al., 1993). Green et al. (1997) provided evidence for
the effect of wave-current interactions on the intertidal zone
based on seabed hydraulic roughness z,, When waves are
negligible, z, remains constant during the tidal cycle and
when waves are present, z, changes immediately and increases
markedly. Bricker et al. (2005) discussed wave-current coupling
in terms of additional drag on the mean fluvial flow in the
presence of waves. Talke and Stacey (2003) found a significant
increase in the bottom bed shear stress and associated drag
coefficient in the intertidal zone of San Francisco Bay in the
presence of waves, which they attributed to wave-current
coupling. D’Alpaos et al. (2013) analyzed the statistical
characteristics of resuspension events caused by the total bed
shear stress 7., in Venice Slipper Lake with exponentially
distributed intervals. The effect of the non-linear interaction
between waves and currents is defined as 7,-(7.+7,,), which is
approximately 10% of the total bottom shear stresses.

The suspended sediment flux at any given location can be
defined as the integral of the product of SSC and horizontal
current velocity over the water depth (Green and Coco, 2014). In
general, tidal currents lift and transport sediment so that
sediment transport essentially follows the tidal direction.
However, the direction of long-period net suspended sediment
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transport may differ substantially from the direction of the
residual flow because the suspended sediment transport rate is
nonlinearly related to current velocity and the effect of wave
mixing is considered (Soulsby, 1997).

In the intertidal zones of estuaries and coasts, the mean
suspended sediment transport direction of the tidal cycle under
calm weather conditions is usually landward because of tidal
asymmetry, subsidence lag effect, and scour lag effect (Green and
Coco, 2014). Van Straaten and Kuenen (1957) and Postma
(1961) elaborated on the settling time lag and scouring time
lag and their resulting siltation of fine-grained sediments.
Dronkers (1986) further refined this theory. Settling time lag
is the lag between the time when advection decreases to the
velocity at which a sediment particle is no longer suspended, and
the time required for that particle to be finally deposited on the
seabed. If the tidal velocity decreases shoreward, the settling time
delay will lead to a net transport of sediment to the shore. The
scour lag effect is similarly defined and depends on the difference
between transport and erosion velocities. Dyer et al. (2000)
observed a net landward transport of fine-grained sediment
during calm weather in contrast to an ebb tide dominant tide,
which they attributed to a lag mechanism. Pritchard (2005)
confirmed that for fine-grained sediment, the settling time lag
generally leads to landward transport, while the scouring time lag
plays a weak but detectable role in enhancing landward net
transport.

Several studies have measured and assessed the importance
of waves in suspended sediment transport. Christie and Dyer
(1998) concluded that wave transport (oscillating flux) is two
orders of magnitude smaller than tidal transport (mean flux), and
that the direction of wave transport is random. Green and
MacDonald (2001) found that wave-induced suspended
sediment flux is smaller than tidal transport flux, and
decreases rapidly with increasing height above the bottom
bed. On average, the direction of wave-induced suspended
sediment flux is opposite to the direction of the tides. Wave
orbital velocity and wave-induced bottom turbulence can have
opposite effects on the direction of net transport. When
sedimentation is delayed by additional wave-induced mixing,
the settling time lag is prolonged and net landward suspended
sediment transport is reduced (Shi and Chen, 1996).

Field data have shown that net landward suspended
sediment transport under calm weather conditions can be
reversed by waves (Christie and Dyer, 1998; Dyer et al., 2000
Andersen and Pejrup, 2001). This is typically attributed to the
offsetting effect of waves on the settling time lag, where waves
can prevent suspended sediment settling. Waves may also
interact with baroclinic processes to affect net suspended
sediment transport. For example, Ralston and Stacey (2007)
conducted field observations of tidal flats in San Francisco
Bay, where baroclinic dynamics associated with salinity fronts
dominated sediment transport. During the storm, increased
freshwater input and resuspension of sediment under wave
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influence resulted in a net suspended sediment transport in
the offshore direction.

Hangzhou Bay (HZB) is located south of the Changjiang
River Estuary. It is a macro-tidal turbid bay with a water area of
approximately 4,800 km®> and an average water depth of
approximately 8-10 m. The northern side of HZB is a deep
water tidal channel, while most of the southern shore is muddy
tidal flat with an average water depth of less than 4 m (Hu et al,
2019). The bay is affected by its funnel-shaped coastline and sill-
shaped bar. It has a macro-tidal range and strong tides, with
annual averaged tidal range of 5.61 m (Jin and Sun, 1992; Xie
etal., 2008). In addition, the seawater is highly turbid, and SSC is
high (He et al., 2013; Hu et al., 2019). The bay is known for its
tidal bores and has one of the highest SSCs in the world, with an
average sand content of 1-3 kg/m’ below Ganpu and a SSC of
10.6 kg/m” at the top of the bay during spring tides (Pan et al.,
2013). HZB has strong tides and relatively weak runoffs, and the
turbulence at the bottom layer because of friction is sufficient to
agitate all the water (Ji and Lu, 2008), which is a typical strongly
mixed estuary. Many studies, for example, Pan et al. (2013) and
Zhang et al. (2017) have demonstrated that after the arrival of the
tidal bore, the flow changed dramatically, and SSC increased
significantly in the near-bottom layer. Wang and Eisma (1990)
studied sand transport in northern tidal flats and showed clear
seasonality in the hydro-sediment dynamics. The wave direction
is southeast in the wet season and is northeast-northwest in the
dry season. Sediment mainly comes from the Changjiang River,
with a small amount from the Qianjiang River, and the sediment
supply is largest in winter. Shi (2001) analyzed sediment data
observed in the deep-water channel of the bay and found a
stratified structure of near-bottom sediment, with low SSC near
the surface layer, high SSC in the lower middle layer, and a fluid
mud layer near the bed. Xie et al. (2013) established a two-
dimensional suspended sediment numerical model based on
Delft3D. They reproduced three high and two low turbidity
zones in HZB, and concluded that sediment transport is
controlled by tidal asymmetry patterns. Using field data in the
upper HZB, Tu and Fan (2017) confirmed that the flood tides is
abnormally accelerated in the first 10 minutes, tidal asymmetry is
significant, and near-bottom turbulence generation and
dissipation are in local equilibrium. Tu et al. (2019) further
analyzed the data and found that the sediment concentration
gradient changed flow structure.

