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Abstract Prediction of cohesive sediment transport in storm
process is important for both navigation safety and environment
of the coastal zone. The difficulties to simulate cohesive sedi-
ment transport for a small-scale area such as around a harbor
during storm events mainly include the low spatial resolution of
the present reanalysis atmosphere forcing, the complex hydro-
dynamic and sediment transport processes, and their interac-
tions. In this paper, an integrated atmosphere-wave-3D hydro-
dynamic and cohesive sediment transport model with unstruc-
tured grid, which is comprised of the Weather Research and
Forecasting (WRF) model, Simulating WAves Nearshore
(SWAN) model, and Finite-Volume Coastal Ocean Model
(FVCOM), was developed to solve the abovementioned prob-
lems. For cohesive sediment, the flocculation and hindered set-
tling were included, and a self-weight consolidation processes
was introduced to the existing FVCOM. Interactions between
components were considered by providing data fields to each
other in an offline manner. The integrated model was applied to
simulate cohesive sediment transport around Lianyungang

Harbor, China, during TyphoonWipha in 2007. Results identify
that the atmosphere model WRF performed better in the simu-
lation of wind field during typhoon process compared with
QuikSCAT/National Centers for Environmental Prediction
(QSCAT/NCEP) data. Simulation of wave model was directly
affected by wind results as wave vector field driven by WRF
wind field showed anticlockwise vortex while waves driven by
QSCAT/NCEP wind field did not. The influence of water ele-
vation and flow field on waves was great at the nearshore area.
However, the effect of wave on current was not apparent, while
the wind field played a more important role, especially on the
current velocity. The cohesive sediment transport was greatly
affected by wave due to the combined wave-current-induced
shear stress. In general, simulation results of wind, wave, cur-
rent, and sediment showed reasonable agreement withmeasured
data. It is demonstrated that the integrated model developed in
the paper is capable of providing high-resolution atmosphere
data for other components, reproducing the complex hydrody-
namics and cohesive sediment transport processes and taking
account of the interaction between components. The integrated
model is necessary for simulating the cohesive sediment trans-
port in a small-scale area during storm events.
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1 Introduction

Storm processes such as typhoon and extratropical storm usu-
ally induce strong waves and complex currents in nearshore
zone and exert great impacts on cohesive sediment transport
on muddy coast. The cohesive sediment transport in storm
events not only causes strong siltation in entrance channels
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that threatens the navigation safety but also affects the coastal
environment because the fine sediment adsorbs and spreads
contaminants. Therefore, it is of great importance to predict
cohesive sediment transport during storm processes.

In recent years, the cohesive sediment transport during
storm events has been extensively studied by using 3D numer-
ical models. Some models such as MOHID (Neves 2003;
Zhang 2004) and EFDC (Hamrick 1992; Gong and Shen
2009; Liu and Huang 2009) are capable of simulating cohe-
sive sediment transport affected by waves and currents during
storm processes. However, it is difficult to develop a realistic
cohesive sediment transport model for a small-scale harbor in
storm events, because the factors of wind, wave, and current
processes are all prerequisite and need to be described accu-
rately enough to reproduce the physical processes. The main
difficulties for simulating cohesive sediment transport during
storm events lay in three aspects. First, the spatial resolution of
present reanalysis atmosphere data obtained is too low to de-
scribe the variation of storm wind fields. For example, the
spatial and temporal resolutions of QuikSCAT/National
Centers for Environmental Prediction (QSCAT/NCEP) re-
analysis data are 0.5° and 6 h, both are too coarse, with some
harbors only covering an area of 1°×1°. To solve this prob-
lem, previous studies used the Weather Research and
Forecasting (WRF) model to obtain high-resolution atmo-
sphere forces, for example, Gu et al. (2005) used the WRF
model to simulate Typhoon Rusa (2002) with a horizontal
resolution of 10 km and time step of 30 s. Observation data
was assimilated into the model through 3D-var data assimila-
tion. The good performance of WRF and the high-resolution
results demonstrates that it is necessary to employWRF mod-
el for simulating the wind fields during the storms. The second
difficulty is the complex hydrodynamic and sediment trans-
port processes and their interaction during storm events. To
achieve this, we should employ nearshore wave and hydrody-
namic and sediment models and establish the exchange of data
fields to each other to include interactions. And the last is about
the complexity of the properties of the cohesive sediments. This
has been investigated by various researchers (Dankers and
Winterwerp 2007; Sanford 2008; Xie et al. 2010) and we will
mainly refer to previous researches in our study.

Integrated and coupling models with proper component
models cannot only obtain reasonable results of a single factor
but also take account of the interaction between each compo-
nent. Therefore, integrated and coupling models become
necessary for simulation of cohesive sediment transport in
storm events. Warner et al. (2008b) developed a 3D coupled
wave, current, and sediment transport model based on the
ROMSmodel, and this coupledmodel was applied to simulate
storm-driven sediment transport in Massachusetts Bay
(Warner et al. 2008a). Zhao (2008) developed a 3D integrated
model consisting of a cyclone model (Holland 1980),
Simulating WAves Nearshore (SWAN) model, and

ECOMSED model to simulate cohesive sediment siltation in
storm events. Most recently, Warner et al. (2010) developed a
coupled ocean-atmosphere-wave-sediment transport
(COAWST) modeling system in structured grid and applied
in the simulation of Hurricane Isabel. The coupled model was
applied to investigate ocean-atmosphere-wave interaction dur-
ing Hurricane Ida and Nor’Ida (Olabarrieta et al. 2012).
However, most of the above studies used structured grid and
did not focus on cohesive sediment transport. It is anticipated
that the unstructured grid is more flexible to follow the irreg-
ular coastlines, and more complicated processes concentrating
on cohesive sediment should be included in the model.

In the present paper, we have developed an integrated
atmosphere-wave-3D hydrodynamic and cohesive sediment
transport model with unstructured grid based on theWRFmod-
el, SWAN model, and Finite-Volume Coastal Ocean Model
(FVCOM). The data fields were exchanged offline among the
components to include the coupling effects. The flocculation
and hindered settling processes for cohesive sediment were
included, and a consolidation model was introduced into the
existing sediment model of FVCOM. Cohesive sediment trans-
port was simulated with the influence of winds, waves, and
currents. The integrated model was applied to investigate the
coastal dynamic processes and channel siltation in the muddy
coast, Lianyungang Harbor, China, during Typhoon Wipha in
2007. The paper is organized as follows: the model compo-
nents and the model operation are described in Section 2. In
Section 3, the application results and discussion are presented.
The conclusions are demonstrated in Section 4.

