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ABSTRACT
Wave–current interactions are crucial to suspended-sediment dynamics, but the roles of the associated physical
mechanisms, the depth-dependent wave radiation stress, Stokes drift velocity, vertical transfer of wave-generated
pressure transfer to the mean momentum equation (form drag), wave dissipation as a source term in the turbulence
kinetic energy equation, and mean current advection and refraction of wave energy, have not yet been fully understood. Therefore, in this study, a computationally fast wave model developed by Mellor et al., a Finite Volume
Coastal Ocean Model (FVCOM) hydrodynamics model, and the sediment model developed by the University of
New South Wales are two-way coupled to study the effect of each wave–current interaction mechanism on
suspended-sediment dynamics near shore during strong wave events in a tidally dominated and semiclosed bay,
Jiaozhou Bay, as a case study. Comparison of Geostationary Ocean Color Imager data and model results
demonstrates that the inclusion of just the combined wave–current bottom stress in the model, as done in most
previous studies, is clearly far from adequate to model accurately the suspended-sediment dynamics. The effect
of each mechanism in the wave–current coupled processes is also investigated separately through numerical
simulations. It is found that, even though the combined wave–current bottom stress has the largest effect, the
combined effect of the other wave–current interactions, mean current advection and refraction of wave energy,
wave radiation stress, and form drag (from largest to smallest effect), are comparable. These mechanisms can
cause significant variation in the current velocities, vertical mixing, and even the bottom stress, and should
obviously be paid more attention when modeling suspended-sediment dynamics during strong wave events.

1. Introduction
Understanding suspended-sediment dynamics is crucial to marine engineering projects, the maintenance of
navigation channels, geomorphological development,
and the availability of light for marine primary production. It is well known that wave–current interactions
Supplemental information related to this paper is available at the
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are of great importance to nearshore hydrodynamics at
regional scales (Longuet-Higgins and Stewart 1964;
Smith 2006; Sheng and Liu 2011) and consequently to
suspended-sediment dynamics (Graber et al. 1989;
Porter-Smith et al. 2004; Dufois et al. 2014).
The wave–current interactions generally consist of
combined wave–current bottom stress, wave radiation
stress, wave dissipation, vertical transfer of wavegenerated pressure transfer to the mean momentum
equation (also known as form drag), Stokes drift velocities, current advection, and refraction of wave energy (Mellor 2003; Mellor et al. 2008; Mellor 2015). The
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role of waves in suspended-sediment dynamics has already been extensively studied through numerical simulations of locations all over the world, and especially
those suffering from wind storms and hurricanes (e.g.,
Lou et al. 2000; Palanques et al. 2011; Dufois et al. 2014).
However, almost all the studies focused only on one or
several of the wave–current interaction terms rather
than the combined effects of all of them. Specifically,
numerous studies (e.g., Tang and Grimshaw 1996; Lou
et al. 2000; Wang et al. 2000; Wang et al. 2007) have
investigated the impact of waves on suspendedsediment dynamics solely through the bottom stress induced by wave orbital velocities near the bottom and its
interaction with the current-induced bottom stress (the
combined wave–current bottom stress), but few studies
have included the other wave–current interaction terms.
Dufois et al. (2014) used wave radiation stress derived
from the simulating waves nearshore (SWAN) model as
the wave forcing to study the impact of winter storms on
the resuspension and transport of sediments in the
Rhone River prodelta and the Gulf of Lion. Their model
investigated how the wave-induced currents generated
by wave radiation stress affected the bottom stress but
neglected the combined wave–current bottom stress.
The physical mechanisms of current advection and refraction of wave energy have been even less well studied
in previous work, as the wave model adopted was mostly
run without current information (e.g., Lou et al. 2000;
Wang et al. 2000; Wang et al. 2007). Based on the Regional Ocean Modeling System (ROMS) and SWAN,
Warner et al. (2008) developed a two-way coupled
wave–current–sediment model in which the combined
wave–current bottom stress, wave radiation stress, current advection, and refraction of wave energy were included. To the authors’ knowledge, this is the most
comprehensive study modeling the effects of wave–
current interactions on suspended-sediment dynamics,
but wave dissipation related to wave breaking and the
form drag proposed by Mellor (2003, 2005) were still not
considered. The study of Warner et al. (2008) focused on
the development and application of a coupled wave–
current–sediment model, but the role and contribution
of each wave–current interaction mechanism were not
examined.
Most of the studies cited above on sediment transport
under conditions of strong waves used one-way coupling
between the hydrodynamics model and the wave model,
simply providing the wave parameters derived from the
wave model to the hydrodynamics model to improve
computational efficiency; the effects of mean current
advection and refraction of wave energy were therefore
not included (e.g., Lou et al. 2000; Wang et al. 2000). If
two-way interactions between the wave and current
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models were included, enormous computation resources
would be required, as community wave models such as
SWAN and WAVEWATCH III normally need several
orders of magnitude more computational time than
hydrodynamics models. Hydrodynamics models use
four independent variables: two horizontal coordinates
x, y; a vertical coordinate z; and time t. Wave models use
five independent variables: two spatial coordinates x, y;
time t; the wave propagation angle u; and frequency s.
Considering frequency as the additional variable with,
for example, 30 numerically discrete frequency bins and
also the time needed for computation of the nonlinear
wave–wave interaction and the integration of various
properties including the new coupling terms, the computation effort required would be increased by around two
orders of magnitude compared with the hydrodynamics
model alone (Mellor 2003; 2005). Taking the Princeton
Ocean Model (POM) as an example, for the same horizontal grid and time length of run, the SWAN model
required 86 times more computational time than the hydrodynamics model (Mellor et al. 2008). One-way coupling is efficient in terms of computational time, but the
results are less accurate since the wave model does not
receive synchronous feedback from the hydrodynamics
model, and so fails to consider the physical processes of
current advection and refraction of wave energy.
To solve this problem, Mellor et al. (2008) developed
a faster wave model [Mellor–Donelan–Oey wave model
(MDO-Wave)], which can be coupled with a threedimensional hydrodynamics model. The coupling between waves and currents includes depth-dependent
wave radiation stress, Stokes drift velocities, vertical
transfer of wave-generated pressure transfer to the
mean momentum equation caused by form drag, wave
dissipation as a source term in the turbulence-kineticenergy equation, and mean current advection and refraction of wave energy (Mellor 2003; Mellor et al. 2008;
Mellor 2015). This wave model has already been well
validated in theoretical experiments and successfully
applied in many regions such as the Gulf of Mexico
(Mellor et al. 2008) and Liverpool Bay (Bolaños et al.
2014) as well as in an oil-spill model (Wang and Shen
2012). Sheng and Liu (2011) found the method of Mellor
et al. (2008) to be more accurate than alternative 3D
methods at hindcasting wave-induced circulation. The
Finite Volume Coastal Ocean Model (FVCOM), which
employs unstructured grids, can resolve the complex
bathymetric features in nearshore areas and is two-way
coupled with MDO-Wave in this study to consider all
the wave–current interaction terms. The University of
New South Wales sediment model (UNSW-Sed; Wang
2002) has been successfully applied in many regions such
as the northern Adriatic Sea (Wang et al. 2007), the
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FIG. 1. Bathymetry map of JZB, Qingdao, in 2008 showing the model domain. (left) Measurements of winds and waves at station XMD are used to validate the wave model in JZB, and
(right) measurements at station DJK to validate the wave model near the open sea. A north–
south line in the main channel divides JZB from the YS. Model results from station A
(red square) are used for the discussions in sections 4b–4f. According to the types of bed sediment,
the model domain of JZB is divided into three regions by the brown lines: JZB excluding its main
entrance (fine sediment), the main entrance (bedrock), and the adjoining sea areas (coarse
sediment). Locations of wave buoys in the ECS are shown by the red dots in (right).