Hangzhou Bay is a funnel shaped bay located on the coast of
the East China Sea and is significantly affected by typhoons.
According to statistical data, the East China Sea is affected by an
average of four typhoons per year (Lu et al., 2018). The effects of
storm events on estuarine hydrodynamic and sediment
characteristics vary depending on the storm and estuary types
(Williams, 2009; Leonardi et al., 2018). During Typhoon Chan-
hom, the storm surge in HZB was mainly influenced by wind
field and air pressure (Tang, 2018), sediment dynamics were
most influenced by wave-current coupling (Yu, 2020), and the
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near-bottom sediment resuspension process in the tidal area was
mainly influenced by turbulence and waves (Li et al., 2022a).
In this study, the macro-tidal of HZB was selected to investigate
suspended sediment dynamics under wave-current interactions
during calm and extreme weather conditions. A three-
dimensional wave-current-sediment coupling model was used
and calibrated to study the multi-temporal scale hydrodynamic
and physical sediment characteristics, focusing on determining the
relative contribution and role of each wave-current coupling
the The

methodology is described in Section 2. The results are described

mechanism  to suspended  sediment dynamics.

in Section 3, and the mechanisms are discussed in Section 4. Section

5 summarizes the conclusions of this study.

2 Methodology

2.1 Wave-current coupling hydrodynamic
model

The hydrodynamic model is based on the finite-volume coastal
ocean model (FVCOM) (Chen et al., 2006) and coupled with the
wave interaction process proposed by Mellor et al. (2008). The
model uses unstructured triangular grid coordinates in the
horizontal direction and sigma coordinates in the vertical
direction. The model uses the finite volume method, which
combines the advantages of a finite-element method for
geometric flexibility and a finite-difference method for simple
discrete computation. Dry and wet grid treatment method was
used to determine the dry and wet states of the tidal flats. The vertical
direction of the model uses sigma coordinates, as follows:

_7-¢

D o

where z is the Cartesian vertical coordinate (positive upward), & is
the free water surface, D is the total water depth, and ¢ is -1 and
0 at the seabed and surface, respectively.

In sigma coordinates, the continuity and momentum
equations in the horizontal direction are

o0& 6uD ovD oOw

+—=— +—=0 2
ot ox By ¢ @
ouD 0u’D BuvD auw
T Ty o IP
% gD[d , oD 1 0(Tix + 7pe)
= gDax o [ax< Lpdc +(pax +DFM+D % +R,
(3)
ovD ouvD OV D va
o T Tax T oy e WP
o1y + 7
= D%—@[a< dec’>+(pa—D]+DFV+l7( 2 Py)+Ry
9y py loy\ J¢ oy D o
(4)
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where x and y are the eastward and northward components of the
coordinates, respectively, u and v are the velocity components in
the x and y directions, respectively, w is the vertical velocity, p is
the density of the water column, f is the Coriolis parameter, g is
the gravitational acceleration, and F, and F, are horizontal
momentum diffusion terms. 7, and 7, are the components of
the viscous part of the wind-stress turbulence. The model
the
(Smagorinsky,

employs Smagorinsky turbulence closure scheme
1963) the  Mellor-Yamada

2.5 turbulence closure scheme (Mellor and Yamada, 1982).

and level

The form drag (7, 7,,) and wave radiation stress (R, R,)
because of wave action are calculated as follows:

cosh[2kD (1 +¢)] r” . Oacosd
= P do
o 2msinh(2kD) ), ~ ™ sing 0x )
cosh[2kD (1 +¢)] J’Z” . Oacos¢
=— P d
ey 2msinh (2kD)  Jo ~ sin¢ oy o
R ——D 0S.x . 0S,y N 0D 08, . oD 0Sy,
T ox 0y *| ox ds  dy O¢ ©
R,=-D aS},,C 8Syy oD 0S,. 0D dS,,
ax oy ox 0¢ 0y 0O¢
_p kcosh[2kD(1+¢)]+1} ,  k{cosh[2kD(1 +¢)] + 1}
S = Er sinh 2kD cos 0= Er sinh 2kD *Ep
. kfcosh[2kD(1+q)] +1} . , k{cosh[2kD(1 +¢)] + 1}
Sy =Er sinh 2kD - sinh 2kD *Ep
Sy = Syx = By k{cosh[2kD (1 +¢)] + 1} sin 6cos 0

sinh 2kD
%

where a is the amplitude, ¢ is the phase, P, is the surface wind
pressure, Ey is the total wave energy, Ep is the modified
delta function,
P’ EnDdc~

The wave energy density Eg = fgo Espdo (where 0 is the

Ep = 0 when ¢ is not equal to 0, and

wave direction and o'is the wave frequency) is obtained by solving
the wave energy equation as follows:

aEg 0 0 0 o 0U,
a ax [(Cga + MAa)Eg] + — 20 (CQE@) + J_l SaﬁaixﬁDdC
= Sein — Sesdis — Sopdis (8)

where x, is the horizontal coordinate, x; = x, x, = y and & and f3
contain the implicit summation. The first two terms on the left-
hand side of Eq. 8 determine the wave energy propagation in time
and horizontal space, respectively, the third term is the refraction
term, which reflects the change of wave energy propagation
direction, the fourth term indicates the energy exchange with
the mean velocity energy equation, and S, is the wave radiation
stress term. The right side of Eq. 8 represents the wave energy
term and wave dissipation term of the surface and bottom layers,
respectively. The upper horizontal line represents the spectral
average. For example, the spectral average wave group velocity
expression is:
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_ Jgocg,,Ea,gda

Cou = 220 9
g -[0 Ea,gdo’ ( )

where cg, is the component of the wave group velocity ¢, in the «
direction and uy, is the component of the Doppler velocity u,4 in
the & direction.

0
o = kDJ’ Ua{cosh [2kD(1 +¢)] .
-1

sinh (2kD)

sinh[2kD (1 + c)]}
sinh? (kD)

(10

where k is the wave number, U, is the component of the current
velocity in the « direction plus the component of the Stokes drift
velocity in the « direction, and cy is the wave energy refraction
velocity defined as follows:

cp= + sinGa—D - cosGa—D
2ccosh” (kD) ox oy

+& ineauA“— GauA“
K\ ox Ty

where ¢ is the phase velocity of wave propagation.

