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ABSTRACT 

This study aims to investigate different sediment particle sizes 
subject to transport characteristics of bed-load and suspended- 
load caused by nonlinear interactions of wave-tide-river in a 
tidal-estuary.  A two-dimensional hydrodynamic coupling to a 
morphological model is developed to study this issue.  A case 
study of Lanyang River estuary in Taiwan is applied and ana- 
lyzed.  The models are verified against field data (i.e., hydro- 
dynamics and morphological change) collected from Lanyang 
River estuary during the invasion of typhoon Saola in July, 2012.  
Fairly good agreements are given comparing to field data.  In 
general, the simulation indicates that suspended load could be 
transported toward offshore up to water depth of an order of ap- 
proximately 10-15 m); it is not a major factor to affect morpho-
logical changes.  The bed-load transport driven by the flood 
due to typhoon event is proven to be a major contribution to 
topographic changes in estuary.  The presented results found 
that the erosion and siltation are both observed in the along-
shore regions.  In the estuary siltation of approximately 3-4 m 
on the north and south sides of the estuary and erosion of ap- 
proximately 2-3 m are found respectively. 

I. INTRODUCTION 

Geomorphology studies on estuaries have mostly employed 
hydrodynamic field observations, topographical surveys, meas- 
urement of sediment transport and riverbed materials in conjunc-

tion with related statistical methods and neural networks to ex- 
plore the relationship between related factors as well as topo- 
graphy evolution with changes in such regions.  Analyses of 
mesoscale or small-scale models (such as a sedimentary dynamic 
model) incorporate hydrodynamic factors of sea areas (such as 
currents and waves) into estuary shoreline models.  The hydro- 
dynamic parameters of sea areas—acquired through basic equa- 
tions describing tides, waves, and currents-can be employed in 
the sediment transport equation to determine the sand-transport- 
derived topographical changes to an estuary shoreline.  This 
implementation has been employed in studies investigating the 
mechanism behind topographical changes in estuary shoreline 
(Ariathurai and Krone, 1976; Cole and Miles, 1983; Holly, 1984; 
Teision and Latteux, 1986; Christopher, 1988; Van Rijn, 1990; 
Ebrahim and Jean, 1995).  Wave-flow interaction caused by waves 
and currents is an essential mechanism governing sediment 
movement in estuaries.  Soulsby (1997) indicated that wave-flow 
interaction causes the suspended sediment concentration at the 
seabed to be 40%-100% higher than if this interaction does not 
occur.  Waves have been discovered to not only affect sediment 
transport but also the force exerted by sediments at the bed and 
the sediment-carrying capacity of a flow.  Under tidal wave 
transport and wave–current interaction, the shear stress on the 
bed plays a crucial role in inshore sediment suspension, trans- 
port, deposition and the evolution of submarine topography.  The 
transport of sediments alters the landform, which indirectly af- 
fects the water flow.  The overall hydrodynamic phenomena 
should be understood when performing simulations to deter-
mine the characteristics of sediment movement near estuaries.  
The wave effect in inshore areas cannot be neglected; however, 
the Boussinesq equation, which examines the high dispersion 
and nonlinearity of wave-wave interaction, is slightly appli-
cable to explore this effect because of scale limitations.  By 
contrast, the mild-slope equation has become more prevalent 
(Booij, 1981; Kirby, 1983; Liu, 1983).  The effect of waves on 
the overall hydrodynamic force is incorporated into the mo-
mentum equation of shallow water waves in the form of two- 
dimensional (2D) or three-dimensional (3D) radiation stress 
(Longuet and Stewart, 1961; Longuet and Stewart, 1964; Xia 
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et al., 2004; Kumar et al., 2011).  The use of computing methods 
to estimate the extent of sediment transport has been gradually 
extended to the calculation of complex types of wave-flow- 
sediment interaction (Bagnold, 1947; Bagnold and Inman, 
1963; Kalkanis, 1964; Bijker, 1966; Grant and Madsen, 1979; 
Tanaka and Shuto, 1981; Quick, 1983).  Van Rijn (1984a, 1984b, 
1984c) evaluated the applicability of 3D mathematical model-
ing of sediments and related parameters regarding transitional 
flow, including sediment movement under water flow, wave-flow 
interaction, and other forces driven by hydrodynamic activities.  
The equation proposed by van Rijn is currently the most widely 
used equation for evaluating sediment transport.  Bed shear stress 
under both wave and current actions is considerably higher than 
that under the effect of a single flow field.  Through studies of 
wave boundary layers, Sleath (1987, 1995) discovered extreme 
diversity in the flow velocity structure and turbulence intensity 
of a boundary layer when waves were present and also investi- 
gated the flow velocity change and variation in the bed friction 
coefficients. 