Yangtze River Estuary in China (Song and Wang 2013),
Darwin Harbour in Australia (Li et al. 2014), and Jiaozhou
Bay (Gao et al. 2018). Details of FVCOM, MDO-Wave,
and UNSW-Sed, as well as the coupling between them,
are given in section 3a and the appendix.
Jiaozhou Bay (JZB), located on the western coast of
the Yellow Sea (YS), is a semienclosed bay dominated
by tides with mean ranges of about 2.7 m. The bed of
JZB is mostly fine sediments, which are the primary
source of the suspended sediments in the bay. During
cold-front events, strong waves propagate from the YS
into JZB, leading to a significant interaction between the
waves and currents and consequently a significant impact on the suspended sediments. Hence, JZB is a good
location at which to examine the roles and contributions
of each wave–current interaction mechanism to the
suspended-sediment dynamics; the findings in JZB
should also be applicable to other coastal areas experiencing strong wave–current interactions.
The specific aims of this study are the following: 1)
based on FVCOM, MDO-Wave, and UNSW-Sed, to set
up a two-way coupled wave–current–sediment model
that considers all the wave–current interaction mechanisms, each mechanism represented by an equation or a
term in an equation; and 2) to investigate the relative
contribution and role of each wave–current interaction
mechanism to the suspended-sediment dynamics.
Section 2 gives a brief description of the study area,
JZB. Details of the coupled wave–current–sediment
model are given briefly in section 3 and fully in the

appendix. Section 4 presents the model results and discussion, with a summary and conclusions in the last section.

2. Study area
JZB is a shallow semienclosed embayment with an
average depth of about 7 m and an area of about 340 km2.
It is connected to the YS through a deep tidal channel
with a depth of more than 60 m (Fig. 1). The tidal channel
has a minimum width of 3 km.
The hydrodynamics environment in JZB is controlled by
semidiurnal tides, with a moderate tidal range of about
2.7 m. The tides in JZB are flood dominated, the current
velocities are higher during flood than during ebb, and the
degree of flood domination has varied with land reclamation (Gao et al. 2014). The annual average wind speed is
5.4 m s21 (Editorial Board of Annals of Bays in China
1993), and the waves in JZB are generally weak in calm
weather. However, during cold-front events, strong waves
can propagate from the YS into JZB (Fig. 2a). Observed
wind speeds and directions at station XMD (Fig. 1) are
shown in Figs. 2c and 2d. The resulting wave orbital velocities near the bottom became large in the shallow-water
areas, especially the tidal flats in JZB (Fig. 2b).

3. Numerical modeling
a. The wave model
In this study, the wave model MDO-Wave was coupled
with the hydrodynamics model FVCOM. MDO-Wave
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FIG. 2. Snapshot of (a) significant wave heights and (b) wave orbital velocities near the
bottom in a cold-front wave event (0130 UTC 13 Oct 2014) in JZB. Time series of (c) wind
speeds and (d) directions observed at station XMD. Red dots indicate the time of 0130
UTC 13 Oct 2014.

parameterizes the shape of the frequency spectrum
(Donelan et al. 1985) and considers the wave energy as a
function of the wave propagation direction, the horizontal coordinates, and time, with the wave frequency
dependent on direction rather than being an independent variable. It is, therefore, a relatively simple model
compared with third-generation wave models, and
computationally more efficient, requiring two orders of
magnitude less computational resources. Moreover,
Mellor et al. (2008) showed that it could reproduce
fetch- and duration-limited data and had comparable
performance to SWAN (Booij et al. 1999) using buoy
data taken during Hurricane Katrina.
A complete set of the equations and other theory
underpinning the model used here are given in the
appendix, with the variables and parameters defined in
Table 1. The coupling of MDO-Wave into FVCOM and

its theoretical validation are given in the supplemental
material.

b. Model setup
The hydrodynamics, wave, and sediment models were
run concurrently with two-way interaction on the same
unstructured grid (Fig. 3a). This grid has been used to
study the tidal dynamics and suspended-sediment dynamics in JZB in our previous studies (Gao et al. 2014,
2018). The grid has high resolution in the channels and
near the coast (Fig. 3a).
The hydrodynamics model was forced by tidal levels at
the open boundary and a spatially uniform wind stress
over the entire model domain (the same wind stress as for
the wave model in JZB). Four diurnal components (K1,
Q1, P1, Q1), four semidiurnal components (M2, S2, N2,
K2), three shallow-water components (M4, MS4, MN4),
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TABLE 1. List of the symbols used in the coupled wave–current–sediment model (‘‘—’’ means nondimensional).

Symbol

Description

Units

Es,u
Eu
ET
h
^
H
D 5 H1 h
^
x, y, z
t
§ 5 (^
h 2 z)/D
u, y, w
s
sp
cg
u
us
ua

Directional spectrum of kinematic energy divided by water density
Spectrally averaged wave energy divided by water density
Total wave energy divided by water density
Water height above the mean
Mean water depth
Total water column depth
East, north and vertical Cartesian coordinates
Time
Sigma (vertical) coordinate
Velocities in the x, y, and z directions
Wave frequency
Peak wave frequency
Group velocity
Current velocity
Stokes drift velocity
The a component of the current velocity u plus the a component of the Stokes drift
velocity us
Doppler velocity
Refraction speed of wave energy
Phase speed of wave propagation
Wave direction
Wave number
Wave vector: k 5 k (cosu, sinu)
Wave energy source term
Surface and bottom wave dissipations
Bottom wave dissipation caused by wave-induced bottom friction
Bottom wave dissipation caused by depth-induced wave breaking
Additional source term in Eq. (4)
Spreading function
Coriolis parameter
Gravitational acceleration
Horizontal momentum diffusion terms
Components of the turbulent-viscous part of the wind stress
Form drag components
Wave radiation stress components
Wind pressure at the surface
Water elevation caused by the waves
Modified delta function
Turbulent kinetic energy and turbulent macroscale
Vertical eddy viscosity coefficient
Horizontal eddy viscosity coefficient
Buoyancy production term of turbulent energy
Rate of dissipation of turbulent kinetic energy
Wall proximity function
Von Kármán constant
Horizontal diffusion terms for the turbulent kinetic energy and macroscale
Stability function
Air friction velocity
Wind stress
Empirical length scale
Wave-related roughness height
Significant wave height
Vector sum of the time average of the instantaneous shear stress of the current t c and
the maximum shear stress associated with the wave twm
Shear velocities corresponding to twc, t c, and t wm, respectively
Angle between the current and the wave
Wave and current friction factor
Bottom wave orbital velocity

m3 s22
m3 s22
m3 s22
m
m
m
m
s

uA
cu
c
u
k
k
Suin
SuSdis, SuBdis
S(1)uBdis
S(2)uBdis
<
fspr
f
g
Fu, Fy
ttx, tty
tpx, tpy
Rx, Ry
Pw0
h
ED
q2, l
Km
Ah
Pb
«
~
W
k
Fq, Fl
Sm
u*
uts
l
zw
Hs
twc 5 tc 1 twm
u*wc , u*c , u*wm
uwc
fcw
ub

m s21
s21
s21
m s21

m s21
m s21
m s21
rad
m21
—
m3 s23
m3 s23
m3 s23
m3 s23
s22
—
rad s21
m s22
m s22
m s22
m2 s22
m2 s22
m2 s22
m
—
m2 s22, m
m2 s21
m2 s21
m2 s23
m2 s23
—
—
m3 s23
—
m s21
m2 s22
m
m
m
m2 s22
m s21
rad
—
m s21
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TABLE 1. (Continued)
Symbol
kN
z0b
dwc
C
Cb
ws
r
rw
rs
Cd
Rf
zb
Eb
E0
tc

Description

Units

Equivalent Nikuradse roughness of the bottom
Bottom roughness length
Wave boundary layer thickness
Suspended-sediment concentration
Suspended-sediment concentration near the bottom
Particle settling velocity
Seawater density
Clear seawater density
Sediment density
Bottom-friction coefficient
Flux Richardson number
Near-bottom layer thickness
Net suspended-sediment flux at the bottom due to erosion and deposition
Erosion coefficient
Critical stress for resuspension and deposition

and two long-period components (Mf, Mm) were used to
calculate the tidal elevations at the open boundary; the
harmonic constants were derived from the TPXO global
model of ocean tides (available at http://volkov.oce.orst.
edu/tides/tpxo8_atlas.html; accessed on 15 January 2016).
To best resolve suspended sediments in the bottom
boundary layer (Wang 2002), 20 sigma layers (the symbol
§ is used here instead of s to avoid confusion with the wave
frequency) were used, with 4 logarithmically distributed
layers near the surface (§ 5 0.0, 20.018, 20.036, 20.071),
5 logarithmically distributed layers near the bottom
(§ 5 20.929, 20.964, 20.982, 20.991, 21.0), and 11 evenly
distributed layers in the middle with an § increment
of 0.071.
In the sediment model, we used fine silt with medium
grain size of 0.03 mm as representative of the suspended
sediments (Wang 2002; Li et al. 2014) in JZB and its
adjoining sea areas. Although the sediment considered in
the model was cohesive, the concentration was generally

m
m
m
mg L21
mg L21
m s21
kg m23
kg m23
kg m23
—
—
m
kg m22 s21
kg m22 s21
N m22

low (,100 mg L21), so flocculation is not considered in
this study; the grain size and settling velocity were taken
to be constant in the model. In the shallow waters (depth
generally less than 4 m) in JZB, the suspended-sediment
concentration (SSC) near the bottom is larger than
100 mg L21 when waves are strong during the modeling
period. However, the maximum SSC in these areas is still
smaller than the critical SSC (200 mg L21) for flocculation
proposed by Mehta and McAnally (2008). Therefore,
flocculation is not important during the modeling period
of this study but could be important when waves are even
larger to result in SSC higher than 200 mg L21.
Fine sediments are distributed all over the JZB except at the entrance, where bedrock dominates (First
Institute of Oceanography 1984; Zhong et al. 2001).
Coarse sands and boulders are distributed near the
channel in the sea adjoining JZB (Wang et al. 2014).
Available suspended sediments in the adjoining sea
areas are limited, with concentrations generally lower