(11)

Based on the spinlessness of the wave number, the wave
frequency oy at the angle 8 can be solved using the following

equation:
900 1 (& + 1) 220 = 000 (el Ottas) | 006 (0D
o T\ )5 T Tk \ Kk ox ) oD\ ot
oD
+11Aa—)+§R (12)
0x,
where %=Eg, g%= (n—12)%, n=0.5+sm]}f‘%. R is the

additional source term and the wind-driven region (f ;> 0) is:

R = ap(ap - ag)f?:, (13)

where o, is the peak frequency and fy, = Soin is the

o5t
j Somd®
-0.5m

Wave-current coupling mainly includes combined wave-

diffusion function.

current bottom stress, wave dissipation, vertical transfer of
wave-generated pressure to the mean momentum equation
(also known as form drag), radiation stress, Stokes drift
velocity, mean current advection of wave energy, and
refraction (Mellor et al., 2008; Mellor, 2015). Wave-current
coupling has received extensive domestic and international
research, but almost all the studies have focused on only one
or several wave-current coupling terms rather than their
combined effects (Gao et al., 2018). Most studies use one-
way coupling between the current and wave modules because
two-way coupling has low computational efficiency. Taking
POM as an example, coupling the SWAN model requires
86 times more computational time (Mellor et al., 2008).
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Mellor et al. (2008)
computationally efficient wave model (Mellor-Donelan-

Therefore, developed a more
Oey wave model) (shoni2. princeton.edu/ftp/glm/). The
model parameterizes the spectrum shape and treats wave
energy as a function of wave propagation direction,
horizontal coordinates, and time. In addition, wave
frequency depends on the direction and is not an
independent variable. Compared with the third-generation
wave model, this model is relatively simple, with higher
computational efficiency and better accuracy (Sheng and

Liu, 2011).

2.2 Estuarine sediment model

The sediment model considers water-sediment density
coupling, flocculation-sedimentation process, and fluid mud
bottom boundary layer properties (Wang, 2002; Li et al., 2017;
Lietal, 2018; Ye et al., 2019). Suspended sediment is calculated
using the following concentration dispersion equation (Warner
et al., 2008):

oC o0uC) o(vC) o[(w-w,)C]
o ox oy T oz
a( oc\ a8/ aC\ 8. oC
- a(“@) "oy <AH@> "o (K@ o

where Cand w are the SSC and sink velocity, respectively and Ay
and K, are the horizontal and vertical vortex viscosity
coefficients, respectively.

The model surface and bottom suspended sediment flux
boundary conditions are defined separately as follows:

oC
ha_: 0) z :f
“ (15)
oC
K" =E-D, z=-H
0z

where E is the sediment resuspension flux, D = Cyw, is the
bottommost sediment deposition flux, C; is the bottommost SSC,
wy, is the bottommost suspended sediment sink rate, and H is the
height of the seafloor to mean sea level.

The sediment resuspension flux, E, was calculated according
to Van Prooijen and Winterwerp (2010):

0 Tp < 0.527,,
T ? T ? T
Eo(1-Py) [ - 0.144(—") + o.9o4(—h> —0.823-2+0204| 0.527. <7 < 1.707,,
Tee Tee Tee

Eo<1—Pb><:—‘7—1>

75 > 1.707,,

(16)

where E, is the sediment erosion rate, P, is the porosity, 7, is
the bottom bed shear stress, the maximum instantaneous
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value under wave-flow coupling is the vector sum of the time-
averaged flow shear stress 7., and the maximum wave shear
stress T,,.,; T is the critical starting stress of the sediment.
When E is greater than D, the bottom bed erodes and the total
thickness decreases. When E is less than D, the bottom bed is
deposited, and the total thickness increases.

The model allows SSC to affect water density, and therefore,
water circulation, based on the high turbidity of HZB.
Winterwerp (2001) calculated seawater density p when
considering the contribution of suspended sediment through a
volumetric relationship.

Pw
p=pw+<l——)C
Ps

where p,, is the density of seawater when water-sand density

17)

coupling is not considered and p; is the sediment density.

Shi (2001) analyzed the sediment data of HZB and found
that the near-bottom sediment had a stratified structure of a
high-
concentration suspended sediment layer, and fluid mud

low-concentration  suspended sediment layer,
layer, in order from top to bottom. The rheological and
of the fluid mud

significantly influence the bottom boundary layer. The flux

consolidation characteristics layer
Richardson number Ry in the turbulence closure equation is
introduced into the bottom friction coefficient C,; calculation
equation to generalize the effect of the fluid mud layer on the

bottom boundary layer (Wang, 2002; Wang et al., 2005):
K
Cy= T 5 (18)
(1+ARg) [In(L+1)-1]

where A = 5.5 is the empirical coefficient, x is the Karmen
constant, h is the water depth, and z, is the bottom roughness
height; Ry is given by
8% Ki

p 0z Km[(au/az)2 + (av/az)z]

Ry = (19)

where K, is the vertical eddy viscosity coefficient.

The sediments in HZB waters are dominated by fine-grained
and clayey silt (Pang et al., 2015; Chen et al., 2018), which are
highly susceptible to flocculation in a high turbidity water
2007). of
sediment particles, such as particle size, density, and sink rate,

environment (Tang, The physical properties
change with flocculation. The model is based on the sediment

flocculation method proposed by Cao and Wang (1994):

1+c,C™

Wo——— X kg 20
01+c1u”’l (20)

w, =
where wy, is the settling velocity of a single sediment particle
calculated using Stokes’ sink velocity formula, u is the current
velocity, and ki, c;, ¢;, m; and m, are empirical parameters.
Wind field data are particularly important during
typhoons. To obtain more accurate wind fields, the
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rotational and moving wind fields of Typhoon Mitag were
superimposed with the National Centers for Environmental
Prediction (NCEP) wind field to reconstruct wind data. The
Holland-Miyazaki model performed well and was used to
reconstruct the wind field data in this study (Miyazaki et al,,
1962; Holland, 1980; Ren, 2022).

2.3 Model configurations

The model domain encompassed a large area to ensure model
stability during typhoons (Figure 1). The grid had 107,898 cells and
57,354 nodes. The resolution at the ocean open boundary was
approximately 30 km and was refined to 150-800 m to fit the
complex coastlines and bathymetry inside the bay. The grid
resolution was higher than 100 m in the southern tidal flat of
HZB. Eleven vertical layers are employed in the vertical direction
(¢=0.0,-0.02, -0.08, —0.18, -0.32, —0.5, —0.68, —0.82, —0.92, —0.98,
and —1.0). The model was calculated with a time step of 0.5 s for the
outer mode and 5s for the inner mode. Dry and wet module
calculations were initiated with a critical minimum water depth of
0.05 m. The shoreline data of the model were obtained from the data
provided by the National Oceanic and Atmospheric Administration
(NOAA) (https://ngdc.noaa.gov). The shoreline data for Hangzhou
Bay were corrected using 2019 annual Landsat satellite maps (http://
www.gscloud.cn). The bathymetry data used were ETOP1 and were
provided by NOAA. Topographic data with a resolution of 1’ x 1’
were supplemented by high-resolution measured data and nautical
chart data for key study areas.