When analyzing the sediment transport mechanism for an 
estuary coast under the interaction between river inflow and 
marine processes, heterogeneous sediment transport in the river 
and the coupling effect between estuary and shoreline processes 
must be considered.  Accordingly, this study accounted for dif- 
ferent sediment particle sizes, explored the transport of bed load 
and suspended load sediments caused by wave-ocean and current- 
river inflow interaction, and investigated the characteristics of 
potential erosion and siltation in sea areas as well as sediment 
transport at estuaries.  A numerical model on 2D hydrodyna- 
mics and coastal evolution was employed for simulations.  The 
models were verified using unsteady flow data collected from 
rivers in Taiwan during the invasion of typhoon Saola in July 
2012 and the related topographical estuary data.  The overall 
land-sea interaction and coastal evolution were evaluated.  Evo- 
lution of coasts, both river inflow and the interaction between 
waves and the tide, should be accounted for, particularly regard- 
ing the inshore areas, where the waves are deformed and broken 
by the boundary effect.  Bed sediments therein are severely 
disturbed and then transported to downstream by longshore cur- 
rent, causing erosion of and accumulation along the coast.  The 
existing literature apparently suggests that currents, waves, and 
river inflows are essential driving forces for the topographical 
evolution of estuaries.  To understand the hydrodynamic forces 
in estuaries and the trends in topographical changes caused by 
wave-ocean and current-river interactions, this study developed 
and employed a 2D hydrodynamic and topographical evolution 
numerical model for simulation. 

The numerical model consists of various submodels, includ- 
ing those describing the wave field, flow field, and topography 
changes; the overall calculation process is illustrated in Fig. 1.  
Initially, the wave module and current module are combined with 
data on the river inflow, tides, and broken waves to derive the 
radiation stress, which is used to calculate the hydrodynamic 
forces in the wave flow field.  The calculation result is then em- 
ployed in the drifting and topography change model for comput- 
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Fig. 1.  Overall calculation process flowchart of the numerical model. 

 

 
ing the topographical changes at the bed; these changes in turn 
affect the currents in the ocean current field.  The related mo- 
dels are elaborated upon herein. 