2 Integrated model of cohesive sediment transport

The integrated model for description of cohesive sediment
transport in storm event is comprised of four components as
the atmosphere model WRF, the wave model SWAN, the hy-
drodynamic model FVCOM, and sediment model based on
FVCOM. The atmosphere model WRF provides the wind
field for wave simulation and hydrodynamic simulation, the
SWAN wave model gives the wave field and radiation stress
field for the hydrodynamic and sediment simulation of
FVCOM, while FVCOM also returns water elevation and
flow field for the wave simulation of the SWAN model. The
individual components and the operation of the integrated
model are described in the succeeding subsections.

2.1 Atmosphere model

The atmosphere model is the WRF model (Skamarock et al.
2008). WRF is a nonhydrostatic, fully compressible meso-
scale numerical weather prediction system.

The atmosphere model integrates the compressible,
nonhydrostatic, flux-form Euler equations. It utilizes
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Arakawa-C grid in the horizontal and a terrain-following
hydrostatic pressure coordinate (Laprise 1992) in the
vert ical . WRF is suitable for both operat ional
forecasting and atmospheric research across scales
ranging from meters to thousands of kilometers to
predict 3D atmospheric variables including wind speed,
surface pressure, air temperature, precipitation, humidity,
longwave and shortwave radiation, and heat flux. More
details about the WRF model can be found in
Skamarock et al. (2008) and Wang et al. (2011). In
recent years, WRF has been employed to predict atmo-
sphere parameters during hurricanes or typhoons (Gu
et al. 2005; Rosenfeld et al. 2007; Chen et al. 2010).
It is demonstrated that WRF has shown good perfor-
mance in the prediction of hurricane tracks and
intensity.

2.2 Wave model

For the wave model, we use the SWAN model. SWAN is a
third-generation wave model developed by Delft University
that computes random, short-crested wind-generated waves in
shallow water. It solves the action balance equation with
sources and sinks (Booij et al. 1999):

∂N
∂t

þ ∂cxN
∂x

þ ∂cyN
∂y

þ ∂cσN
∂σr

þ ∂cθN
∂θ

¼ S

σr
ð1Þ

where N represents the wave action density, the first term on
the left-hand side is the change of action density in time, the
second and third terms represent the propagation of action
density in geographical space (with cx and cy the propagation
velocities in x and y directions), the fourth term represents the
change of relative radiation frequency σr due to variations in
depths and currents (with propagation velocity cσ in frequency
space), and the fifth term is depth-induced and current-
induced refraction (with θ the direction normal to the wave
crest and cθ the propagation velocity in directional space). The
term on the right-hand side represents the source and sinks of
energy density including the transfer of wind energy to the
waves, the dissipation of wave energy due to whitechapping,
the dissipation of wave energy due to bottom friction, quadru-
plet and triad wave-wave interaction, and depth-induced
breaking.

Zijlema (2010) presented the unstructured mesh instead of
the structured version of SWAN with a vertex-based, fully
implicit, finite difference method. The unstructured grid
SWAN model retains the physics and numerics of the struc-
tured version and has been validated by idealized and realistic
cases. Here the unstructured grid SWAN is used.

2.3 Hydrodynamic model

For the 3D hydrodynamic model, FVCOM is employed.
FVCOM is a 3D unstructured grid, free-surface primitive
equation ocean model (Chen et al. 2003, 2004).

The governing equations of FVCOM consist of mo-
mentum, continuity, temperature, salinity, and density
equations. FVCOM uses the triangular grids in the hor-
izontal and sigma coordinate transformation in the ver-
tical. The horizontal diffusion for the momentum is
mathematically closed by the Smagorinsky parameteriza-
tion method (Smagorinsky 1963). The vertical eddy
mixing is closed by either the updated version of the
Mellor-Yamada level 2.5 (Mellor and Yamada 1982;
Mellor and Blumberg 2004) or turbulence closure
models provided by the General Ocean Turbulent
Model (GOTM) (Burchard, 2002). FVCOM employs a
“mode splitting” method with the sea surface elevation
computed by solving the vertical averaged equations
using a smaller time step (external mode) and the 3D
equations solved with given free surface using a larger
time step (internal mode).

The influence of wave is included by adding the radiation
stress terms to the momentum equations based on Mellor
(2003, 2005). The horizontal radiation terms (Sxx, Sxy, Syx,
and Syy) and vertical radiation terms(Spx and Spy) are shown
as follows:

Sxx ¼ kwE
kxkx
k2w

FCSFCC þ FCSFCC � FSSFSC

 !

þ kxkx
kw

c2

L
ARRz ð2Þ

Sxy ¼ Syx ¼ kwE
kxky
k2w

FCSFCC

 !
þ kxky

kw

c2

L
ARRz ð3Þ

Syy ¼ kwE
kyky
k2w

FCSFCC þ FCSFCC � FSSFSC

 !
þ kyky

kw

c2

L
ARRz

ð4Þ

Spx ¼ FCC−FSSð Þ FSS

2

∂E
∂x

þ FCSE 1þ σð Þ∂ kwDð Þ
∂x

� EFSScoth kwDð Þ∂ kwDð Þ
∂x

� �

ð5Þ

Spy ¼ FCC−FSSð Þ FSS

2

∂E
∂y

þ FCSE 1þ σð Þ∂ kwDð Þ
∂y

� EFSScoth kwDð Þ∂ kwDð Þ
∂y

� �

ð6Þ
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where kw is the wave number, kx and ky are the wave-
number components in the x and y directions, c is the
wave propagation speed, L is the wave length, and D is
the water depth. E is the wave energy and the vertical
structure functions are computed as:

FCS ¼ cosh kwD 1þ σwð Þ½ �
sinh kwDð Þ ; FCC ¼ cosh kwD 1þ σwð Þ½ �

cosh kwDð Þ

FSS ¼ sinh kwD 1þ σwð Þ½ �
sinh kwDð Þ ; FSC ¼ sinh kwD 1þ σwð Þ½ �

cosh kwDð Þ
ð7Þ

where σw=2π/T is the wave frequency, with T as the wave
period. The last terms of Eqs. (2), (3), and (4) represent the

surface roller, with AR as the roller area and Rz as the vertical
distribution of the roller (Svendsen 1984):

AR ¼ αffiffiffi
2

p H sLQb ð8Þ

Rz ¼ 1� tanh
2σ
γ

� �4

ð9Þ

where α=0.06 is a parameter, Hs is the significant wave
height, Qb is the fraction of breaking waves, σ is the vertical
sigma coordinate, and γ=Hs/D is the ratio of wave height to
water depth.