The model’s time period was from 20 February to 31 March
2013 (calm weather condition), and from 20 September to
15 October 2019 (Typhoon Mitag). The first 6 days were used
for spin-up, and the subsequent results were used for the analysis.
The model was cold-started, with initial tide level, current velocity,
and SSC set to 0, and temperature and salinity set to 18°C and
27 psu, respectively (Chen et al., 2017). The model was driven by
tides, runoff, and wind. The time series of tidal levels generated by
the TPXO7.2 global tidal model was used at the ocean open
boundary. The hourly tidal levels consisted of four diurnal tides
(K}, Oy, Py, and Q,), four semi-diurnal tides (M,, S,, N,, and K,),
three shallow-water tides (M4, MS,, and MN,), and two long-period
tides (My and M,,,). HZB is influenced by the Changjiang and
Qianjiang rivers (Shou et al, 2009), and therefore, the model
includes the effects of these two rivers. River discharge and
sediment load data were obtained from the 2019 China River
Sediment Bulletin (http://www.mwr. gov. cn/sj). The wind data
under calm weather were at 10 m above sea level obtained from
NCEP  (https://rda.ucar.edu/datasets/ds084.1) with a temporal
resolution of 6h and a spatial resolution of approximately 0.2°.
The Holland-Miyazaki method was used to re-construct the wind
field data in this study (Li et al., 2022b). After sensitivity analysis (Ye,
2019), the main parameters of the model are shown in Table 1.
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(A) Map of Hangzhou Bay. The color indicates water depth. (B) Field stations. LCG is Luchaogang, ZP is Zhapu, GP is Ganpu, MA is Maao, CT is
Changtu, FX is Fengxian, YS is Yangshan, ZH is Zhenhai, and DH is Dinghai. Circles indicate tidal stations and diamonds indicate current and SSC
stations. (C) Grids of Hangzhou Bay. (D) Grids of study area. Pink lines represent the oceanic boundaries.

TABLE 1 Main parameters of the model.

Model parameters Parameter value

Number of nodes, meshes, sigma layers 57354, 107898, 11

Median sediment particle size 0.008 mm

Sediment porosity 0.5

Initial sub-bed layers and thickness Four layers, 1 m per
layer

Parameters of the sink velocity equation (Eq. 19): ky, ¢;,  1.30, 0.06, 4.60,

¢, My, and m, 0.75, 0.90

Submarine roughness height 0.005-0.5 mm

Critical starting stress 0.1 N/m?

Sediment erosion rate 0.00005-0.0006 kg/m/s*

2.4 Numerical tests

The wave-current interaction mainly includes combined
wave-current bottom stress, wave dissipation, form drag,
radiation stress, Stokes drift velocity, mean current advection
of wave energy, and refraction (Mellor et al., 2008; Mellor, 2015;
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Gao et al, 2018). To quantify the effects of the wave-current
coupling mechanism on the characteristics of suspended
sediment during calm weather and Typhoon Mitag, seven
numerical conditions were designed to evaluate the
contribution of different wave-current coupling terms (Table 2).

Test 1 was the reference model, which included all wave-
current coupling effects. In Test 2, the combined wave-current
bottom stress was replaced by the current-induced bottom stress,
and the effect of wave-current bottom stress was removed. In
Tests 3-7, the effects of wave dissipation, form drag, radiation
stress, mean current advection of wave energy, and refraction
terms were removed from the model. Separating the Stokes drift
velocity from the current velocity at the equation level is difficult
and unnecessary (Mellor, 2005). Therefore, the contribution of
Stokes drift velocity is not discussed in this study.

Station P2 is located at the edge of the shallow shore of HZB,
close to observation point S1, and is subject to significant wave-
current interactions. Station P2 is used to illustrate the effects of
wave-current coupling on suspended sediment dynamics during
calm weather and during Typhoon Mitag. This paper will focus
on the analysis of calm weather (three tidal cycles) and Typhoon
Mitag (three tidal cycles) in Section 4. Under calm weather
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TABLE 2 Numerical experiments.

Tests

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7

conditions, the waves inside HZB were generally weak. However,
during the typhoon, typhoon waves could propagate from the
East China Sea into Hangzhou Bay, accompanied by a significant
increase in both the significant wave height and wave orbital
velocity within HZB.

2.5 Model validation

2.5.1 Calm weather

To ensure the accuracy and reliability of the established three-
dimensional wave-current-sediment coupled model in HZB, the
results were validated from multiple spatial and temporal
perspectives using actual measurement data. The correlation
coefficient (CC) and model evaluation coefficient (SS) were
introduced to quantify the validation results (Murphy, 1992):

N _ =
N
Y (m; —o,)
$§=1-"——r (22)
(0 -0)

where m; and o; are the calculated and measured values of the
model, respectively, 7 and o are the averages of the calculated
and measured values of the model, respectively, S,, and S, are the
standard deviations of the calculated and measured values of the
model, respectively, and CC is a parameter to study the degree of
linear correlation between the variables. The closer it is to 1, the
greater the correlation between the calculated and measured
values, and the more accurate the model. When SS is greater
than 0.50-0.65, the model is highly reliable. When it is less than
0.50-0.65, the model is less reliable (Allen et al., 2007).

The hydrodynamics model was validated from multiple spatial
and temporal perspectives under calm weather conditions based on
measured data from 2010, 2013, and 2014 (Figure 2A). The CC values
for the four tidal elevation stations were 0.98, 0.98, 0.97, and 0.98,
respectively. The SS values were 0.94, 0.94, 094, and 098,
respectively. The current velocity and direction were verified using
field data at stations N1-N4 during the neap and spring tides
(Figure 2B). The average CC values at the four stations were 0.93,
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Control conditions including all wave interactions

The combined wave-current bottom stress in Test 1 is changed to only current-induced bottom stress
Removal of wave dissipation in Test 1

Removal of form drag in Test 1 (Eq. 5)

Removal of radiation stress in Test 1 (Eq. 6)

Removal of mean current advection of wave energy in Test 1 (second term on the left side of Eq. 8)

Removal of mean current refraction of wave energy in Test 1 (third term on the left side of Eq. 8)

0.94, 0.90, and 0.94, and the average SS values were 0.92, 0.91, 0.84,
and 0.93, respectively. The average CC values for the current direction
were 0.92, 0.91, 0.93, and 0.94, and the average SS values for the
current direction were 0.90, 0.88, 0.93, and 0.92, respectively.