FIG. 3. Model mesh and grid distributions for (a) the coupled wave–current–sediment model in
JZB and (b) the wave model in ECS.
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TABLE 2. Parameter settings in the sediment model.
Parameter
Medium grain size
Settling velocity
Erosion rate (Fig. 1)

Critical erosion stress
Critical deposition stress

Value
0.03 mm
0.4 mm s21
Fine sediment: 6 3 1026 kg m22 s21
Bedrock: 1 3 1027 kg m22 s21
Coarse sediment: 2 3 1026 kg m22 s21
0.04 N m22
0.02 N m22

than 10 mg L21 (Yang et al. 2004). Therefore, the model
domain was divided into three regions according to the
fraction of fine sediments on the bed (Fig. 1): JZB excluding its main entrance (dominated by fine sediments); the main entrance (dominated by bedrock); and
the adjoining sea areas (dominated by coarse sediments). The erosion rates used in the model for the
suspended sediments were different for these three regions and adjusted to obtain the best model performance, as evaluated by comparison with observation
and Geostationary Ocean Color Imager (GOCI) data
[details in Figs. 3 and 5 in Gao et al. (2018)]. The model
validation was conducted when waves were negligible,
so the parameters obtained could reasonably characterize the suspended sediments governed by the tides.
The other parameters of the sediment model developed
by Gao et al. (2018) were also adopted here, and are
given in Table 2. A comparison between the GOCI data
and the model results from the coupled wave–current–
sediment model when waves are significant is given in
section 4a.
The wind speed and direction (Figs. 2c,d) forcing the
wave model in JZB were spatially uniform and were
those observed 10 m above the sea surface at station
XMD (Fig. 1) by the North China Sea Marine Forecasting Centre (NCSMFC) of the State Oceanic Administration (SOA). The wind observed at station XMD
can represent the wind over the bay as it has a good
agreement with the averaged wind recorded by other
13 automatic weather stations around JZB (not
shown). To provide the wave forcing at the open
boundaries of the JZB model, which are the swells
coming from the YS, an unstructured-grid wave model
[the East China Sea (ECS) wave model] covering the
ECS was set up based on the SWAN wave model. The
grid of the ECS wave model (Fig. 3b) was constructed
by Ding et al. (2011) to study the barotropic response
to a rapidly moving typhoon in the ECS. The grid has
100 851 cells and 52 685 nodes in total, with horizontal
resolution varying from 0.028 in nearshore regions to 18
in the open ocean. The bathymetry data were obtained
from the Digital Bathymetric Database 5 (DBDB5;

FIG. 4. Flowchart of the coupled wave–current–sediment model.

U.S. Naval Oceanographic Office 1983) and refined in
the coastal areas using topography data from Chinese
coastal sea charts. The ECS wave model was driven by
sea surface wind (6 hourly and a 0.2058 3 0.2048 grid)
obtained from the National Centers for Environmental
Prediction (NCEP) Climate Forecast System (CFS)
(available at https://rda.ucar.edu/datasets/ds094.0/).
The incoming waves at the open boundary were derived from WAVEWATCH III (available at http://
polar.ncep.noaa.gov/waves/).
Figure 4 shows the coupling process between the hydrodynamics, wave, and sediment models. The hydrodynamics model provided the instantaneous water
levels and velocities to the wave model; the wave
model fed back values of the three-dimensional wave
radiation stress, form drag, Stokes drift velocities,
wave dissipation, and combined wave–current bottom
stress. Concurrently, the sediment model received
water levels, current velocities, eddy viscosities, and
combined wave–current bottom stress from the hydrodynamics model. The SSC calculated by the sediment model was provided to the hydrodynamics
model to update the seawater density according to
Eq. (23).

c. Data and model validation
The hydrodynamics/sediment model was used previously
to study the effects of land reclamation on tidal dynamics in
JZB (Gao et al. 2014) and on suspended-sediment dynamics when waves were negligible (Gao et al. 2018). The
model was thoroughly calibrated and validated in these
studies. For more details, see Gao et al. (2014, 2018).
In this section, we focus on the validation of wave
simulation to ensure the contributions of waves are
properly taken into account in the coupled wave–
current–sediment model in JZB. The theoretical validation of the MDO-Wave model when it is coupled into
FVCOM can be found in the supplementary material file.
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During cold-front events, strong waves from YS can
enter JZB through the entrance, which was confirmed
by numerical experiments (figure not shown here).
Therefore, we collected wave data and ran the model for
periods when cold-front events occurred. We obtained
data from wave buoys (QF201, QF204, QF206, QF207,
QF208, QF209, and QF210) distributed in the ECS by the
SOA, China (see Fig. 1), for two periods (14 September–
1 October 2014 and 27 November–6 December 2014) to
validate the ECS wave model. Wave data from station
DJK (1–31 December 2014) provided by the Qingdao
Meteorological Administration were used to validate the
ECS wave model near the open boundary of the JZB
model (Fig. 1). Wave data (7 November–13 December
2014) from station XMD acquired from the NSCMFC
were used to validate the wave simulation of the coupled wave–current–sediment model in JZB. The ECS
wave model was run for the four months from
1 September–31 December 2014 to cover the periods of
observation of all the wave data. The coupled wave–
current–sediment model in JZB was run for the period
7 October–13 December 2014. Results for one month
starting from 12 October 2014 were chosen for analysis
because peak wave heights occurred in JZB during
this period.
The wave data collected here were significant wave
heights and averaged wave periods. Figures 5 and 6
give a comparison between the model and observed
significant wave heights and averaged wave periods
from the wave buoys in the ECS over the two time periods. Root-mean-square errors (RMSEs) between the
model and observation were calculated from a regression analysis; these are summarized in Table 3. The
significant wave heights given by the ECS wave model
match the observations quite well; the errors in the averaged wave periods are relatively small, with the
RMSEs at most stations less than 1 s. The wave periods
were often overestimated by the model, especially at
buoys QF204, QF208, QF209, and QF210, probably
owing to limitations in the spatial and temporal resolution of the wind data and in the spatial resolution of
the bathymetry data. However, the wave periods at
station DJK, located close to JZB (Fig. 1), were predicted better (Table 3). In summary, the swells propagating from the ECS to JZB were reliably reproduced by
the ECS wave model. The overestimates of the wave periods at stations far away from JZB will not affect the
conclusions in this study. The close agreement between the
observed and modeled significant wave heights and averaged wave periods at station XMD (Fig. 1), shown in Fig. 7,
validates the wave simulation during the strong wave
events in JZB by the coupled wave–current–sediment
model.