Fig. 1 Modeling scheme and
data exchange of integrated
model components

Fig. 2 Sketch map of the study
area; locations of observation
stations

398 Ocean Dynamics (2015) 65:395–417



2.4 Sediment model

The sediment model is based on the Community Model for
Coastal Sediment Transport (Warner et al 2008b) developed

by the U. S. Geological Survey and other researchers. The
module has been implemented into the FVCOM (Chen et al.
2003, 2004). For cohesive sediment transport, flocculation
settling and hindered settling processes are included in the

Fig. 3 Large domain (D1) and
subdomain (D2) of atmosphere
model (unit: °)

Fig. 4 Large domain and
subdomain of wave and
hydrodynamic model
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model. For description of channel siltation, a first-order em-
pirical consolidation expression is introduced into the existing
model in the present paper.

The transport of suspended sediment is governed by the 3D
advection-diffusion equation:

∂ Cð Þ
∂t

þ ∂ uCð Þ
∂x

þ ∂ vCð Þ
∂y

þ ∂ w−wsð ÞCð Þ
∂z

¼ ∂
∂x

AH
∂C
∂x

� �

þ ∂
∂y

AH
∂C
∂y

� �
þ ∂

∂Z
Kh

∂C
∂z

� �
ð10Þ

where C is the suspended sediment concentration; AH is the
horizontal eddy viscosity coefficient, and Kh is the vertical
diffusion coefficient; u, v, and w are flow velocity components
in x, y, and z directions; ws is the sediment settling velocity.

The boundary conditions are set as follows:
The surface boundary condition is no-flux:

Kh
∂C
∂z

¼ 0 ð11Þ

At the bottom, the flux difference between erosion and
deposition is imposed:

Kh
∂C
∂z

¼ FE−FD ð12Þ

where FE and FD are erosion flux and deposition flux, respec-
tively. The erosion flux is calculated following the ex-
pression of Ariathurai and Arulanandan (1978) as:

FE ¼ E0 1� Pbð Þ τb
τ c

� 1

� �
; τb > τe

FE ¼ 0 ; τb < τe
ð13Þ

where E0 is the erosion rate and Pb is the porosity. τb is the
bottom shear stress and τe is the critical shear stress for ero-
sion. Deposition flux is calculated as:

FD ¼ wsC; τb < τd

FD ¼ 0 ; τb > τd
ð14Þ

where τd is the critical shear stress for deposition.
Siltation thickness is calculated as:

zb ¼
Z T

0

F

ρs
dt ð15Þ

where F is the net flux in basins or channels, represented as
F=FD−FE; γs is the bulk density; and T is the time duration.

The processes of flocculation and hindered settling for co-
hesive sediment are included to calculate the settling velocity
as (van Rijn 2007):

ws ¼ ϕflocϕhsw0 ð16Þ

where ϕfloc is the flocculation factor and ϕhs is the hindered
settling factor; w0 is the free settling velocity of a single sed-
iment particle in the clear water calculated by the Stokes for-
mulation:

w0 ¼ ρs−ρwð ÞgD2
s50

18ρwν
ð17Þ

with ρs the sediment density and ρw the density of the water;
Ds50 is the median particle diameter; ν is the kinematic vis-
cosity coefficient.

Fig. 5 Time series of wind speed
for simulation of WRF with and
without assimilation, QSCAT/
NCEP data and measured data
during Typhoon Wipha

Fig. 6 Time series of wind
direction for simulation of WRF
with and without assimilation,
QSCAT/NCEP data and
measured data during Typhoon
Wipha
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The flocculation factor ϕfloc is proposed on the basis of the
experimental data of the earlier research work (Thorn 1981;
Vinzon and Mehta 2003; Shi and Zhou 2004) as follows:

ϕfloc ¼ 4þ 10log 2C=Cgel

� �	 
α
; C < CHS ð18Þ

where Cgel is the gelling concentration; CHS is the con-
centration for hindered settling; α=(Dsand/Ds50)−1 is a
factor which depends on the ratio of Dsand (Dsand=
62μm) and Ds50, with a minimum value of 0 for
Ds50=62μm and maximum value of 3 for Ds50<16μm;
ϕfloc varies between 1 and 10.

The hindered settling factor ϕhs is represented by Dankers
and Winterwerp (2007) as:

ϕhs ¼ 1−C=Cgel

� �m
1−Cð Þ= 1þ 2:5C=Cgel

� �
; C≥CHS ð19Þ

where m is the factor accounting for nonlinear effects.
The self-weight consolidation process of the soft mud is

taken into account in the present model. A first-order empiri-
cal expression which assumes the solid volume concentration
of the fluid mud approaching an equilibrium state, which is
described as the state of sediment bed after long times without
disturbance, is added into the existing model. The consolida-
tion equation is written as (Sanford 2008):

∂ϕs

∂t
¼ rc ϕseq−ϕs

� �
H ϕseq−ϕs

� �
−rs ϕseq−ϕs

� �
H ϕs−ϕseq

� � ð20Þ

where ϕs is the solid volume fraction, ϕseq is the equilibrium
mud solids volume fraction, H is the Heaviside step function
whose value is 1 for positive argument and 0 for negative
argument, rc and rs are first-order consolidation and swelling
rate, respectively. For duration of each hour, the newly depos-
ited sediment in the channel is regarded as an independent
layer to calculate the consolidation using Eq. (20). For each

Table 1 Mean absolute error of atmosphere results

Item Scenario Mean absolute error

Wind speed QSCAT/NCEP 2.61

WRF—without assimilation 3.75

WRF—assimilation 1.77

Wind direction QSCAT/NCEP 51.53

WRF—without assimilation 106.37

WRF—assimilation 31.29

Fig. 7 Comparison of simulated
and observed tracks of Typhoon
Wipha
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layer, the density of the mud increased from the initial state at
the speed of rc until it reached the equilibrium state. The sur-
face density of each layer is assumed to equal to the bottom
density of the layer that is above this layer to take account of
the influence from the upper layer on the lower layer.