The harmonic constants of the M,, S,, K;, O;, My, and MS,
tidal components (Pawlowicz et al., 2002) from September 2010
(An, 2016) were also validated (Ren, 2022). The absolute values
of the amplitude differences of the M,, S,, K;, Oy, My, and MS,
were 0.02, 0.03, 0.03, 0.03, 0.02, and 0.01 m, respectively. The
absolute values of the phase differences were 9.2°,9.9°,10.8°, 14.5°,
10.3°, and 11.8°, respectively.

The sediment model was validated based on measured
vertical SSC data from the N1 and N2 stations in Zhapu
(Figure 2C). The average CC values were 0.55 and 0.49,
respectively, and the average SS values were 0.47 and 0.45,
respectively.

2.5.2 Typhoon Mitag

The model was validated during Typhoon Mitag using water
levels, current velocity, and significant wave heights (Figure 3).
The simulated significant wave height was lower than the
measured value, with a CC value of 0.93 and an SS value of
0.86. The CC values of current velocity and direction were
0.79 and 0.66, and SS values were 0.63 and 0.39, respectively.
The simulated results of SSC were similar to the measured values,
with a CC value of 0.70 and an SS value of 0.47. The validation of
the significant wave heights had a CCvalue of 0.95 and an SS value
0f 0.91 (Figure 3F). The model was also validated using sea surface
level, current, and significant wave height data during Typhoon
Chan-hom at the bay mouth (Yangshan Harbour) (He et al., 2020;
Yu, 2020).

3 Results

3.1 Asymmetric sediment dynamics during
calm weather

The distribution of SSC in the HZB changes periodically with

the tidal cycle (Figure 4A). During the spring tides, the shallow
water of the southern shore is well mixed, and the SSC in the
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Model validation of (A) sea surface level (a,b) 2013, (c,b) 2014; (B) currents during spring tides and neap tides, N1 N2 were measured in 2013 and
spring tides and (b) neap tides in 2013.

N3 N4 were measured in

surface and bottom layers are both at a high level. The SSC near
the bottom layer exceeds 6 kg/m® during the flood tides. The
surface SSC on the northern side of HZB is relatively low. SSC
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gradually decreases with decreased current velocity during high
water and low water. The significant reduction in hydrodynamic
forces during neap tides causes a decrease in sediment
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Model validation of sea surface level, currents, significant wave height, and SSC. (A—E) Station S1in the Andong Shoal (F) near Zhoushan Islands.
The green background represents the probes were underwater, and the yellow background represents that the speeds of local wind were larger than

10 m/s.

resuspension, and both the surface and bottom SSC are smaller
than those during spring tides.

The tidal averaged sediment fluxes near the surface and
bottom layers of HZB in 1 month are shown in Figure 4B.
The net sediment flux at the head and mouth of the bay are
large (approximately 0.5 kg/m/s’) because of the large residual
flow and high SSC (Figure 4A). The surface sediment flux is
mostly smaller than that near the bottom level. Suspended
sediment moves into the bay along the northern coast and
out of the bay along the southern coast.

The net sediment transport near the Andong (AD) tidal flat
(C1 section) is northward near the surface and southward near
the bottom. Near the AD tidal flat (Figure 5), during the spring
tides, the maximum value of the along-estuarine suspended
sediment flux during the flood tide is close to 4 kg/m?s.
Laterally, the peak sediment flux (0.8 kg/m?/s) occurs near the
bottom layer of the northern bank (Figure 5). This is because the
SSC in the near-bottom layer is higher (Figure 4A). The
maximum value of the along-estuarine sediment flux during
the ebb tide is similar to that during the flood tide, except that the
value is smaller (more than 2 kg/m?*/s). The maximum value of
lateral suspended sediment flux is located in the bottom layer
near the southern bank, which is approximately 0.7 kg/m/s>.
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During neap tides, as the current velocity and SSC decrease, the
characteristics of the along-estuarine and lateral suspended
sediment fluxes are similar to those during spring tides, but
the magnitudes are smaller.

Figures 5E,] show the along-estuarine and lateral sediment
fluxes averaged over 1 month. The along-estuarine sediment
fluxes indicate an alternative pattern of seaward and landward
directions. Near the tidal flats and in the middle part of the tidal
channel, net sediment fluxes are mainly seaward. Near the
northern bank and approximately 20-25km from the
northern bank, sediment fluxes are mainly landward. Lateral
net sediment fluxes are northward near the surface layer and
southward near the bottom.

3.2 Asymmetric sediment dynamics during
Typhoon Mitag

Figures 6A,B show the distributions of the surface and
bottom SSC during Typhoon Mitag. During the typhoon, the
wave height and wave orbital velocity in HZB gradually increase
from the bay mouth to the bay head. The increased bottom stress
leads to increased SSC. The tidal effect is stronger at the time of
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(A) Surface (a—d) and bottom (e—h) SSC during spring tides. (B) Cumulative (a) surface and (b) bottom net suspended sediment fluxes in 1 month
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peak floods and peak ebbs, and the combined effect of currents
and waves causes a higher SSC. In shallow water areas near the
southern shore of the bay, the combined effect of the current-
wave induces strong mixing, and the surface and bottom SSC
values are large, with the maximum bottom SSC exceeding 6 kg/
m®. The high-turbidity area gradually expands to the northern
bank and the head of the bay, and the maximum bottom SSC at
the top of the bay during the storm exceeds 8 kg/m”®. The bottom
SSC is less affected by the storm near the northern bank because
of the presence of deep water, and the increase is less than 0.8 kg/
m? (Figures 6B,D).

Typhoon Mitag strengthens the asymmetry of the flow field
characteristics, and the surface currents are mainly controlled by
winds (Figures 6E-H). The surface currents are enhanced by the
typhoon (by ~0.2 m/s) during the flood tide (GMT 10-3-3:00)
and are weakened during the typhoon departure period (GMT
10-1-15:00-18:00), depending on the directions of the tidal
currents and winds. The surface currents increase because of
the southward rotating wind field in the bay, moving mainly
towards the south coast at the peak wind moment (GMT 10-1-12:
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00). The increased bottom currents are similar to, but smaller
than, the increased surface currents.