II. METHODOLOGY 

1. Hydrodynamic Model 

The governing equation of the 2D hydrodynamic model can 
be derived through the following process: First, the Navier- 
Stokes equation is simplified by assuming an incompressible 
fluid and hydrostatic pressure distribution.  The conservation of 
mass and momentum equations are then acquired on the basis of 
a depth-integral equation and appropriate boundary conditions: 
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where  represents the average water level (m); H =   h 
represents the total water depth (m); h represents the distance 
from the static water level to the bed (m); g is the gravitational 
constant (m/s2); Kx and Ky represent the coefficients of eddy vis- 
cosity (m2/s); U and V represent the mean flow velocity (m/s); 
Cz represents the Chezy coefficient; and Sxx, Sxy, Syx and Syy re- 
present the components of the radiation stress caused by waves 
(kg/ms2), which can be estimated using the method proposed by 
Longuet-Higgins and Stewart (1964): 
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In these equations, c represents the wave celerity (m/s); cg re- 
presents the group velocity (m/s); k represents the wave num- 
ber (1/m);  represents the angle of incidence of the waves (); 
and Ha represents the wave height (m).  The physical quantities 
required for the aforementioned calculation can be obtained using 
the wave field model.  Changes in the flow field are considered 
to be caused by the water level gradient, the bed friction force, 
turbulence disturbance, and the radiation stress released after a 
wave breaks; the surface wind shear stress and Coriolis force 
are not considered here.  Eqs. (1)-(3) indicate that with appro- 
priate tidal-level boundary conditions, the alternating direction 
implicit method can be used to determine unknown water level 
changes and the average velocity of horizontal flows in the com- 
putation area.  When considering changes in the intertidal zone 
(wet or dry condition), the relative flow velocity component is 
regarded to be zero with no calculation made to simulate the dry- 
wet boundary when the average water depth is less than 0.1 m.  
The bed friction coefficient and the coefficient of eddy visco- 
sity should be determined according to the actual measurement 
data. 

2. Wave Model 

The data required to calculate radiation stress are the wave 
height, period, and direction, which can be obtained from various 
types of wave models addressing dissimilar physical problems.  
When both waves and tides are present, there is substantial 
diversity in both the spatial and temporal scales; thus, if waves 
and tides are considered to be on the same space-time scale, 
obtaining practical engineering applications for large sea areas 
is difficult.  Accordingly, the calculation efficiency can be sub- 
stantially improved if the force exerted by the wave field is re- 
garded as steady over a certain period of time, thus ignoring instan- 

taneous changes in wave motion.  Considering refraction, diffrac- 
tion, and wave breaking caused by the transmission of deep-water 
waves to shallow water areas, this study employed the regional 
coastal processes wave propagation model (RCPWAVE) for 
wave field calculations.  The control equations are as follows: 
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where a represents the wave amplitude (m) and S represents 
the phase function.  RCPWAVE solves the mild-slope equation 
of the parabolic type in a stable and fast manner with minimum 
computational calculation; hence, the model is reasonably ap- 
plicable for making engineering application calculations for large 
sea areas.  The wave-breaking index Ha/h = 0.78 is used for es- 
timation of wave breaking.  In the calculation of breaking waves, 
the flow velocity in the breaker zone is calculated on the basis 
of the longshore currents theory of Longuet-Higgins and Stewart 
(1964).  The wave model generally employs water level fluc-
tuation due to tidal changes as the water depth input condition 
for the calculation, and the calculated wave height, period, and 
direction are further used in the wave radiation stress calculation. 

3. Fine Sediment Transport Model 

The calculation of bed elevation changes is determined by 
the net change in sediment transport (total load).  The mass con- 
servation equation for bed elevation changes is as follows: 
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where Z represents the bed elevation (m);  represents the po- 
rosity of the bed material, which is generally 0.35-0.41, but the 
optimal value of which should be based on calibration; Qx and 
Qv respectively represent the longshore and offshore unit width 
sediment transport rate associated with the bed load (m2/s); and 
qD and qE respectively represent the accumulation related to the 
suspended load and the sediment transport rate of resuspension 
(m/s). 

4. Bed Load Transport Model 

Sediment transport of the bed load was calculated using the 
equation proposed by Van Rijn (1984a, 1984b): 
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where Qbx and Qsx represent the longshore sediment transport 
of the bed load and the suspended load, respectively, and Qby 
and Qsy represent the offshore sediment transport of the bed 
load and the suspended load.  The calculation of each equation 
is performed as follows: 
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Qb and Ca can be calculated as follows: 
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In these equations, s represents the silt ratio; D* represents 
the non-dimensional silt particle size; D50 represents the median 
diameter of the bed material; F is the shape factor; z' represents 
the suspension constant; a represents the bed surface roughness; 
 represents the viscosity coefficient of the fluid motion (mini- 
mum is set to 0.01 h); T represents the non-dimensional shear 
stress (when T is less than or equal to zero, the sediment trans- 
port rate of the bed load is zero); b,cr represents the critical shear 
stress of the bed; 'b,cr represents the bed shear stress; s repre- 
sents the silt density; cr is the Shields mobility parameter; and 
C' is the grain-related Chezy coefficient of bottom friction. 