The bottom stress under combined wave and current condi-
tion is calculated by the bottom boundary layer model (Styles
and Glenn 2000). Bottom stresses under pure currents τc and
pure waves τw are initially estimated as follows, respectively:

τ c ¼ u2 þ v2ð Þκ2

ln2 z=z0ð Þ ð21Þ

τw ¼ 0:5 f wu
2
b ð22Þ

where κ=0.4 is von Karman’s constant, and z0 is bottom
roughness length. ub represents the wave-orbital velocity
amplitude and fw is the wave friction factor which is
given as:

f w ¼
0:3 ; Ab=kb≤0:2
exp −8:82þ 7:02 Ab=kbð Þ−0:078
� �

; 0:2 < Ab=kb≤100

exp −7:30þ 5:61 Ab=kbð Þ−0:109
� �

; Ab=kb > 100

8>><
>>:

ð23Þ

where Ab is the wave-orbital excursion amplitude and
kb=30z0. The bottom stresses under pure currents and
pure waves are used as initial estimates for calculations
toward consistent profiles for eddy viscosity and

Fig. 8 Comparison between
wind fields of WRF simulation
and QSCAT/NCEP data for the
large domain at 18:00 of
September 19th (UTC) and 12:00
of September 20th (UTC). The
grid resolution of WRF model for
the large domain was 15 km and
the temporal resolution was 90 s.
The wind field of WRF model
was shown in every three grids for
clarity
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velocity between z0 and z2 in the model calculated as
(Styles and Glenn 2000):

Km ¼
κu*cz
κu*wcz1
κu*wcz

8<
:

;
;
;

z > z2
z1< z ≤ z2
z0 ≤ z ≤ z1

ð24Þ

where Km is eddy viscosity for momentum, z1 defines the
lower boundary of the transition layer, and z2=z1u*wc/u*c,
with u*wc ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

τwc;max
p

and u*c ¼ ffiffiffiffiffi
τc

p
. τwc,max is the

maximum bottom stress under combined currents and waves
and defined as:

τwc;max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ c þ τwcosαð Þ2 þ τwsinαð Þ2

q
ð25Þ

2.5 Model operation

The data exchange between model components is shown in
Fig. 1. The atmosphere model simulates the wind field and

Fig. 9 Time series of significant
wave heights for different model
scenarios and the comparison
with measured data during
Typhoon Wipha (panels B and C
are associated to measurement
stations B and C)

Fig. 10 Time series of mean
wave periods for different model
scenarios and the comparison
with measured data during
Typhoon Wipha (panels B and C
are associated to measurement
stations B and C)
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provides 10-m wind speed (U10, V10) to the wave model to
compute wave parameters. It also provides 10-m wind speed
(U10, V10), surface wind stress (Stress_u, Stress_v), heat
fluxes (Net_heat), atmospheric pressure (Air_pressure), and
precipitation (Precipitation) to the hydrodynamic model.
Waves and currents are coupled in an offline way. The wave
model provides the significant wave height (Hs), wave direc-
tion (Dir), peak wave period (Rtp), wave length (Wlen), bot-
tom orbital velocity (Ubot), and bottom wave period (TMbot)
to the hydrodynamic model. These parameters are used in
hydrodynamic model to compute radiation stress for current.
The spatial and time varying water elevation (Zeta) and verti-
cal averaged current velocity (Ua, Va) are provided to the
wave model to update the wave field by computing the
current-induced refraction. The wave and current parameters
are used to compute the bottom stress under the combined
condition of waves and currents, which are provided to the
sediment model to simulate sediment transport.

3 Application of the integrated model

3.1 Investigation area

Lianyungang Harbor (119° 27′ E, 34° 45′ N) locates on the
east coast of China (Fig. 2). In the recent years, many re-
searches on sediment properties around the harbor have been
carried out, including field observations (Wang et al. 1980;
Fan et al. 2009), laboratory experiments (Huang 1989), and
numerical modeling (Xie et al. 2010). The coast around
Lianyungang Harbor is a typical muddy coast because cohe-
sive sediments with medium particle diameters from 2 to 4μm
are wildly distributed along the coast (Xie et al. 2010). The
slope of the beach is very small, ranging from 1:1000 to
1:2000 (Chen et al. 1994).

Wipha is a strong typhoon which has threatened Chinese
coastline in September 2007 which was formed out of a trop-
ical disturbance at the northwest of Pacific Ocean on
September 16th. It kept moving northwest and made landfall
at Xiaguanzhen (120° 28′ E, 27° 10′ N) of Zhejiang Province,
with a maximum wind speed of 45 ms−1. Wipha passed
Lianyungang from September 19th to 20th. Thereafter, it
moved northeast and left Lianyungang Harbor and turned into

extratropical cyclone at north of Yellow Sea (http://www.
wztf121.com/). The sketch of the track will be presented in
Section 3.3.1 (see Fig. 7).

There is a permanent observation station, Da xishan station
(A in Fig. 2) and two temporary observations (B and C in
Fig. 2) near Lianyungang Harbor. The measurement data of
wind was obtained from Station A. Station B (at water ba-
thymetry contour of −5 m) and station C (at water bathymetry
contour of −3 m) were established by Tianjin Research
Institute of Water Transport Engineering, China, to carry out
the field observation of Lianyungang Harbor during Typhoon
Wipha. According to the observations, the maximum wind
speed as the typhoon was passing was about 20.4 ms−1, the
maximum significant wave height reached 3 m, and the bot-
tom sediment concentration was larger than 6 kg m−3. There
was a 150,000 deadweight ton (DWT) approach channel
(Fig. 2) in Lianyungang Harbor. The siltation of the channel
during Typhoon Wipha was also measured. The averaged sil-
tation thickness in the approach channel was about 0.5 m and
the maximum value reached 0.9 m. These extreme events
might threaten the navigation of the harbor and channel, so
it was important to investigate the cohesive sediment transport
in the Lianyungang Harbor during storms.