The average along-estuarine and lateral suspended sediment
fluxes during flood and ebb tides during the storm were studied
in Section C1 (Figure 7). During flood tides, the average SSC in
the near-bottom layer is approximately 4 kg/m® at 10-30 km
from the northern bank, and the relative increase is more than
0.4 kg/m’. The average suspended sediment flux in the landward
direction is more than 4 kg/(m’s), and the relative increase
compared to the tidal drive is more than 1kg/(m?s). The
northward and southward net suspended sediment fluxes near
the surface level along the northern bank are enhanced by the
typhoon, with an increase of more than 40%. During ebb tides,
SSC and sediment fluxes are significantly weaker than during
flood tides, and the average SSC near the bottom layer is
approximately 3 kg/m’. The suspended sediment moves out of
the bay through two channels near the southern and northern
bank (LS and LN in Figure 1), and the flux increases by more than
0.5 kg/(m?s). Laterally, the southward net suspended sediment
flux in the near-surface layer increases by approximately 0.4 kg/
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The distribution of sediment flux in the C1 section during the spring-flood tide (A) along-estuarine and (F) lateral. (B,G), (C,H), (D,l) are the same
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sediment fluxes in 1 month, respectively. Positive values indicate landward or southern direction.

(m’s), and the northward net suspended sediment flux in the
near-bottom layer near the northern bank increases by
approximately 0.2 kg/(m’s).

Lateral sediment flux (Figures 7D,F) is reversed during
Typhoon Mitag, with southward surface sediment flux and
northward bottom sediment flux compared with that during
calm weather (Figures 5F,G).

3.3 Mechanism of lateral circulation and
sediment fluxes

3.3.1 Calm weather

During calm weather conditions (Ren, 2022), the lateral
circulation at section Cl is towards the northern/southern bank at
the surface/bottom layer (Figure 8A). Based on the analysis of the
lateral circulation mechanism (Figure 9) (Kalkwijk and Booij, 1986;
Xiao et al,, 2019; Ren, 2022), convection, centrifugal force, and friction
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dominate lateral circulation. Convection and centrifugal force are of
equal strength and in opposite directions in the surface and bottom
layers. The friction effect is stronger in the bottom layer. Combined
with the characteristics of high SSC in the bottom layer and low SSC
in the surface layer (Figure 4), the net flux of sediment shows
southward characteristics in the bottom layer and northward
characteristics in the surface layer. The net sediment fluxes are
towards the southern shoal.

3.3.2 Typhoon Mitag

The moments with peak surges during flooding (GMT 10-1-1:
00-6:00) and ebbing (GMT 10-1-19:00-10-2-2:00) tides are selected
to illustrate the along-estuarine and lateral currents during typhoons
at AD (section Cl, Figures 8Ba-d,a’~d’). During flood tides, the
along-estuarine currents in the northern tidal channel is
approximately 1.5 m/s. The increase of velocity exceeds 0.2 m/s,
with a larger increase occurring near the southern bank. Lateral
currents are southward in the surface level near the northern bank
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and northward in the bottom level near the northern bank, and
velocity exceeds 0.4 m/s (with an increase of less than 0.2 m/s during
the typhoon). During ebb tides, waters flow out of the bay through
the two tidal channels, with a vertical-averaged along-estuarine
current speed of approximately 1-1.5m/s, which is slightly
higher than that during calm weather. The lateral current was
southward near the surface level near the southern bank and
northward near the bottom level near the northern bank. The
magnitude of the southward current is increased by 0.2 m/s.
During the typhoon, the friction term dominated lateral
circulation (Figures 10E,F), and changed the lateral circulation
direction at section C1. The strong wave and current interaction
impacts wave dissipation, form drag and advection, and changes
the vertical profile of eddy viscosity (K,,). Subsequently, the
friction term was affected. During flood tides, the friction
term was enhanced by the typhoon by 90% near the bottom
level (Figure 10E), while it was reduced by 86% near the bottom
level during ebb tides (Figure 10F). During ebb tides, the effect of
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the friction term occurs southward near the surface and
northward near the bottom level.

Lateral circulation in the curvature was enhanced during
Typhoon Mitag, and sediment flux was subsequently changed,
controlled by the friction term and vertical profile of SSC.

4 Discussion

Wave-current coupling is critical to estuarine hydrodynamics
and sediment processes, especially during storms (Graber et al,
1989; Dufois et al., 2014) and is an important research element in
marine engineering and coastal dynamic geomorphology. Waves
contribute substantially to sediment dynamics during typhoons in
HZB, but have a small effect during calm weather conditions.
Typhoon Mitag was used as an example to study the effect of
wave-current interactions on sediment dynamics during extreme
weather conditions.
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4.1 Tide-surge interaction

During typhoons, the strong tides in Hangzhou Bay interact
nonlinearly with surges:

NN = Nres — M — N (23)

where #7 is astronomical tidal level (only tidal forcing), #s is the
water level during storms (only wind forcing); #7.s is the total
water level; #y is the water level owing to the nonlinear
interaction of tides and surges.

Figures 11A-E shows the trends of total water level, total surge,
storm surge, nonlinear surge and significant wave height in
Hangzhou Bay during thw Typhoon Mitag. The typhoon
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occurred during spring tides in the bay. At 18:00 (GMT), the
significant wave height at the mouth and the middle of the bay
exceeded 2m (Figure 11E). The total water level showed semi-
diurnal tides frequency variation and peaked (over 3 m) at 06:00
(GMT) on 1 October (Figure 11A). The surge occurred at the mouth
of Hangzhou Bay and then propagated upstream to the bay head
(Figure 11B). Owing to the effect of funnel-shaped geomorphology,
the peak of surge gradually increased from the bay mouth towards
the bay head. The trend of the non-linear surge was similar to that of
the total surge (Figure 11D), with a gradual increase from the mouth
to the top of the bay. The peak of non-linear surge occurred later
than the peak of total surge (Figure 11C), corresponding to a period
of greater total water level.
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4.2 Combined wave-current bottom

stress

The combined wave-current bottom stress is the vector sum
of the time-averaged instantaneous current-induced bottom
stress and wave-caused maximum bottom stress (Gao et al,
2018). The combined bottom stress of wave-current influences

Frontiers in Earth Science

SSC through its effect on the resuspension process. The 50 h
mean values before (calm weather condition) and during the
typhoon (extreme weather condition) were used to illustrate the
results in the discussion section.