VOLUME 48

4. Results
In this section, we use the coupled wave–current–
sediment model to evaluate the contributions to the
suspended-sediment dynamics during strong wave
events from six wave–current interaction mechanisms:
1) combined wave–current bottom stress, 2) wave
dissipation, 3) pressure-slope momentum transfer by
form drag, 4) wave radiation stress, 5) mean current
advection of wave energy, and 6) mean current refraction of wave energy. The corresponding mathematical forms for these wave–current interaction
mechanisms in the model are summarized in Table 4,
and the full equations are given in the appendix. The
Stokes drift velocities are included in the momentum
equations when the wave–current interaction terms
are present; Mellor (2005) claimed that it would be
difficult and unnecessary to separate the Stokes drift
velocities from the current velocities. Hence, in this
study we will not discuss the effects of the Stokes drift
velocities separately.
Current velocities are also involved in the last term on
the left-hand side of Eq. (1), representing the energy
exchange with the mean velocity energy equation. However, this term is negligible and is therefore omitted from
the model; this term was not included in the wave–current
interaction terms proposed by Mellor et al. (2008).
Eight numerical simulations were designed to evaluate
the contributions from the different wave–current interaction terms; these simulations are summarized in Table 5.
Simulation 1 is the control run, in which only currents
were considered. In simulations 2 to 5, the individual
wave–current interaction terms 1 to 4 were added in
turn to simulation 1 to investigate their contribution.
Simulations 6 and 7 examine the contributions of the mean
current advection of wave energy and the mean current
refraction of wave energy, respectively, while simulation 8
contains all the wave–current interaction terms. The simulations are discussed in detail in sections 4b to 4f.
First, in the next section, we use the surface SSC (at a
depth of around 0.5 m), derived from GOCI data, to
demonstrate the necessity of including more wave–
current interaction mechanisms in the sediment model
than just the combined wave–current bottom stress
(simulation 2), as was done in most other studies
(section 1); we compare simulation 2 and simulation 8
(all the wave–current interaction mechanisms included). Results from simulation 1 (current only) are
also included in the comparison.

a. Comparison between GOCI data and model results
In 2010, a satellite with a GOCI covering the northeast Asian seas was launched by the Korea Ocean
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FIG. 5. Comparison of observed and modeled (top two rows) significant wave heights and (bottom two rows) averaged wave periods of
the waves at the buoys in the ECS for the period 14 Sep to 1 Oct 2014.

Research and Development Institute. The sea surface sediment reflectance provided by the GOCI
has a high horizontal resolution of 500 m, measured
over 8 h each day (at intervals of 1 h) in the East
China Sea and Sea of Japan (Choi et al. 2012; Ryu
et al. 2012). The algorithm used here to calculate SSC
from the GOCI data is that adopted by the official
software GOCI Data Processing System (GDPS;
Korea Ocean Satellite Center 2015) for coastal turbid
waters:

logC 5 C0 1 C1

B7
B6
1 C2 ,
B4
B3

where C is the SSC; B3, B4, B6, and B7 are the GOCI
reflectances in bands 3, 4, 6, and 7, respectively; and
C0 5 0.08823, C1 5 1.627, and C2 5 1.121 are empirical
parameters. The band centers/widths for bands 3, 4, 6,
and 7 are 490/20, 555/20, 680/10, and 745/20 nm, respectively. This algorithm was established using a vast
number of field measurements in the YS, with good
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FIG. 6. As in Fig. 5, but for 27 Nov to 6 Dec 2014.

performances (the coefficient of determination R2 5
0.94), and should therefore give good results in JZB
and its neighboring waters, which belong to the YS. To
have complete confidence in using this algorithm for
JZB, measured SSC values were compared with those
derived from the GOCI taken at the same time. The
two sets of values agreed very well, with R2 5 0.90 (Gao
et al. 2018).
In selecting GOCI images for comparison with
model results in this study, there were two criteria: 1)
the waves in JZB had to be strong, and 2) the cloud

cover in JZB had to be sufficiently low that many
continuous images could be taken in the one day. The
seven GOCI images taken at hourly intervals on
13 October 2014 and chosen to compare with our model
results are shown in Fig. 8a.
The GOCI data showed that SSC was high in the
shallow-water areas, with a maximum value of 80 mg L21,
and less than 20 mg L21 in the middle and entrance of JZB.
The SSC was generally lower outside JZB, as shown by
both the GOCI data (Fig. 8a) and model results from
simulation 8 (Fig. 8d), except in the image at 0730
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TABLE 3. Regression analysis and RMSE of waves between the
model and observation.
Significant
wave heights

Averaged
wave periods

Period

Station

R2

RMSE

R2

RMSE

14 Sep–1 Oct 2014

QF204
QF206
QF207
QF208
QF209
QF210
QF201
QF204
QF207
QF208
QF209
QF210
DJK
XMD

0.88
0.93
0.92
0.76
0.82
0.74
0.92
0.79
0.88
0.92
0.96
0.92
0.92
0.88

0.22
0.31
0.78
0.32
0.33
0.36
0.22
0.29
0.26
0.27
0.28
0.22
0.09
0.08

0.90
0.92
0.83
0.77
0.76
0.79
0.96
0.93
0.92
0.83
0.79
0.81
0.90
0.83

1.04
0.68
0.75
0.91
1.05
0.86
0.52
0.78
0.85
0.43
1.3
0.77
0.74
0.92

27 Nov–6 Dec 2014

1–31 Dec 2014
7 Nov–13 Dec 2014

UTC from the GOCI, in which high SSC appeared outside
JZB (Fig. 8a).
As seen in Fig. 8b, the maximum SSC in simulation 1
(current only) was only around 40 mg L21, which means
that the effects of waves on the SSC were significant
during the strong wave event in JZB. With the combined wave–current bottom stress included in simulation 2 (Fig. 8c), the maximum SSC increased to
80 mg L21, but the areas of high SSC were still restricted. When all wave–current interaction mechanisms were included, in simulation 8, the horizontal
distribution of SSC became much more comparable to
that derived from the GOCI.

To quantify the differences between the GOCI data
and the model simulations better, three estimators were
employed: R2, the RMSE, and the skill score (SS) (Murphy
1988). The SS is given by


SS 5 1 2



å Xm 2 Xo 2 ,

2
å Xo 2 Xo

where Xm and Xo are the variables from the model and
observation, respectively, and the overbar represents a
time average. According to Allen et al. (2007), an SS .
0.65 is classified as excellent, 0.5 , SS , 0.65 as very
good, 0.2 , SS , 0.5 as good, and SS , 0.2 as poor.
With these estimators, the results of the three simulations are now compared with the GOCI data: the currentonly simulation (simulation 1; Fig. 8b); the simulation with
combined wave–current bottom stress only (simulation 2;
Fig. 8c), as used in most other studies; and the simulation
with all wave–current interaction mechanisms included
(simulation 8; Fig. 8d). If simulation 8 is significantly more
accurate than simulation 2, this will show that more wave–
current interaction mechanisms than just the combined
wave–current bottom stress should be included in the
model.
Unsurprisingly, simulation 1 performed worst, with R2 5
0.15, RMSE 5 18.7 mg L21, and SS 5 0.17 all indicating
poor accuracy. With the combined wave–current bottom
stress included in simulation 2, all the estimators improved
compared with simulation 1 (Fig. 9b), with the SS of
0.31 a ‘‘good’’ classification. However, when all the wave–
current interaction mechanisms were included in simulation 8, the model performance was significantly better than

FIG. 7. Comparison of observed and modeled significant wave heights and averaged wave periods at stations
(a),(b) DJK and (c),(d) XMD.
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TABLE 4. Summary of the mathematical expressions for the wave–current interaction mechanisms.
Term

Mathematical expression

Combined wave–current bottom stress

twc 5 tc 1 twm [Eq. (15)]

Wave dissipation

›q2 2aCB u3ts
5
; l 5 max(kzw , lz) at z 5 §(x, y, t) [Eq. (A14a)]
›z
Kq
ð
2p
›q2
5
SuBdis du; l 5 0 at z 5 2H(x, y) [Eq. (A14b)]
›z
2p
ð
cosh[2kD(1 1 §)] 2p
›h
Pw0 sinf
du [Eq. (A9)]
(tpx , tpy ) 5
2p sinh(2kD)
›xa
0




›Sxx (§) ›Sxy (§)
›D ›Sxx (§) ›D ›Sxy (§)
1§
1
Rx 5 2D
1
,
›y
›§
›x
›x
›§
›y



 [Eq. (A10)]
›Syx (§) ›Syy (§)
›D ›Syx (§) ›D ›Syy (§)
1
1§
1
Ry 5 2D
›x
›y
›§
›§
›x
›y

Form drag
Wave radiation stress

Mean current advection and refraction
of wave energy

›Eu
›
›
›Ua
1
[(cga 1 uAa )Eu ] 1 (cu Eu ) 1 Sab
Dd§ 5 Suin 2 SuSdis 2 SuBdis [Eq. (A1)]
›xa
›u
›t
›xb
The current advection and refraction of wave energy are the second and third
terms, respectively, on the left-hand side.