Fig. 11 Time series of wave
directions for different model
scenarios and the comparison
with measured data during
Typhoon Wipha (panels B and C
are associated to measurement
stations B and C)

Table 2 Mean absolute errors of wave results

Item Scenario Mean
absolute
error

Significant wave height (station B) WRF+SWAN 0.25

WRF+FVCOM+SWAN 0.26

Significant wave height (station C) WRF+SWAN 0.22

WRF+FVCOM+SWAN 0.23

Mean wave period (station B) WRF+SWAN 0.86

WRF+FVCOM+SWAN 0.76

Mean wave period (station C) WRF+SWAN 0.98

WRF+FVCOM+SWAN 0.94

Wave direction (station B) WRF+SWAN 16.41

WRF+FVCOM+SWAN 16.03
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3.2 Model setup

3.2.1 WRF setup

Initial and time varying boundary conditions for the atmo-
sphere model, mainly the fields of meteorological data and
sea surface temperature (SST) data were obtained from the
NCEP Final Analysis (FNL) Global Analysis 1 degree data
(http://dss.ucar.edu/datasets/ds083.2/) with the temporal
resolution of 6 h. WRF employed a data assimilation
technique to ingest the observation data into the
simulation. Here the three-dimensional (3D-Var) data as-
similation was used. The observation data was obtained

from the NCEP ADP Global Upper Air and Surface
Weather Observations which were composed of a global
set of surface and upper air reports (http://dss.ucar.edu/
datasets/ds337.0). WRF employed a two-way nested run
with domains of different resolutions run simultaneously
and communicate with each other (ARW; Skamarock et al.
2008). Two nesting domains, as shown in Fig. 3, were
used, with the grid resolution of 15 km for the large do-
main (D1) and 5 km for the subdomain (D2). Thirty-four
vertical sigma layers were used in the model. The model-
ing time steps for large domain and subdomain were 90
and 30 s, respectively. The 3D-var data assimilation was
performed every 6 h.

Fig. 12 Comparison of wave
vector fields driven byWRFwind
field and QSCAT/NCEP wind
field at 19:00 of September 19th
(UTC) and 13:00 of September
20th (UTC)

Fig. 13 Comparison of
significant wave height with and
without the influence of tide
during Typhoon Wipha at
location with water depth of −1 m
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3.2.2 SWAN setup

The unstructured grid was employed for the wave model and
two nesting domains (Fig. 4) were applied. Temporal and
spatial varying 10-m wind speeds were obtained from the
atmosphere model and interpolated to the grids of the wave
model. The one-way nesting was used with the large model
computing the wave spectra as the boundary condition of the
subdomain. The grid sizes varied between 2000 and 125 m for
the large domain and ranged from 1500 to 20 m for the
subdomain. The time steps were both 5 min.

3.2.3 FVCOM setup for hydrodynamic simulation

The 3D hydrodynamic model used the same calculation do-
mains as the wave model (Fig. 4). The boundary condition for
the large domain was water elevation predicted by Chinatide
(Li and Zheng 2007) which could give good time series

prediction of water elevation as the tide database and software
in China seas. The simulated results of the large domain pro-
vided boundary condition for the subdomain. The FVCOM
employed a mode-split scheme to solve the governing equa-
tions which divided the currents into external and internal
modes. The water elevation and vertical averaged velocity
were solved by external mode with a smaller time step and
the internal mode used the elevation to solve the 3D flow field
with a larger time step. The external time step and internal
time step for the large domain were 1 and 10 s and, for the
subdomain, 0.2 and 2 s. Ten sigma layers were employed in
the simulation.

3.2.4 FVCOM setup for sediment simulation

The sediment transport was only simulated in the subdomain
(Fig. 4). The medium diameter of the sediment was fixed at
4 μm. The decision of parameters for sediment is important

Fig. 14 Time series of simulated
water elevations for different
model scenarios and the
comparison with measured data
during Typhoon Wipha at station
B

Fig. 15 Time series of simulated current velocities and directions for different model scenarios and the comparison with measured data during Typhoon
Wipha at station B
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for the simulation. In the previous research of Xie et al.
(2010), who had simulated sediment transport in
Lianyungang Harbor, the critical shear stress for erosion was
set in the range of 0.1 to 1.2 Nm−2, and the critical shear stress
for deposition varied from 0.05 to 0.12 Nm−2. In the present

study, the critical shear stress for erosion and deposition were
calibrated at 1.2 and 0.07 Nm−2, respectively. Mitchener et al.
(1996) found erosion rate varied between 0.0002 and
0.0006 kg m−2 s−1 according to experiment results on various
cohesive muds. Here the erosion rate was calibrated as
0.0004 kg m−2 s−1. The parameters for settling velocity were
set as follows: The concentration for hindered settling CHS

was set to 2.5 kg m−3 referring to the work of van Rijn
(1987) and the gelling concentration Cgel was set to
250 kg m−3 according to van Rijn (2007). The nonlinear ef-
fects factor m was set to 2 (Dankers and Winterwerp 2007).
For the consolidation model, the initial mud solids volume
fraction at the surface was 0.0154 assuming a minimum fluid
mud density of 1050 kg m−3, and the equilibrium profile pre-
dicted by Sanford (2008) was used. The consolidation rate
was set to 0.9 day−1 which was found to be an optimal value
by Sanford (2008). The swelling rate was much smaller than
the consolidation rate and was set as rs=0.01rc (Sanford 2008;
Gong and Shen 2009).

3.3 Results and discussion

The simulation duration was from September 17th to 21st,
2007. The effect of wave-current interaction was included in
the subdomain. Simulated results of wind, wave, current, and
sediment were compared to the measured data to demonstrate
the capability of the integrated model. The measured data was
obtained from the stations shown in Fig. 2. Wind speeds and
directions were obtained from station A. Stations B and C
provided wave parameters and sediment concentration data.
Station B also provided measured current data.

Fig. 16 Comparison of water
elevation with and without the
influence of waves during
Typhoon Wipha at locations with
water depth of −1 and +1 m

Table 3 Mean absolute error of hydrodynamic results

Item Scenario Mean absolute
error

Water elevation WRF+FVCOM 0.61

SWAN+FVCOM 0.61

WRF+FVCOM+SWAN 0.62

Current velocity (surface) WRF+FVCOM 0.12

SWAN+FVCOM 0.19

WRF+FVCOM+SWAN 0.13

Current velocity (0.6 h) WRF+FVCOM 0.11

SWAN+FVCOM 0.16

WRF+FVCOM+SWAN 0.12

Current velocity (bottom) WRF+FVCOM 0.13

SWAN+FVCOM 0.18

WRF+FVCOM+SWAN 0.13

Current direction (surface) WRF+FVCOM 72.55

SWAN+FVCOM 89.13

WRF+FVCOM+SWAN 70.44

Current direction (0.6 h) WRF+FVCOM 69.56

SWAN+FVCOM 89.59

WRF+FVCOM+SWAN 70.51

Current direction (bottom) WRF+FVCOM 83.56

SWAN+FVCOM 99.60

WRF+FVCOM+SWAN 83.31
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3.3.1 Atmosphere results