During calm weather, the combined current-wave shear
stress is only significantly different in shallow water compared
to the current-induced shear stress condition, with little effect in
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deeper water on the north shore. This is because wave-induced
bottom stress is proportional to the square of the wave orbital
velocity, which is more prominent in shallow water. The 50-h
mean near-bottom SSC difference has the same distribution
pattern, with an increase of more than 0.2 kg/m’ in shallow
water.

During the typhoon (Figure 12), the effect of the combined
wave-current bottom stress (Figure 12A’-F) is more significant,
with a large increase in significant wave height and wave orbital
velocity. The 50-h mean bottom stress difference in shallow water
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exceeds 0.8 N/m? and the mean near-bottom SSC difference is
greater than 1 kg/m’ (Figures 12A-F).

Figure 13A shows the differences in bottom bed shear
stress, SSC, K,,,, and current velocity between Tests 1 and 2 at
station P2 during calm weather and Typhoon Mitag.
Compared with current-induced shear stress, the combined
wave-current bottom stress under calm weather conditions is
elevated, with values not exceeding 0.02 N/m?. The difference
in SSC is also not significant, and the difference exceeds
0.1 kg/m® only at 12:00 on 27 September.
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(A) Total water level, (B) total surge, (C) storm surge and (D) nonlinea

The difference in bottom stress between Tests 1 and 2 at
station P2 is more than 2.4 N/m?> The difference in near-
bottom SSC exceeds 2 kg/m® at 2:00, 8:00, and 20:00 on
October 1, which is similar to the distribution pattern of
bottom stress. The increase in SSC decreases from the
bottom layer to the surface layer. In addition, the
difference between the vertical eddy viscosity coefficient
and current velocity between Tests one and two at station
P2 is not significant, even during the storm. In summary,
combined wave-current bottom stress can significantly affect
the sediment resuspension process and consequently, SSC,
particularly in shallow water or during storms.

4.3 Wave dissipation

Wave dissipation is an energy sink in the wave-energy
equation (Eq. 8). However, wave dissipation at the surface
and bottom is a source term in the vertical turbulence energy
equation (a diffusion boundary condition). Therefore, wave
dissipation can enhance vertical mixing. Enhanced vertical
mixing not only acts on the vertical exchange of suspended
sediment but also affects the flow and, therefore, the
advection and
sediment.

resuspension processes of suspended

Under calm weather conditions, the effect of wave dissipation on
suspended sediments in HZB is negligible (Figures 13Ba—d). During
Typhoon Mitag, the difference in bottom stress between Tests 1 and
3 (Figure 13Be) and the difference in SSC in the near-bottom layer
(Figures 13Bf) show spatial variability. In the shallow waters of
southern HZB, wave dissipation mostly leads to decreased bottom
stress and near-bottom SSC. In contrast, in deep tidal channels,
bottom stress and near-bottom SSC mainly increase, and the
difference in near-bottom SSC can reach 0.07-0.08 kg/m’.
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r surge (E) Hs (GMT 2019-10-01, 3:00-24:00).

Focusing on station P2, surface dissipation significantly enhances
vertical mixing during the typhoon, whereas bottom dissipation has
little effect on vertical mixing (Figure 13Bg).

On 1 October, station P2 experienced two events with
significant wave-dissipation effects at 09:00 (peak ebb) and 16:
00 (peak flood). During this period, bottom stress decreases by
more than 0.5 N/m? (Figure 13Bg), current velocity increases by
more than 0.3 m/s (Figure 13Bh), and vertical SSC decreases by
approximately 1 kg/m”.

In summary, the wave dissipation term is a source of the
energy equation of vertical turbulence, which enhances
vertical mixing. Enhanced vertical mixing not only affects
the vertical exchange of suspended sediment but also
influences the flow, which in turn affects the advection and
resuspension processes of sediment. The wave dissipation
term has a substantial effect in the bay only during
typhoons, and its effect is related to water depth and tidal
phases. In shallow waters, bottom stress and SSC are reduced,
while current velocity is increased.

4.4 Form drag

The effect of wind stress can be divided into a turbulent
viscous component (surface friction) and a pressure component
(form drag). Form drag is related to the horizontal gradient of
wave pressure because of wave-induced water level rise (Eq. 5).
Wind pressure acts on the water column as form drag, therefore,
entering the momentum equation and vertical turbulence closure
equation (Mellor, 2005).

Similar to wave dissipation, the differences in form drag are
almost 0 under calm weather conditions (Figure 13Ce), with
almost no effect on the sediment dynamics in the bay (Figures
13Ca-d). During the typhoon, form drag mainly affects the
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FIGURE 12

Differences of 50 h averaged (A—F) near-bottom SSC and (A'=F’) bottom stress during the Typhoon Mitag.

vertical mixing of each sigma layer in the vertical direction.
However, the deviation is small, and the average K, value of
P2 differs by 7% at sigma = 0.5. Compared with Test 3, the form
drag of Test one increases significantly in the surface layer and
decreases with depth during Typhoon Mitag (Figure 13Cj), while
enhancing vertical mixing in the upper layers of the water
column (Figure 13Ch). The difference between the current
velocity and bottom stress fluctuates and mainly decreases.
The effect of form drag on SSC is relatively complex
(Figure 13Cg). SSC in the middle and upper layers increases
by more than 0.1 kg/m® at 13:00 on 1 October, which may be
related to the enhanced vertical eddy viscosity coefficient. As the
difference between the current velocity and bottom stress
decreases, the difference between SSC at 15:00 on 1 October
and 2:00 on 2 October is approximately 0.2 kg/m”.
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In general, form drag affects suspended sediment mainly by
influencing K,,, and has a significant effect only during storms in
the bay, which is weaker than the combined bottom stress and
wave dissipation.