simulation 2 (Fig. 9c): the RMSE was reduced by 30%,
R2 increased from 0.43 to 0.72, and the SS of 0.51 was a
‘‘very good’’ classification. Both the qualitative and
quantitative comparisons between the GOCI data and
model simulations demonstrate that using only the
combined wave–current bottom stress, as in most previous studies (e.g., Tang and Grimshaw 1996; Lou et al.
2000; Wang et al. 2000; Wang et al. 2007), is not sufficient to model accurately the effects of waves on the
suspended-sediment dynamics.
Based on this finding, the next step is to use the coupled
wave–current–sediment model to investigate the effects of
the six wave–current interaction mechanisms separately, to
gain a further understanding of the relative contribution
and role of each mechanism. As well as investigating the
effects of the individual wave–current interactions on the
horizontal distribution of SSC, we use station A (Fig. 1)
as a representative location at which to examine thoroughly how each of the wave–current interaction mechanisms affects the vertical current velocities, vertical eddy
viscosities, and bottom stress, and consequently the SSC.
Station A is located in an area that experiences significant
effects from the wave–current interactions. The horizontal
distribution of SSC in that area from simulation 8 (all
wave–current interaction mechanisms included) agreed
well with that from the GOCI (Figs. 8a,d). Therefore,
station A is a good location at which to investigate how the
wave–current interaction terms affect the SSC. The water
depth at station A is around 4.9 m; water elevations, significant wave heights, and peak wave periods during the
period from 0130 to 0730 UTC 13 October 2014 are given
in Fig. 10. This time period is the same as that during which

the model results were validated against the GOCI data
(Fig. 8), so the discussion of the results at station A focuses
on this time period.

b. Combined wave–current bottom stress included
(simulation 2)
As JZB is connected to the YS through a narrow
tidal inlet that can restrict the propagation of waves,
the significant wave heights inside JZB are slightly
lower than outside, as can be seen in the snapshot of
significant wave heights in Fig. 2a. The snapshot of
wave orbital velocities near the bottom (Fig. 2b)
shows a quite different distribution pattern, with high
values around 0.2 m s21 concentrated in the very
shallow water areas (depth less than around 2 m) near
TABLE 5. Summary of the configurations in the model simulations.
Simulation

Description

1
2

Current only
Simulation 1 plus combined wave–current
bottom stress
Simulation 1 plus wave dissipation
Simulation 1 plus form drag
Simulation 1 plus wave radiation stress
Simulation 1 with all wave–current interaction
mechanisms except mean current advection
of wave energy
Simulation 1 with all wave–current interaction
mechanisms except mean current refraction
of wave energy
Simulation 1 with all wave–current interaction
mechanisms

3
4
5
6

7

8
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FIG. 8. Surface SSC from 0130 to 0730 UTC 13 Oct 2014 derived from (a) GOCI, (b) simulation 1, (c) simulation 2, and (d) simulation 8.
The white areas indicate the tidal flats emerging at the time.

the bay shore because the bottom wave orbital velocities are inversely proportional to water depth.
The combined wave–current bottom stress is the
maximum instantaneous shear stress, which is the vector
sum of the time-averaged instantaneous shear stress of
the current and the maximum shear stress induced by
the waves [section 6b(3)]. As can be seen in Eq. (18), the
maximum shear stress induced by the waves is proportional to the square of the bottom wave orbital
velocity. Hence, the bottom wave orbital velocities influence the combined wave–current bottom stress.
Figure 11a shows the differences in the monthly and
depth-averaged SSC between simulation 2 and simulation 1.
The inclusion of the combined wave–current bottom stress
in simulation 2 had a large effect on the SSC, especially in
the shallow-water areas near the shore of JZB, with an
average increase there of around 20 mg L21. Figure 11g
shows the difference in the monthly averaged bottom
stress between simulation 2 and simulation 1; this has the
same distribution pattern as the difference in the SSC in
Fig. 11a. Therefore, on a monthly time scale, the combined wave–current bottom stress (tidally and depth averaged) affects the SSC through its effect on the process
of resuspension.

Next we examine the vertical changes on an intratidal time scale. Figure 12 plots the differences between simulation 2 and simulation 1 for the bottom
stress, wave orbital velocity near the bottom, SSC, and
current velocity at station A from 0130 to 0730
UTC 13 October 2014 (UTC); these plots show the
effect of including the combined wave–current bottom stress in the simulation. Figure 12a shows that the
bottom stress has increased in simulation 2 compared
to simulation 1 and that the increase has a similar
pattern to the increase in bottom wave orbital velocity. As a result of the enhanced resuspension,
the SSC near the bottom has also increased significantly; the difference reached a peak value (around
70 mg L21) between hours 5 and 6 (Fig. 12), similar to
the difference in bottom stress. The magnitude of the
increase in SSC generally decreased from the bottom
(sigma coordinate § 5 21) to the surface (§ 5 0), and
the time variation in the increased SSC showed similar trends from the bottom to the surface. Both the
tidally averaged and intratidal results imply that
the combined wave–current bottom stress can significantly affect sediment resuspension, and consequently
the SSC.
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FIG. 9. Scatterplots of the GOCI-derived SSC and the modeled SSC in (a) simulation 1, (b) simulation 2, and (c) simulation 8,
respectively. The green lines show where the simulation results are equal to the GOCI-derived results. The corresponding statistic
estimators are also given in each panel.

c. Wave dissipation included (simulation 3)
Wave dissipations at the surface and the bottom enter
into the vertical turbulent energy equation as the diffusional
boundary condition [Eqs. (14a) and (14b)]. Wave dissipation is a sink in the wave energy equation but a source in the
vertical turbulent energy equation. In consequence, wave
dissipation is expected to enhance vertical mixing.
In simulation 3 (wave dissipation included), the vertical
mixing was significantly enhanced compared with simulation 1 in the surface layers (20.1 , § , 0), as seen in
Fig. 13, which plots the time-area-averaged result for
JZB. It can also be seen from Fig. 13 that the bottom
dissipation had only a minor effect on the vertical mixing.
The enhanced vertical mixing could affect not only
the vertical exchange of suspended sediments but also
the currents, and consequently the advection and
resuspension of suspended sediments. However, compared with the combined wave–current bottom stress,
wave dissipation caused only small changes to the SSC,
in both the tidally averaged (Fig. 11b) and intratidal
results (Fig. 14). Hence, wave dissipation had little effect on the current velocities (meaning the magnitudes
of current in this study) and SSC, except in the thin top
layer shown in Fig. 14c.

turbulence-supported stress in the momentum equations [Eqs. (7) and (8)] and the vertical turbulent closure
equations [Eqs. (12) and (13)] (Mellor 2005). Form drag

d. Form drag included (simulation 4)
The horizontal (kinematic) surface wind stress can be
divided into a turbulent viscous part (skin friction) and a
pressure part (form drag) (Mellor et al. 2008). The
pressure part of the wind stress is associated with the
horizontal gradient in wave pressure as a result of water
elevation induced by the waves [Eq. (9)]. The wind
pressure can be projected into the subsurface of the
water column as form drag and competes with the

FIG. 10. (a) Water elevation, (b) significant wave height, and (c) peak
wave period at station A from 0130 to 0730 UTC 13 Oct 2014.
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FIG. 11. Differences in the monthly and depth-averaged SSC for simulations (a) 2 2 1, (b) 3 2 1, (c) 4 2 1, (d) 5 2 1, (e) 8 2 6, and
(f) 8 2 7. Differences in the monthly averaged bottom stress for simulations (g) 2 2 1, (h) 3 2 1, (i) 4 2 1, (j) 5 2 1, (k) 8 2 6, and (l) 8 2 7.
White lines denote 0 mg L21 or 0 N m22.

can affect the vertical mixing in each sigma layer, with
the maximum increase of around 30% in the middle
layers (§ ’ 20.4) as shown by the time-area-averaged
result for JZB (Fig. 13).
Similar to the wave dissipation, the differences in the
tidally averaged SSC and bottom stress caused by form
drag were not large (Fig. 11c). The tidally averaged SSC
clearly experienced a larger increase in the shallowwater areas near the head of JZB than in the neighboring deeper-water areas, which did not match the
difference in the tidally averaged bottom stress (Fig. 11i).
Therefore, this discrepancy must be the result of the enhanced vertical mixing there, as stronger vertical mixing
caused by form drag (Fig. 13) would maintain a higher
SSC in the water column, similar to the larger increase in
SSC in the northwest of JZB as a result of wave
dissipation.
On an intratidal time scale, the influence of form
drag cannot be ignored (Fig. 15). As shown in Fig. 15b,
the maximum difference in the SSC as a result of form
drag exceeded 14 mg L21. The magnitude of the form
drag deceased with depth (Fig. 15e) and significantly
enhanced the vertical mixing in the upper layers of the
water column (Fig. 15c). Form drag changed the current velocities by around 0.05 m s21 in the upper layer
but had a much smaller effect on the current velocities
near the bottom; hence the difference in the bottom
stress caused by form drag was not large. As a result of
the enhanced vertical mixing in the upper layers
and the relatively smaller differences in the bottom
stress, the difference in the SSC caused by the form
drag was larger in the upper layers (§ . 20.7) than in
the lower layers (§ , 20.7) (Fig. 15b). In the upper

layers, the change in the pattern of current velocities
caused by form drag showed no clear correlation with
that in the SSC, so that the difference in the SSC in the
upper layer must have been caused by the enhanced
vertical mixing. The increase in the SSC in the whole
water column gradually decreased with time, along
with a reduction in the increase in bottom stress.
Hence, the effect of form drag on bottom stress