Wind fields play an important role in the simulation of waves
and hydrodynamic and, as a result, affect the simulation of
sediment transport. Simulated wind speed and direction with
and without assimilation were compared with measured data
obtained at station A. The simulation results were also com-
pared with the QSCAT/NCEP blended ocean winds data
(http://dss.ucar.edu/datasets/ds744.4/), as shown in Figs. 5
and 6. The mean absolute errors were calculated and
presented in Table 1. The simulation results with
assimilation show the best agreement with the measured
data both in plots and mean absolute errors, compared with
the other two scenarios. It is shown that the wind speed
increased as Wipha approaches Lianyungang Harbor,
reached over 20 ms−1 at about 14:00 of September 19th
(UTC) and diminished after several hours. A slight underesti-
mation occurred from about 4:00 to 12:00 of September 19th
(UTC). The peak wind was achieved at about 18:00 of
September 19th (UTC) when the center of the typhoon
reached Lianyungang Harbor (shown as Fig. 7). The simulat-
ed track by the WRF model was shown and compared to the
observed track (http://www.wztf121.com/). It could be
demonstrated that the simulated track by WRF was in

accordance with the observation. For QSCAT/NCEP data, it
underestimated the peak of wind speed during Wipha, only
reaching 17.5 ms−1. But the QSCAT/NCEP overestimated
during low wind speeds. In general, the WRF results could
better reproduce the wind directions at station A, compared to
the QSCAT/NCEP data, shown in Fig. 7. It was demonstrated
that the QSCAT/NCEP data could not reproduce the sharp
change of wind fields in the extreme events such as typhoon.
It was probably because the temporal and spatial resolutions
of the QSCAT/NCEP data were 6 h and 0.5°, respectively,
which were not enough to describe the wind fields of the
typhoon. For example, the peak wind might be skipped due
to the large temporal resolution. The simulation of the WRF
model, as described in Section 3.2.1, had a grid resolution of
15 km and a time step of 90 s for the large domain and a grid
resolution of 5 km and a time step of 30 s for the subdomain
simulation. The WRF and QSCAT/NCEP wind fields for the
large domain of the Atmosphere model at 18:00 of September
19th (UTC), when the peak wind occurred, were compared in
Fig. 8. Wind fields at 12:00 of September 20th (UTC) were
also presented in Fig. 8 to provide more evidence. At 18:00 of
September 19th (UTC), the vortex of the typhoon obtained by
the WRF model in the Yellow Sea is near Lianyungang
Harbor and at the mainland in the south of Lianyungang

Fig. 17 Time series of simulated
sediment concentration for
different model scenarios and the
comparison with measured data
during Typhoon Wipha at station
B
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Harbor, while no vortex was found in QSCAT/NCEP wind
field. At 12:00 of September 20th (UTC), for the wind field of
the WRF model, a vortex was formed on the track of the
typhoon, in the Yellow Sea at the east of Lianyungang
Harbor. For the QSCAT/NCEP wind field, there was a vortex
at the mainland in the north of Lianyungang Harbor. Though
the QSCAT/NCEP data did form a vortex, it still could
be demonstrated that the cyclone style of the typhoon
field was reproduced better by the WRF model, espe-
cially at the sea area of Lianyungang Harbor. WRF
showed good performance in the simulation of both in-
tensity and track of the typhoon.

3.3.2 Wave results

Simulated significant wave heights and mean wave periods
were compared with observed data at station B and station
C, shown in Figs. 9 and 10. Wave direction data were avail-
able only at station B and comparison of simulation and mea-
surements was shown in Fig. 11. The mean absolute errors
were shown in Table 2. The integrated model simulated waves
affected by water elevation and flow field (WRF+FVCOM+
SWAN).Wave results without the influence of water elevation
and flow field (WRF+SWAN) are also shown. It was

demonstrated that wave height increased slightly at high water
level and decreased due to the decline of water elevation. But
there was no apparent influence of tide on wave period and
direction. The mean absolute errors also showed little differ-
ence between two cases, see Table 2. The peak wave height
was reached at about 19:00 of September 19th (UTC), which
lagged the time of peak wind for 1 h, and the wave vector field
of the integrated model in the large domain was shown in
Fig. 12. The wave vector field simulated by QSCAT/
NCEP wind data was also presented. Corresponding to
the wind fields in Fig. 8, we further presented the wave
vector fields driven by WRF and QSCAT/NCEP wind
field at 13:00 September 20th (UTC), which lagged the
time of wind fields for 1 h. Wave driven by WRF wind
field propagated anticlockwise due to the cyclone style
motion of the wind at the center of the typhoon, and
especially at 13:00 of September 20th (UTC), a vortex
was formed clearly in the Yellow Sea in accordance
with the wind vortex, while the wave field simulated
with QSCAT/NCEP data did not show vortex. The in-
fluence of wind on wave field was more reasonably
reproduced by the integrated model. The wind played
such an important role that the accuracy of wind fields
to some degree determined the results of wave field and

Fig. 18 Time series of simulated
sediment concentration for
different model scenarios and the
comparison with measured data
during Typhoon Wipha at station
C
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affected sediment transport in the further simulation.
Wave period was overestimated in the last day at station
B and underestimated in the first day at station C.

Though the difference between waves with and with-
out the influence of tide is not apparent, shown in
Figs. 9, 10, and 11, the difference between significant
wave heights at station C is larger than B because the
water at station C is shallower. It is anticipated that the
influence will become more apparent approaching the
coastline. So we selected a location near station C with
a water depth of −1 m (119° 32 E, 36° 37 N) and
compared the simulated wave heights with and without
the influence of tide in Fig. 13. The influence is much
more apparent. The wave height obtained by WRF+
FVCOM+SWAN fluctuated obviously, and it could
reach 1 m at high water elevation and decrease to about
0 m due to wave breaking at shallow water as the water
elevation declined. But the significant wave height by
WRF+SWAN maintained the value of 0.6 m, which
was probably because the water kept a shallow depth
and only the broken wave height was obtained. So dur-
ing the simulation at Lianyungang Harbor, the tide var-
iation greatly affected nearshore waves.