4.5 Wave radiation stress

Wave radiation stress can be described as the energy
exchange during the wave-current interaction, which is a
wave residual momentum flow (Zou, 2005). Longuet-Higgins
and Stewart (1962) defined radiation stress as the difference
between the time-averaged value of the total momentum flow
acting on a unit area of the water column and the hydrostatic
pressure in the absence of waves. When a wave breaks, wave
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Differences between (A) Test 1and Test 2, (B) Test 1 and Test 3, (C) Test 1and Test 4, (D) Test 1and Test 5, (E) Test 1 and Test 6, and (F) Test 1and

Test 7. (a) bottom bed shear stress, (b) SSC, (c) K, and (d) current velocity during calm weather (averaged in 50 h before the typhoon) at station P2.
(e—h) are the same as (a—d) except for Typhoon Mitag (averaged in 50 h during the typhoon).
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height and momentum are subsequently reduced, and the
reduced momentum is converted into a force acting on the
surrounding fluid. Conversely, to maintain wave
momentum, the surrounding fluid also exerts forces on
the wave (Mu, 2020).

Under calm weather conditions, the effect of wave radiation
stress on hydro and sediment dynamics in the bay is almost
negligible, except for small shallow areas (Figures 13Da-d).
During Typhoon Mitag, the wave radiation stress reduced SSC in
most of the bay (approximately 0.01 kg/m?), and it increased SSC in
the shallow waters of the southern bay (approximately 0.3 kg/m”)
(Figure 13Dd). Wave radiation stress affects advective transport and
subsequently changes SSC by changing the current velocity, for
example, at 2:00 on 2 October. Changes in current velocity near the
bottom also led to changes in bottom stress, with a maximum
reduction of 0.94 N/m?, at 9:00 on 1 October (Figure 13De). This, in
turn, led to a significant decrease in SSC, with a decrease of more
than 0.4 kg/m’ in the middle and lower layers.

In summary, radiation stress affects advection by changing
current velocity, and the change in bottom velocity also changes
bottom stress, which in turn affects the resuspension process.
Both processes have a negligible effect outside the shallow area of
the bay and are weaker than the combined wave-current bottom

stress and wave dissipation.

4.6 Mean current advection and refraction
of wave energy

Flow can affect the propagation of wave energy through the
advection term (second term on the left side of Eq. 8) and the
refraction term (third term on the left side of Eq. 8). Both
mechanisms provide feedback from the wave to the flow,
which in turn affects SSC. If these two terms are omitted
from the wave model, the effect of waves on the current changes.

Under calm weather conditions, the mean current
advection of wave energy mainly reduces the surface
vertical eddy viscosity coefficient (Figure 13Ec), which in
turn affects SSC (Figure 13Eb). Large differences were
the The
advection of wave energy generally reduces the near-

observed during typhoons. mean current
bottom SSC in the bay, especially at the top of the bay
and near the northern bank (Figure 13Ee). SSC in the
shallow waters of the southern bay increases slightly, and
its distribution pattern is consistent with that of the bottom
stress difference (Figure 13Ee). At station P2, the difference
in current velocity during the typhoon (Figure 13Eh)
correlates with the difference in SSC (Figure 13Ef).

Two significant increases in current velocity difference
were experienced at 10:00 and 15:00 on 1 October. Advective
transport was affected, which in turn led to a decrease in SSC
exceeding 1 kg/m’. The change in the near-bottom current

velocity also changed the bottom stress, with a maximum

Frontiers in Earth Science

21

10.3389/feart.2022.931472

decrease of approximately 2 N/m” at 19:00 on 1 October
(Figure 13Ee). The K,, values near the surface level
(sigma > —0.45) increased significantly during the typhoon
and decreased slightly near the bottom level (sigma < —0.45).
The effect of wave energy mean flow refraction is small
during both calm weather and Typhoon Mitag (Figure 13Eg).

The effect of the mean current refraction of wave energy is
also small during both calm weather and Typhoon Mitag
(Figure 13Ff). At 2:00 on 2 October, SSC at station
P2 decreased by more than 0.15 kg/m®. At 4:00 on 2 October,
surface SSC increased by approximately 0.3 kg/m”.

Generally, the advection term is the second most important
term following the combined wave-current bottom stress, and
works to reduce SSC. The refraction term is the weakest term
among the six mechanisms.

5 Conclusion

This study uses the macro-tidal turbid HZB as an example to
investigate sediment dynamics and the physical mechanism of
wave-current interaction on sediment dynamics during Typhoon
Mitag. The main conclusions are as follows.

(1) A numerical model coupled tide-wave-surge-sediment is
established and fully validated in the HZB. The wave-
current coupling process of the model fully considers
combined wave-current bottom stress, wave dissipation,
form drag, radiation stress, Stokes drift velocity, mean
current advection of wave energy, and refraction. The
sediment model coupled water-sediment density and
considered the flocculation-settlement process and fluid
mud bottom boundary layer characteristics. The surge
model considered reconstructing and verifying the
rotating and moving wind fields of typhoons using the
Holland-Miyazaki The
thoroughly validated using field data of water levels,

model. model results are
currents, significant wave heights, and SSC data during
calm and extreme weather conditions.
(2) Hydro and sediment dynamics in HZB are spatially and
temporally asymmetric and are controlled by different
mechanisms, depending on water depth and tidal phases.
The typhoon changed the asymmetrical characteristics of
hydro and sediment dynamics in HZB. The increased
bottom currents caused by typhoons are similar to, but
than, the The

combined interactions of currents and waves led to more

smaller increased surface currents.
sediment resuspension during the typhoon. The lateral
circulation in the curvature was reversed during Typhoon
Mitag, and the sediment flux subsequently changed,
controlled by the friction term and vertical profile of SSC.
The combined bottom stresses were the main wave-current

3

interactions leading to increased SSC in HZB, which
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significantly affected sediment resuspension and, therefore,
affected SSC. Under calm weather conditions, except for the
combined wave-current bottom stress, the effects of the other
terms were minor. The combined bottom stress is the most
critical wave-current interaction mechanism that increases
SSC, which significantly affects sediment resuspension and
SSC, especially in shallow waters or during storms. The
advection term plays an essential role in reducing SSC by
increasing current velocity and influencing advection
transport. The wave dissipation term enhances vertical
mixing. The enhancement of vertical mixing acts on the
vertical exchange of suspended sediment, which affects
flow, and further affects the advection and resuspension
process. In the shallow waters of the southern bay, wave
dissipation mostly leads to lower bottom stress, increased
current velocity, and reduced SSC. In the deep tidal
channels, SSC primarily increases. Form drag mainly
influences the vertical eddy viscosity coefficient. Wave
radiation stress affects advective transport by changing
current velocity and then changes the bottom stress, which
in turn affects the resuspension process. The effects of form
drag and wave radiation terms are insignificant, and the effect
of the refraction term is the smallest, even during storms.
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