FIG. 12. Differences in (a) the bottom stress, the wave orbital
velocity near the bottom, and (b) the SSC, simulation 2 minus
simulation 1, at station A from 0130 to 0730 UTC 13 Oct 2014.
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FIG. 13. Spatially and monthly averaged vertical eddy viscosities
of simulations 1, 3, and 4.

determined the differences in the SSC in the whole
column, and its effect on vertical mixing determined
the vertical distribution of the SSC differences.

e. Wave radiation stress included (simulation 5)
Wave radiation stress can be regarded as the waveaveraged effects on the current, modeled as the divergence of a stress tensor (Lane et al. 2007). As
pointed out by Longuet-Higgins and Stewart (1964),
wave radiation stress plays an important role in a variety of oceanographic phenomena, for example, in the
change in mean sea level due to storm waves (wave
setup), the generation of surf beats, the interaction of
waves with steady currents, and the steepening of short
gravity waves on the crests of longer waves. The dynamics in the surf zone (e.g., Conley and Inman 1992;
Conley and Beach 2003) is not yet included in
the MDO-Wave model. Therefore, this study focuses on the effect of the wave–current interactions
(Mellor 2003; Mellor et al. 2008; Mellor 2015) in the

VOLUME 48

shallow-water areas; wave setup and surf beat are not
considered here.
Pivotal to this study is that the wave-induced currents are essential to sediment transport (Sheng and
Liu 2011). The differences in the tidally and vertically averaged SSC caused by wave radiation stress
exhibit strong spatial variation in JZB: wave radiation stress mostly reduced the SSC in the south part
of JZB and increased the SSC in the north part, with
maximum increase in the northeast corner (Fig. 11d).
This distribution pattern of the differences in SSC is
similar to that of the difference in bottom stress
(Figs. 10d,j).
As shown in Fig. 16, wave radiation stress altered the
current velocities significantly in the middle layers of the
water column at station A, with the maximum variation
there. The largest changes in SSC (around 10 mg L21)
were also found in the middle layers, which means
changed currents affected the horizontal transport of
suspended sediments. Wave radiation stress also affected current velocities near the bottom, leading to
variations in bottom stress, with a maximum increase of
0.03 N m22. The changed bottom stress caused by wave
radiation stress affected the SSC near the bottom
(§ , 20.75).
As pointed out by Ardhuin et al. 2017, the threedimensional wave radiation stress proposed by Mellor
(2003, 2015) missed the divergence of vertical flux associated with nonhydrostatic pressure perturbations.
However, this problem cannot be solved until the analytical solution to the wave motion to second order («2)
is found, which has not been completed in any other
theories yet (Ardhuin et al. 2017). In this study, the
influences of the three-dimensional wave radiation
stress on the currents are on the order of 0.1 m s21.
According to Sheng and Liu (2011), the relative RMS
errors of currents induced by three-dimensional radiation stress are 26.2% when compared to laboratory
experiments. The absolute errors of currents induced

FIG. 14. Differences in (a) the SSC, (b) the vertical eddy viscosities, and (c) the current velocities between simulation 3 and simulation 1 at
station A from 0130 to 0730 UTC 13 Oct 2014.
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FIG. 15. Differences in (a) the bottom stress, (b) the SSC, (c) the vertical eddy viscosities, (d) the current
velocities, and (e) the magnitudes of form drag between simulation 4 and simulation 1 at station A from 0130 to
0730 UTC 13 Oct 2014.

by wave radiation stress in this study are roughly estimated to be on the order of 0.03 m s21, which would
secondarily affect the suspended-sediment dynamics.
More noticeable errors are expected when modeling
suspended-sediment dynamics during typhoon or
hurricane events when the waves are much stronger
than that in this study.

f. Mean current advection and refraction of wave
energy included (simulations 6 and 7)
Currents can affect the propagation of wave energy
in the advection and refraction terms of Eq. (1),
called mean current advection and refraction of wave
energy, respectively. The effects of these two mechanisms are feedback from the waves to the currents,

and consequently the SSC. The effects of the waves
on the currents are changed if the corresponding
terms are omitted from the wave model. Separate
model results for each mechanism are given, but both
are included in this section as the mechanisms are
similar.
In simulation 6, we included in the model of simulation
1 all the wave–current interaction mechanisms except the
mean current advection of wave energy [the second term
on the left-hand side of Eq. (1)]. Similarly, in simulation 7,
we included all the wave–current interaction mechanisms
except the mean current refraction of wave energy [the
third term on the left-hand side of Eq. (1)]. Finally, in
simulation 8, we included all the wave–current interaction
mechanisms. The differences between simulation 8 and
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FIG. 16. Differences in (a) the bottom stress, (b) the SSC, (c) the current velocities, and (d) the magnitudes of wave radiation stress
between simulation 5 and simulation 1 at station A from 0130 to 0730 UTC 13 Oct 2014.

simulation 6, and between simulation 8 and simulation 7,
were caused by mean current advection and by refraction
of wave energy, respectively.
The tidally and vertically averaged result in Fig. 11e
shows that the mean current advection of wave energy
generally increased SSC in the northern part and along
the west coast of JZB and reduced SSC in the middle
part and along the east coast. This pattern is similar to
the difference in the tidally averaged bottom stress
caused by the mean current advection of wave energy
(Fig. 11k). The intratidal results at station A show that
including the mean current advection of wave energy
clearly changed the significant wave heights and that the
magnitudes of the differences were generally in proportion to the vertically averaged current velocities. As
the wave heights changed, the effects of the other wave–
current interaction mechanisms also changed. The
resulting changes were nonlinearly superposed, leading to significant variations in the current velocities
and vertical mixing in the whole water column
(Figs. 17d,e). The difference in bottom stress was
dominated by the difference in current velocities near
the bottom; even though the bottom wave orbital velocities were increasing most of the time, the bottom
stress was significantly reduced in the first three hours
but increased subsequently, the same as the variation
in the bottom current velocities (Figs. 17b,d). The
differences in the SSC in the lower half of the water
column showed a similar changing pattern to the differences in bottom stress. The maximum magnitude of
the SSC difference caused by the mean current

advection of wave energy was around 30 mg L21, larger
than the individual differences from wave dissipation,
form drag, and wave radiation stress.
As with the mean current advection of wave energy,
the inclusion of mean current refraction of wave energy
(simulation 8 vs simulation 7) clearly changed the significant wave heights at station A (Fig. 18a). The mean
current refraction of wave energy also caused significant
changes in the current velocities and vertical mixing.
The current velocities were reduced near the bottom
at all times, whereas the significant wave heights were
increased except during the third hour. As a result,
the bottom stress was reduced during the first four
hours and enhanced subsequently, leading to similar
changes in the SSC. The maximum increase/decrease
in the SSC caused by the mean refraction of wave
energy was 30 and 40 mg L21, respectively, comparable to that caused by the combined wave–current
bottom stress.

5. Summary and conclusions
In this study, a three-dimensional coupled wave–
current–sediment model was set up to investigate
the effect of wave–current interaction mechanisms on
the suspended-sediment dynamics in Jiaozhou Bay
(JZB), a tidally dominated bay. The wave model used
was developed by Mellor et al. (2008). Compared
with community wave models such as SWAN and
WAVEWATCH III, it runs faster, with reliable results,
when coupled with the hydrodynamics model FVCOM.
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FIG. 17. (a) Vertically averaged current velocities and differences in the significant wave heights between simulation 8 and simulation 6
at station A from 0130 to 0730 UTC 13 Oct 2014. Differences in (b) the bottom stress and wave orbital velocity near bottom, (c) the SSC,
(d) the current velocities, and (e) the vertical eddy viscosities between simulation 8 and simulation 6 at station A from 0130 to 0730 UTC
13 Oct 2014.