3.3.3 Hydrodynamic results

Hydrodynamic condition is another factor that affects the pre-
diction of sediment transport. The radiation stresses induced by
waves could affect the current results. Winds could also have
influences on currents. To investigate the influences of waves
and winds, simulation results of current including the influence
of winds and waves (WRF+SWAN+FVCOM), without the
influence of waves (WRF+FVCOM) and without the influence
of winds (SWAN+FVCOM), are compared with measured da-
ta at station B. The water elevation was presented in Fig. 14 and
the current velocity and direction were shown in Fig. 15. The
mean absolute errors were shown in Table 3. Water surface
level of SWAN+FVCOM was lower than the other two cases,
especially during the time from 16:00 September 19th (UTC) to
6:00 of September 20th (UTC), when strong winds occurred as
shown in Section 3.3.1. As for the current speed during the
typhoon, wind played a very important role, shown in
Fig. 15. The current velocity of SWAN+FVCOM case only
reached about 1/3 compared with the other two cases. Current
direction also showed inconformity with the measured data
during the strong wind period. However, for comparison be-
tween WRF+SWAN+FVCOM and WRF+FVCOM cases,

Fig. 19 Time series of simulated
sediment concentration for
settling velocity calculated by
equation and set as fixed values
and the comparison with
measured data during Typhoon
Wipha at station B
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the difference was not apparent. Differences of simulated water
elevations at station B of the two cases were only about several
centimeters. Similar to the analysis of wave results, the water
elevation results for two cases at locations with water depth of
−1 m (119° 32 E, 36° 37 N) and +1 m (119° 32 E, 36° 37 N)
were also compared and shown in Fig. 16. But the difference of
the two cases was still small, which demonstrated that during
typhoon processes, the influence of wave on current was not
apparent around Lianyungang Harbor. The effects of wave-
induced radiation stresses were probably weakened due to the
small slope of the beach. The same phenomenon had been
found by a previous work of Yu (2010). Therefore, the wind
played a more important role that affected the water elevation
and current in Lianyungang Harbor during Typhoon Wipha.

From the results of the WRF+SWAN+FVCOM case, it
was shown that water surface level increases slightly at about
16:00 of September 19th (UTC) due to the increase of wind
speed. At about 4:00 of September 20th (UTC), the water
level decreases. In general, the measured current velocity
has three peaks, at about 10:00 and 18:00 of September 19th
and 3:00 of September 20th (UTC). The model failed to re-
produce the middle peak probably due to the underestimation
of the wind speed. Current directions showed reasonable
agreement with the measured data.

3.3.4 Sediment results

For cohesive sediment transport, the bottom shear stress is an
important factor because it determines the erosion and depo-
sition fluxes which affect the sediment concentration. In storm
events, strong waves are always induced and can greatly en-
hance the bottom shear stress due to the orbital motions near
the bottom. The suspended sediment concentrations with
(WRF+SWAN+FVCOM) and without (WRF+FVCOM)
the influence of waves were compared with the measured data
at station B and station C, respectively, shown in Figs. 17 and
18. In the WRF+FVCOM case, without the wave-induced
shear stress, only a few sediments were suspended into the
water, so the sediment concentration was very small, with
the maximum bottom concentration of 1 kg m−3. But for the
WRF+SWAN+FVCOM case, sediment concentration at dif-
ferent depths showed reasonable agreement with the measured
data. With the growth of the typhoon, sediment concentration
increased and reached the maximum of 6 kg m−3 at about
23:00 of September 19th (UTC).The peak value agreed well
with the observations, but overestimation occurred after the
peak. This is because an overestimation of wave height oc-
curred around 10:00 of September 20th (Fig. 9), induing an
overestimation of the bed shear stress and consequently an

Fig. 20 Time series of simulated
sediment concentration for
settling velocity calculated by
equation and set as fixed values
and the comparison with
measured data during Typhoon
Wipha at station C
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overestimation of the suspended sediment concentration. It
could be demonstrated that waves played an important role
in the cohesive sediment transport during storm processes.

Simulated concentrations with settling velocity calculated
by Eq. (16) and set as fixed values are compared with the
measured data and shown in Figs. 19 and 20. Mean absolute
errors of sediment results are presented in Table 4. For settling
velocity set as 0.5 mm s−1, the sediment concentration at 0.5 m
under the surface and 1.5 m above the bottom is close to
measured data at both station B and station C. At 0.5 m above
the bottom, though the mean absolute error is small, the sim-
ulated concentration could not reach the peakmeasured values
which makes the simulated results too conservative. While for
settling velocity set as 0.2 mm s−1, the simulated concentra-
tions at different depths are all larger than the measured. In
general, though the model has the tendency to overestimate
the observed sediment concentration, the model with the set-
tling velocity calculated by equation still obtains the most
reasonable results.

Figure 21 shows the development of the sediment concen-
tration fields around Lianyungang Harbor for the WRF+
SWAN+FVCOM case at the surface and bottom. The sedi-
ment concentration was larger at nearshore area and at the
estuary of Guan River (Fig. 2). At about 18:00 of September
18th, 2007 (UTC), Wipha made landfall at Xiaguanzhen of
Zhejiang Province (Fig. 3) with a distance of 845 km south
from Lianyungang Harbor. The suspended sediment concen-
tration was less than 1 kg m−3 except at the Guan River estu-
ary, where the concentration was larger than 2 kg m−3. At that
time, the sediment concentration was small because the ty-
phoon was far from Lianyungang Harbor, and the wave height
was small. As TyphoonWipha approached, the sediment con-
centration increased and the bottom concentration nearshore
was around 3–5 kg m−3. The bottom concentration reached to
about 6 kg m−3 at 23:00 of September 19th (UTC), which
lagged the appearance of peak wave (19:00 of September
19th; UTC). After the eye of Typhoon Wipha left from
Lianyungang Harbor, the suspended sediment concentration
decreased. The bottom concentration decreased to less than
2.4 kg m−3 for nearly the whole area at 4:00 of September
21st (UTC).

Vertical profiles of suspended sediment concentration in
the typhoon event at station C are shown in Fig. 22. Only
the moments shown in Fig. 21 are presented. In general, the
surface sediment concentration was not large even during the
typhoon process, with the maximum value less than 1 kg m−3.
But the bottom sediment concentration increased a lot as the
typhoon approached. For example, the bottom sediment con-
centration at station C increases from 0.1 to 6 kg m−3. High
sediment concentration near the bed appeared during Typhoon
Wipha.

Deposition in 150,000 DWT approach channel during
Typhoon Wipha, shown in Fig. 2, was calculated by the

sediment transport model. The density of the deposited mud
was calculated by the consolidation process and set as fixed
values, respectively, in the simulation of deposition. Siltation
thicknesses of 20 locations (Fig. 23) along the channel are
shown in Fig. 24. Measurement of thickness from location
3+0 to 7+0 was carried out during the typhoon, presented
in Fig. 24. Considering the consolidation process, the simu-
lated deposition thickness decreased from 0.6 m to smaller
than 0.2 m along the channel, which was generally agreed
with the measured data. However, the measured maximum
thickness was about 0.9 m in the range of 4.5 and 5.5 km
distance from location 0+0, but the simulation result only
reached half of it. This is because that the bottom elevation
of this section is lower, so fluid mud formed in the channel
flows toward there. It is realized that a submodel of fluid mud
transport needs to be implemented in the cohesive sediment
transport model to obtain better results. The simulated average
thickness in the channel is about 0.5 m, which is in general
agreement with the observations.