5. Cohesive Sediment Transport Model 

Suspended sediment movement is derived from solving the 
diffusion equation of the sediment transport concentration.  The 
control equation is 
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where B represents the average sediment concentration (mg/L); 
Dx and Dy represent the diffusion coefficients in the horizontal 
directions (m2/s); and S* represents the concentration change term: 

 * river D ES QB Q Q    (21) 

Briver represents the average concentration of sediment trans- 
ported by river inflow; Q represents the discharge of river in- 
flow per unit area (cms/m2); QD represents the deposition rate 
(mg·m/sL); and QE represents the erosion rate (mg  m/sL).  
The shear stress on the bed, an essential factor affecting depo- 
sition or resuspension of suspended sediment, can be estimated 
according to the law of friction on the basis of boundary layer 
theory.  The settling velocity (Ws) is estimated using the depo- 
sition law proposed by Krone (1962): 

 4 / 3
1sW K B  (22) 

where K1 = 0.0012 is the suggested value. 

III. FINE SEDIMENT TRANSPORT  
AND MORPHOLOGICAL CHANGE  

DUE TO TYPHOON SAOLA 

1. Modeling Procedure and Validation 

The model was developed by examining the environmental 
background data, selecting the range to be simulated, and cali- 
brating the tidal model.  Field investigation was performed, 
and data were collected to calculate the required environmental 
background data using the integrated model; these data included 
such as ocean phenomena, particle size of sediment on the bed, 
the characteristics of sediment transport by flood and other water 
bodies, and water depth.  This study collected topographic data 
of estuaries before and after the invasion of typhoon Saola in 
July 2012 to verify the trend in topographic changes estimated 
by the model.  Table 1 lists the configuration settings of the hy- 
drodynamic model.  The model was verified as follows.  Boun- 
dary conditions were set and parameter calibration was performed 
on the basis of the current data measured during April and 
September 2012.  The calibrated model parameters were then 
used to simulate the topographic changes and sediment trans- 
port in the Lanyang estuary during flood season of typhoon Saola,  
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Table 1.  Calculation conditions for hydrodynamic model calibration. 

Item Hydrodynamic model 

Area 24 km  17 km 

Grid size 50 m  50 m 

Number of grid points 551  391 

Coordinate of the origin (TWD97) (325630, 2746180) 

Angle of deviation (counterclockwise from the north) 78 
time step size 1.5 s 

Coefficient of eddy viscosity 
Kx = 500 (m2/s) 
Ky = 100 (m2/s) 

Chezy coefficient 14.0 
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Fig. 2. Geographic location and computed domain in the Lanyang River estuary.  US and SA: tidal gauge; Current and Wave: tidal current and wave 

buoy stations in 2012. 

 
 

with the results compared with the measured topographic data.  
Fig. 2 displays the calculation range of the model and the ap- 
plied topographical data; the calculation ranged from south of 
Wushih Fishing Port in the north to Suao Bay in the south and 
was bounded by Lanyang Bridge in the west.  The calculation 
range encompassed a wave and tide measuring station and the 
Guishandao buoy.  The topography data employed by the model 
comprised the data measured in April 2012 and 200 m water depth 
data from the National Science Council. 