Most importantly, all the wave–current interaction
mechanisms proposed by Mellor (2003), Mellor et al.
(2008), and Mellor (2015) have been taken into consideration. Comparison between model results and GOCI
data shows that the simulation with all the wave–current
interaction mechanisms included performed much better than the simulation with only the combined wave–
current bottom stress, the case in most other studies.
Numerical simulations with the respective wave–
current interaction mechanisms included one at a
time were designed to investigate their effects on
the suspended-sediment dynamics. The tidally and
vertically averaged results indicated that all the
wave–current interaction mechanisms affected the
suspended-sediment concentration (SSC), primarily
through their effects on the bottom stress. These results
also showed that the combined wave–current bottom
stress did cause much larger differences in the bottom
stress and the SSC than the other wave–current interaction mechanisms: it consistently increased the
bottom stress whereas the other terms alternately increased and decreased it when waves were significant.
However, the contributions of the other wave–current
interaction mechanisms, especially the mean current
advection and refraction of wave energy, and the wave
radiation stress cannot be neglected.
On an intratidal time scale, the other wave–current
interaction mechanisms were much more comparable
in effect to the combined wave–current bottom stress.
Wave dissipation and form drag both affected the

vertical mixing first, then the current velocities and the
SSC. The effect of wave dissipation was smallest, as it
only increased vertical mixing in a very thin top layer.
Unlike wave dissipation, form drag enhanced vertical
mixing in most parts of the water column. Furthermore,
it led to significant changes in the current velocities,
and consequently the bottom stress. The changes in
SSC caused by form drag were the consequence of its
effect on the vertical mixing in the top layer and its
effect on the bottom stress in the bottom layer. Wave
radiation stress, a stress tensor, directly changed the
current velocities and the bottom stress. The changes in
SSC caused by the wave radiation stress were the
consequence of its effect on the horizontal transport of
suspended sediment in the top layer and its effect on
the bottom stress in the bottom layer. Mean current
advection and refraction of wave energy affected the
propagation of waves, thus resulting in changes in the
other wave–current interaction mechanisms. The contributions of both the mean current advection and refraction of wave energy were as significant as that of the
combined wave–current bottom stress and larger than
the rest of the mechanisms, wave radiation stress, form
drag, and wave dissipation.
As a conclusion, the suspended-sediment dynamics
is governed not only by the bottom resuspension but
also by the horizontal advection by currents and
vertical mixing, so that considering only the combined wave–current interaction bottom stress in
modeling the SSC is clearly far from adequate. Wave
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FIG. 18. Differences in (a) the significant wave heights, (b) the bottom stress and the wave orbital velocities near bottom, (c) the SSC,
(d) the current velocities, and (e) the vertical eddy viscosities between simulation 8 and simulation 7 at station A from 0130 to 0730
UTC on 13 Oct 2014.

dissipation, form drag, wave radiation stress, and
mean current advection and refraction wave energy
can significantly affect the horizontal and vertical
exchange of suspended sediments and even the
bottom stress. Their effects on the modeling of
suspended-sediment dynamics during strong wave
events deserve more attention in the future.
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APPENDIX
Introduction of the Coupled
Wave–Current–Sediment Model
a. The wave model
Much of what follows in this section is from the work
of Professor George Mellor and coworkers. Their work
and codes can be accessed directly (at shoni2.princeton.
edu/ftp/glm/). The symbols used in this section are
mostly described in Table 1 with parts of them further
explained below.
Ð‘
The spectrally averaged wave energy Eu 5 0 Es,u ds
is found by solving
ð0
 i ›
›Eu
›U
› h
cga 1 uAa Eu 1 (cu Eu ) 1 Sab a D d§
1
›xa
›u
›t
›xb
21
5 Suin 2 SuSdis 2 SuBdis ,
(A1)
where there is implied summation in the second term
over a 5 1, 2 and in the fourth term over a and b: a,
b 5 1, 2.
The horizontal coordinates here are xa; a 5 1, 2, with
x1 5 x and x2 5 y, and the vertical sigma coordinate is
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§ 5 (^
h 2 z)/D, where z is the vertical coordinate, positive upward, with z 5 0 at mean sea level.
The overbars represent spectral averages; for example, the spectrally averaged group velocity is
ð‘
cga 5 0ð ‘
0

,

21

Ua

sinh[2kD(1 1 §)]
d§, and
sinh2 (kD)


g
›D
›D
sinu
2
cosu
cu 5
›y
2c cosh2 (kD) ›x


ka ›uAa
›uAa
sinu 2
cosu ,
1
k
›x
›y
1

Ð p /2

S
2p/2 uin

(A5)

du is the spreading function.

1) CONTINUITY AND MOMENTUM EQUATIONS


cosh[2kD(1 1 §)]
sinh(2kD)
(A2)

(A3)

The last term on the left of Eq. (A1) represents the
energy exchange with the mean velocity energy equation. The Sab is the wave radiation stress term. The Ua is
the a component of the current velocity U plus the
a component of the Stokes drift velocity US, with
USa 5



1/2
,
< 5 sp sp 2 su fspr

b. The hydrodynamic model

Es,u ds

where cga is the a component of the group velocity cg.
The first two terms on the left of Eq. (A1) determine
the propagation of wave energy in time and horizontal
space; the third term is the refraction term, accounting
for the change in direction of wave-energy propagation;
uAa are the components of the Doppler velocity uA and
cu the refraction speed. The uAa and cu are given by the
following (Mellor et al. 2008):
ð0

and n 5 1/2 1 kD/sinh(2kD). In the regions of u where
the waves are wind driven, < is an additional source term:

where fspr 5 Suin /

cga Es,u ds

uAa 5 kD
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2ka ET cosh[2kD(1 1 §)]
.
sinh(2kD)
c

The hydrodynamics model is based on FVCOM with
the inclusion of the wave–current interaction processes
proposed by Mellor (2003), Mellor et al. (2008), and
Mellor (2015) (noted in section 1). FVCOM solves the
same model equations as the Princeton Ocean Model
(POM; Mellor 2004) but uses the finite-volume method
rather than the finite-difference method used by POM.
In the sigma coordinate system, the momentum and
continuity equations are given by the following (Chen
et al. 2003):
›^
h ›Du ›Dy ›v
1
1
1 5 0,
›t
›x
›y
›§
›uD ›u2 D ›uyD ›uv
1
1
1
2 f yD
›t
›x
›y
›§
 ð0

›^
h gD ›
›D
D r d§ 0 1 sr
5 2gD 2
›x r0 ›x
›x
§
1 DFu 1

 ›s
›su 
u
1 cga 1 uAa
›t
›xa

!


›su ka kb ›uAa
›s ›D
›D
52
1 uAa
1 u
1 <,
›xa
›k
k ›xb
›D ›t
(A4)

again with the appropriate implied summations over a and b.
Here, we have ›su/›k 5cg , ›su/›D 5 (su /D)(n 2 12)

1 ›(ttx 1 t px )
1 Rx ,
D
›§

and

(A7)

›yD ›uyD ›y2 D ›yv
1
1
1
1 fuD
›t
›x
›y
›§
 ð0

›^
h gD ›
›D
D r d§ 0 1 sr
5 2gD 2
›y r0 ›y
›y
§
1 DFy 1

All the terms in Eq. (A1) are functions of the wave direction u, and all are kinematic (i.e., energy terms are
divided by water density). Therefore, the atmospheric
work done on the water is rwSuin.
The wave frequency su at angle u is found by solving
the following (Mellor et al. 2008):

(A6)

1 ›(t ty 1 t py )
1 Ry .
D
›§

(A8)

The Fu and Fy are horizontal momentum diffusion
terms, calculated by the Smagorinsky eddy parameterization method (Smagorinsky 1963). The vector
(t tx, t ty) 5 Km/D(›u/›§, ›y/›§) is the turbulent-viscous
part of the wind stress or skin friction. The Stokes drift
velocity (definition in section 3a) is not accounted for in
vertical mixing (Mellor 2005), so that in the calculation
of (t tx, t ty) it is subtracted from the velocity (u, y).
The additional terms due to waves are the threedimensional wind stress induced by form drag (t px, t py)
and the wave radiation stress (Rx, Ry) (Mellor et al. 2008):

 cosh[2kD(1 1 §)] ð 2p
›h
tpx , t py 5
Pw0 sinf
du,
2p sinh(2kD)
›xa
0

(A9)
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with t px given by the RHS with a 5 1; that is,
x a 5 x 1 5 x. Similarly, tpy is given by the RHS
with a 5 2, that is, with x a 5 x 2 5 y. Here h 5 a cos
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f is the water elevation caused by the waves, with
a the amplitude and f 5 k (x cosu 1 y sinu) 2 vt the
phase:

"

#
"
#
›Sxx (§) ›Sxy (§)
›D ›Sxx (§) ›D ›Sxy (§)
1
1
Rx 5 2D
1g
,
›x ›g
›y ›g
›x
›y
#
#
"
"
›Syx (§) ›Syy (§)
›D ›Syx (§) ›D ›Syy (§)
1g
1
1
Ry 5 2D
›x
›y
›x
›y
›§
›§

and

Sxx (§) 5 ET

kfcosh[2k(1 1 §)D] 1 1g
kfcosh[2k(1 1 §)D] 1 1g
1 ED
cos2 u 2 ET
sinh(2kD)
sinh(2kD)

Syy (§) 5 ET

kfcosh[2k(1 1 §)D] 1 1g
kfcosh[2k(1 1 §)D] 1 1g
sin2 u 2 ET
1 ED
sinh(2kD)
sinh(2kD)

Sxy (§) 5 Syx (§) 5 ET

kfcosh[2k(1 1 §)D] 1 1g
sinu cosu.
sinh(2kD)

The ÐED(§) is a modified delta function, equal to 0 if § 6¼ 0,
0
and 21 ED D d§ 5 Eu /2.

2) VERTICAL TURBULENT CLOSURE EQUATIONS

(A10)

(A11)

level-2.5 turbulent closure model with form drag
taken into consideration. The simplified equations
are given by

The vertical eddy viscosity coefficient K m is
calculated using the Mellor and Yamada (1982)

 

›q2 D ›q2 uD ›q2 yD ›q2 v
1 ›
›q2
›u
›y
›u
›y
1
1
1
Kq
1 2 t px 1 tpy 1 t tx 1 t ty
1 Fq ,
5 2D(Pb 2 «) 1
›t
›x
›y
›§
D ›§
›§
›§
›§
›§
›§

and
(A12)

!


~
›q2 lD ›q2 luD ›q2 lyD v ›q2 lv
›u
›y
›u
›y
1 ›
›q2 l
W
1
Kq
1 DFl ,
5 lE1 D Pb 2 « 1 t px 1 t py 1 t tx 1 t ty
1
1
1
›t
›x
›y
D ›§
›§
›§
›§
›§
D ›§
›§
E1
(A13)
where Pb 5 [gKh (›r/›D§)]/r0 is the buoyancy pro~ 5 1 1 E2 l2 /(kL)2
duction term of turbulent energy; W
is a wall proximity function, with k 5 0.4 and L21 5
(^
h 2 z)21 1 (H 1 z)21; and E1 and E2 are empirical
constants. The turbulent kinetic energy and macroscale
equations are closed by the relationships Km 5 lqSm
and Kq 5 0.2lq. More details can be found in Mellor
and Yamada (1982) and Galperin et al. (1988).
The turbulent kinetic flux q2 induced by surface wave
dissipation (Mellor and Blumberg 2004) is given by

›q2 2aCB u3ts
;
5
›z
Kq

l 5 max(kzw , lz) at z 5 § (x, y, t),
(A14a)

where aCB 5 15(cp /u*) exp[2(0:04cp /u*)4 ] is a parameter
related to wave age cp /u*; cp is the phase speed of the wave
at the dominant frequency; u* 5 30uts is the air friction
velocity; and zw 5 0.85Hs is the wave-related roughness
height. The bottom wave dissipation (Mellor 2013),
given by
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›q2
5
›z

ð 2p
2p

SuBdis du;

l50

at z 5 2H(x, y),
(A14b)

Replacing the shear stresses with the magnitude of the
shear velocities, the equation above can be transformed
into (Madsen 1994)
u2*cw 5 Cm u2*wm ,

is added at the bottom boundary.

3) BOTTOM BOUNDARY CONDITION FOR
WAVE–CURRENT–SEDIMENT INTERACTION
According to Madsen (1994), the bottom stress is
enhanced by the nonlinear interaction of waves and
currents in the wave boundary layer. The maximum instantaneous shear stress for the combined flow twc is the
vector sum of the time average of the instantaneous
shear stress of the current t c and the maximum shear
stress associated with the wave t wm:
t wc 5 tc 1 twm .

(A15)

(A16)

where

 #1/2


u*c 2
u*c 4
Cm 5 1 1 2
cosuwc 1
.
u*wm
u*wm
"

(A17)

A wave and current friction factor fcw is introduced to relate
t wm to the magnitude of the bottom wave orbital velocity ub:
t wm 5 ru2*wm 5 (1/2)fcw u2b ,

(A18)

where

"
#
8


Cm ub 20:078
>
>
>
C exp 7:02
2 8:82 ,
>
>
kN sr
< m
fcw 5
"
#


>
>
Cm ub 20:109
>
>
>
2 7:30 ,
: Cm exp 5:61 k s
N r

0. 2 ,
102 ,

Cm ub
kN s r
Cm ub
kN sr

, 102
.
, 10

(A19)

4

With u*wc and the current velocity ucr at a given elevation zr above the sea bed, the current shear velocity u*c
can be written as follows (Madsen 1994):

8
"
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ #
u*wc ln(zr /dwc )
ln(dwc /z0b ) ucr
>
>
>
>
< 2 dwc /z0b 21 1 1 1 4k ln(zr /dwc ) u wc ,
*

u*c 5 sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
kucr u*wc
>
>
>
,
:
ln(zr /zb )

dwc 5

>
>
>
>
: kN

for

for

Cm ubr
kN sr
Cm ubr
kN sr

.8
.

(A21)

,8

The combined wave–current bottom stress is obtained
through iteration. First, Cm is assumed to be 1.0 to obtain

zr . dwc ,
,

for

where z0b 5 kN/30 is the bottom roughness length, set to
0.001 in this study, and the wave boundary layer thickness dwc is defined by
8
>
>
>
> 2ku*wc /sr
<

for

(A20)

zr , dwc ,

an initial guess for u*wm from Eq. (A16) and for u*c
from Eq. (A20). After one iteration, Cm is updated
from Eq. (A16). This procedure is repeated until
f cw reaches a stable value to a precision of two
significant digits.

c. The sediment model
UNSW-Sed was used for the suspended-sediment
simulation. The governing equation for the suspended
sediment is concentration based and includes the physical processes of advection, diffusion, settling, erosion,
and deposition of suspended sediments:
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›
›
›
›
(CD) 1 (CuD) 1 (CyD) 1
C w 1 ws
›t
›x
›y
›s






›
›C
›
›C
› Km ›C
HAh
1
HAh
1
.
5
›x
›x
›y
›y
›§ D ›§
(A22)
Here, ws is the particle settling velocity, which is unaffected
by the transformation from a Cartesian coordinate system
to the sigma coordinate system.
By considering the contribution of SSC in the nepheloid layer (Wang 2002), the seawater density can be
calculated as


r
(A23)
r 5 rw 1 1 2 w C .
rs
A flux Richardson number was introduced by Wang
(2002) into the bottom friction coefficient Cd to include
the effect of a sediment-induced bottom boundary layer
in the model, giving
2

3
 22

H 1 zb
1
5 ,
ln
Cd 5 4
k/(1 1 ARf )
z0

(A24)

where R f is the flux Richardson number, indicating
vertical density stratification in the Mellor–Yamada
level-2 approximation. The A is an empirical constant
ranging from 6.8 to 14.7, independent of flow state
and Rf. The A has been set to be various different
values in previous studies (Taylor and Dyer 1977;
Adams and Weatherly 1981; Glenn and Grant 1987;
Wang 2002; Conley et al. 2008). The z0 and zb are the
bottom roughness and the near-bottom layer thickness, respectively.
For the suspended-sediment flux, the surface condition is
Km ›C
2 Cws 5 0,
D ›§

§ / 0,

(A25)

and the bottom condition is
Km ›C
2 Cws 5 Eb ,
D ›§

§ / 1:

(A26)

The Eb can be expressed as follows (Ariathurai and
Krone 1976):

8 
jt b j
>
> E0
2
1
,
if jt b j $ t c
>
>
tc
<
.
(A27)
Eb 5


>
>
jt
j
>
b
>
: Cb ws
2 1 , if jt b j , t c
tc
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