Table 4 Mean absolute error of sediment results

Item Scenario Mean absolute
error

Sediment concentration
0.5 m under the
surface (station B)

WRF+FVCOM 0.29

WRF+FVCOM+
SWAN/ws calculated

0.20

ws=0.5 mm s−1 0.14

ws=0.2 mm s−1 1.13

Sediment concentration
1.5 m above the
bottom (station B)

WRF+FVCOM 0.32

WRF+FVCOM+
SWAN/ws calculated

0.27

ws=0.5 mm s−1 0.49

ws=0.2 mm s−1 1.93

Sediment concentration
0.5 m above the
bottom (station B)

WRF+FVCOM 0.29

WRF+FVCOM+
SWAN/ws calculated

0.20

ws=0.5 mm s−1 0.89

ws=0.2 mm s−1 2.45

Sediment concentration
0.5 m under the
surface (station C)

WRF+FVCOM 0.28

WRF+FVCOM+
SWAN/ws calculated

0.32

ws=0.5 mm s−1 0.23

ws=0.2 mm s−1 1.54

Sediment concentration
1.5 m above the
bottom (station C)

WRF+FVCOM 0.40

WRF+FVCOM+
SWAN/ws calculated

0.36

ws=0.5 mm s−1 0.51

ws=0.2 mm s−1 2.26

Sediment concentration
0.5 m above the
bottom (station C)

WRF+FVCOM 1.08

WRF+FVCOM+
SWAN/ws calculated

1.46

ws=0.5 mm s−1 0.61

ws=0.2 mm s−1 2.21
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Density profiles of the deposited mud were simulated
by the consolidation model. Simulated density profiles
at locations 0+0, 2+0, 4+0, and 6+0 are shown in
Fig. 25. There were no observations of fluid mud den-
sity profiles in the 150,000 DWT approach channel
available for validation, but measurement was carried
out in a trail channel near the Lianyungang channel
after Typhoon Kompasu in 2010 and shown in
Fig. 26. Compared to the measured data, the model
predictions have the same trend as the measured profile.

4 Conclusions

An integrated atmosphere-wave-3D hydrodynamic and
cohesive sediment transport model with unstructured
grid has been developed with components of atmo-
sphere model WRF, wave model SWAN, and hydrody-
namic and sediment t ransport model FVCOM.
Flocculation and hindered settling for cohesive sediment
was included, and a first-order empirical consolidation
model was added into the sediment transport model.

Fig. 21 Sediment concentration
(kg m−3) around Lianyungang
Harbor during Typhoon Wipha
(left: surface; right: bottom)
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Fig. 22 Vertical profiles of suspended sediment concentration of station C during Typhoon Wipha

Fig. 23 Locations of the 150,000
DWT approach channel and
sampling points

Fig. 24 Comparison of simulated
and measured siltation thickness
along the channel
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Data fields were exchanged offline between components
to expound their interaction. The atmosphere model
WRF provided the wind field for simulation of wave
and hydrodynamics. The FVCOM simulated the hydro-
dynamics with the provided wave field and radiation
stress field from the SWAN model. The results of water
elevation and flow field were returned to the SWAN
model to update the wave results. With the influence
of wind field from WRF and the updated wave field
and radiation stress field from the SWAN model, the
FVCOM updated the hydrodynamic and simulated the
cohesive sediment transport.

The integrated model was applied in Lianyungang Harbor
during Typhoon Wipha to investigate the coastal dynamics
and cohesive sediment transport in storm events. Simulation
results of wind, wave, current, and sediment were obtained
and compared to measured data. The effects of components
on each other were investigated and some conclusions were
obtained.

The QSCAT/NCEP data could not reach themeasured peak
wind speed during the typhoon process probably due to the
low temporal and spatial resolutions. For the same reason, the
cyclone style of the wind field of typhoon was better
reproduced by the WRF model, compared with QSCAT/
NCEP data. The simulation results of wind speeds and direc-
tions by WRF with assimilation showed general agreement
with the observations.

Wave simulation was driven by winds and affected by tide
through water elevation and flow field. Wave vector field
showed that the wave results were affected directly by the
wind field, with an obvious wave vortex appearing in accor-
dance with the wind vortex. The magnitudes of wave heights,
mean wave periods, and wave directions were in reasonable
agreement with the measured data. The influence of water
elevation and flow field was more apparent as the water got
shallower. The propagation of wave was in accordance with
the wind field, with the peak wave height appearing near the
center of the typhoon wind field.

Fig. 25 Simulated density profile at locations 0+0, 2+0, 4+0, and 6+0

Fig. 26 Measured density profile
in the trail channel
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Hydrodynamic modeling took account of the influence of
winds and waves. Waves affected the current through radia-
tion stress. In the Lianyungang Harbor, the influence was
found not apparent even at the location with a water depth
of −1 m, with only a difference of several centimeters between
water elevations with and without the influence of wave. The
wind played an important role in the simulation of current
speed.

The cohesive sediment transport was simulated under the
effects of wind, wave, and current. Waves played a dominant
role through the wave-induced shear stress which to some
degree determined the erosion and deposition fluxes. In gen-
eral, the sediment results of concentration, siltation thickness,
and density profiles compared well with the observations.
However, the modeling of siltation in the channels failed to
predict the actual value due to the flow of fluid mud. A fluid
mud transport model needs to be developed and implemented
into the present model.

For the cohesive sediment transport during storm events,
the factors of wind, current, and wave all played important
roles. The integrated model we have developed could solve
the problems of cohesive sediment transport simulation in
storm events for the reason that it could provide high-
resolution atmosphere forcing for wave, current, and sediment
transport simulation and it could also reproduce the complex
processes of the hydrodynamics and sediment transport and
the interactions between them. Furthermore, it included some
specific processes of settling and consolidation for cohesive
sediment. Therefore, the integrated model is necessary for the
prediction of sediment transport during storm processes. More
processes concerning the cohesive sediment and the fluid mud
flow model will be carried out with future effort.
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