The hourly boundary conditions comprised the Wushih Fishing 
Port tide level, Suao Bay tide level, flow velocity and sediment 
transport in the Lanyang estuary, significant wave height, signi- 

ficant wave period, and wave direction measured by the Guishandao 
buoy (Fig. 3).  The tide level data were employed as the boun- 
dary conditions on the north and south sides of the area; the river 
discharge and sediment transport were used as the boundary 
conditions for the river inflow; and finally, the Guishandao buoy 
data were employed as the incident conditions of the waves in 
the open ocean.  Fig. 4 compares the model simulation results 
with the actual current measurement.  The calculated inshore flow 
velocity, offshore flow velocity, flow direction, and changes in 
water level were all highly consistent with the measured data.  
The currents simulated by the model generally flowed parallel 
to the coastline.  Specifically, the current flowed from the south- 
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Fig. 5.  Computed flow field and direction during flood (left) and ebb (right) tides in the Lanyang estuary. 
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Fig. 6. Computed wave height distribution and wave breaking locations of typhoon waves (H = 7.74 m; T = 9.2s; NE direction) (left) and corresponding 

Longshore current speed (right) in the Lanyang estuary. 
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Fig. 7.  Comparison between measurement bathymetry change and numerical models. 

 
 

east to the northwest during flood tides and from the northwest 
to the southeast during ebb tides.  The results, in accordance with 
the actual situation, indicate that the model successfully repro-
duce the characteristics of the current in the sea area adjacent 
to the Lanyang estuary.  After the boundary conditions and re- 
lated parameters adopted by the hydrodynamic model were deter- 
mined, the model was employed to calculate the hydrodynamic 
and sediment transport characteristics in the Lanyang estuary 
during the invasion of typhoon Saola. 

2. Hydrodynamic Characteristics at the Coast 

The results of the hydrodynamic simulation are first explained.  
Fig. 5 presents the spatial distribution of flow velocities during 
flood tides and ebb tides before the advent of the typhoon Saola.  
As previously stated, the currents moved from the southeast to 
the northwest during flood tides and from the northwest to the 
southeast during ebb tides.  The flow velocity of the Lanyang 
stream was relatively low compared with the ocean current at 
this time, and the stream mostly entered the sea along the main 
channel.  Fig. 6 shows the characteristics of the coastal wave cur- 
rents entering the estuary of the Lanyang stream before the advent 
of the Typhoon Saola.  Incident waves from the northeast direc- 
tion broke at approximately 2 m in depth, and the energy re-
leased after the wave breaking induced longshore currents that 

traveled from the northwest to the southeast. 

3. Fine Sediment Transport Behavior 

Fig. 7 displays a topographic map of the erosion-siltation phe- 
nomenon at the Lanyang estuary coast from April to September 
in 2012, which was used as verification data for the simulation 
of topographic changes.  A simulation uses the topography pro- 
perties method to a comparison between measurement bathy- 
metry change and numerical models.  Even though the simulated 
sea area on the south side of the estuary was determined to be wider 
than the actual area, both the model calculation data and 
measured data indicate siltation of approximately 3-4 m on the 
north and south sides of the estuary and erosion of approxi-
mately 2-3 m in the open area of the estuary.  In the coastal 
area, siltation and erosion were both discovered, but siltation 
was the principal phenomenon.  Overall, the two data sets are 
moderately consistent, both qualitatively and quantitatively.  
Therefore, the proposed numerical model was verified to be 
capable of reasonably simulating the drifting mechanism and 
topographic changes in the Lanyang estuary. 

4. Morphological Change Behavior 

After verifying the proposed models, this study employed 
the flooding event caused by typhoon Saola in July 2012 as a  
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Fig. 8.  (a)Flow velocity, (b)fine sediment and (c)bathymetry change before the flood period of typhoon Saola. 
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Fig. 9.  (a) Flow velocity, (b) fine sediment and (c) bathymetry change at the flood period of typhoon Saola. 

 
 

simulation subject.  The bed load distribution employed by the 
model was derived from actual measurement conducted in this 
study.  The distribution was assumed to be even.  The particle size 
(d50) of the bed load was assumed to be 0.3 mm.  Figs. 8 and 9 
present a series of maps illustrating the spatial distribution of flow 
velocity, suspended sediment, and topographic erosion and silta- 
tion in the Lanyang estuary during the major periods of flooding 
namely, before during, and after the flood peak.  The results re- 
vealed that before the flood occurred, erosion and siltation at the 
coastal area were caused by the longshore currents created by 
breaking waves; by contrast, no erosion-siltation phenomenon 

occurred in the estuary.  As the flood began, the level of the 
river rose considerably and then flowed onto the floodplains 
on either side of the river; additionally, the flow velocity in the 
estuary increased.  The rising water level led to the submergence 
of sandbars in the Lanyang River channel; the amount of sus- 
pended sediment in the river channel gradually increased, and 
this sediment began to be transported to the estuary area; and 
finally, erosion and siltation began to occur in the estuary area 
due to the swinging phenomenon of the sand tongue caused by 
repetitive tidal movements.  After the flood peak had passed 
through the upstream boundary during the flood peak period, 
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water flooded the riverbanks on both sides.  The maximum 
flow velocity in the estuary was 2.0 m/s or higher.  At this time, 
the water level and jet flows in the estuary pushed the bed load 
in the channel into the open ocean under powerful flow velocity, 
resulting in clear estuary erosion and deposition in the outer sea.  
After the flood had receded, the flood peak passed through the 
estuary and the water level and jet flows in the estuary decreased 
as the flood weakened; deposition in the estuary also slowed down. 

This study simulated flow field changes during the flood caused 
by typhoon Saola in July 2012.  Over the simulated area, the tidal 
currents in the open ocean still changed according to the tide 
level; the currents moved from the southeast to the northwest 
during flood tides and from the northwest to the southeast du- 
ring ebb tides.  These currents became jet flows as the flood ap- 
proached the estuary.  The jet flows, exhibiting a turbulent pattern 
due to tidal currents, mostly flowed outward in the direction ENE 
to N, with their central axis slightly offset to the left bank of the 
estuary. 

High sediment concentration and discharge resulted from the 
flood period during the typhoon and caused a substantial change 
in the estuary’s topography.  The central channel in the Lanyang 
estuary was scoured deeply, whereas the silt flushed down by 
the flood was mainly deposited at water depths of 5-10 m, with 
a thickness of deposition of 3-4 m.  The siltation area on the 
south side of the simulated estuary was wider than the actual 
measured siltation area.  However, the main characteristics de- 
termined by the model, such as the water depth and deposition 
thickness of river siltation, were consistent with the actual meas- 
urements.  The numerical model is thus adequate for simulation 
of the drifting mechanism and topographic evolution of the 
Lanyang estuary. 

IV. CONCLUSION 

The coastal topographic features of an estuary are formed by 
interactions between the sediment transport in rivers and the re- 
lated processes of tides, waves, currents in sea areas.  The cou- 
pling effect of river inflow and tides-waves-currents is considered 
in this model.  With the Lanyang estuary as a research subject, 
this study simulated the coastal topographic features of the es- 
tuary under various inflow conditions.  We use the estuary topo- 
graphy data of an unsteady flow of the river during the invasion 
of typhoon Saola in July, 2012.  The simulation indicated that 
topographic changes to the estuary were mainly due to bed-load 
transport driven by an extreme increase in the river velocity, 
which was the result of floods caused by the typhoon.  The vali- 
dated model can be used to simulate the effect of sediment trans- 
port in the Lanyang estuary on the adjacent coasts.  In addition 
to attempting to understand the major sediment transport mecha- 
nism and its impact within the studied area, subsequent studies 
can employ the flow velocity with suspended sediment concen- 

tration during different return periods for scenario simulation.  
Coastal protection measures can be implemented according to 
the analysis of trends in the targeted area under various circum- 
stances. 
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