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ABSTRACT 
 
SANCHEZ, A. and WU, W., 2011. A Non-Equilibrium Sediment Transport Model for Coastal Inlets and Navigation 
Channels. In: Roberts, T.M., Rosati, J.D., and Wang, P., (eds.), Proceedings, Symposium to Honor Dr. Nicholas C. 
Kraus, Journal of Coastal Research, Special Issue, No. 59, pp. 39-48. West Palm Beach (Florida), ISSN 0749-0208. 
 
This paper presents a depth-averaged sediment transport model with emphasis on morphodynamic processes near 
coastal inlets and navigation channels. The model solves the depth-averaged two-dimensional non-equilibrium 
transport equation of total-load sediment, considering bed-material hiding and exposure, avalanching and sediment 
transport over hard bottoms. The model is coupled with a depth-averaged circulation model and a spectral wave 
transformation model. Predicted bed changes are compared with measurements for two laboratory experiments of 
channel infilling and in a field study at Shinnecock Inlet, Long Island, NY. The results indicate that the model is 
capable of predicting the general trends of morphology change and provides a useful tool for engineering 
applications such as coastal sediment management, navigation channel maintenance, and beach erosion protection.  
 
ADDITIONAL INDEX WORDS: Sediment transport, coastal inlet, channel infilling, finite volume, numerical 
model. 
 

 
INTRODUCTION 

 
Coastal inlets are vital navigation links and central for 

exchange of water, sediment, and nutrients between estuaries 
and the ocean. Because of the multiple interacting forces 
(waves, wind, tide, river flows, density currents, etc.) on a wide 
range of spatial and temporal scales, the complex physical 
processes of coastal inlets are quantitatively not well 
understood. Prediction of the morphodynamic processes at 
coastal inlets has been a challenging, but crucial task for coastal 
sediment management, navigation channel maintenance, and 
beach erosion protection. Numerous computational models have 
been developed in recent decades for this purpose, from one-
dimensional (1-D) longshore coastline models, two-dimensional 
(2-D) cross-shore coastal profile models, 2-D horizontal 
morphological models to fully three-dimensional local 
morphological models. Intercomparisons of various 
morphodynamic models have been made by de Vriend et al. 
(1993) and Nicholson et al. (1997).  

Most coastal sediment transport numerical models are based 
on the assumption that the bed load or the total load (both bed 
and suspended loads) are instantaneously in equilibrium on each 
computational node, calculate the transport rate using empirical 
formulas, and then determine the bed change by solving the 
sediment balance equation or the Exner (1925) equation (e.g., 

Stuiksma et al., 1985; Chesher et al., 1993; Roelvink and 
Banning, 1994; Ranasinghe et al., 1999; Cayocca, 2001; 
Fortunato and Olveira, 2003; Buttolph et al., 2006; Warner et 
al., 2008). Such models are referred to as equilibrium or 
saturated transport modeling. However, because of the dynamic 
nature of currents and waves on the coast, neither bed load nor 
suspended load are usually in an equilibrium state. The 
assumption of local equilibrium may lead to unrealistic results 
and instabilities that can mask the morphodynamic bed change 
and limit long-term simulations. In order to reduce instabilities, 
filtering procedures and/or diffusive numerical schemes have 
been commonly implemented in some of these models (e.g., 
Johnson and Zyserman, 2002), but such procedures are without 
physical basis.  

A more realistic modeling approach for sediment transport is 
the non-equilibrium transport model, which has been widely 
used in river sedimentation (e.g., Han, 1980; Phillips and 
Sutherland, 1989; and Wu, 2004). This approach renounces the 
assumption of local equilibrium and solves the actual transport 
equations for bed and suspended loads; thus, it describes the 
temporal and spatial lags between flow and sediment transport. 
Compared to equilibrium formulations, the non-equilibrium 
sediment transport model is usually more stable and can more 
easily describe over- and under-loading as well as hard 
(nonerodible) bottoms.  

The aim of this paper is to describe a non-equilibrium 
transport model of total-load sediment for the calculation of 
morphology change under waves and currents at coastal inlets 
and navigation channels. Presented in this paper are the 
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governing equations, numerical implementation, and validations 
of the developed model. 
 

BRIEF DESCRIPTION OF THE COASTAL 
MODELING SYSTEM 

 
The Coastal Modeling System (CMS), developed under the U. 

S. Army Corps of Engineers’ Coastal Inlets Research Program, 
is designed for practical applications in navigation channel 
performance evaluation and sediment management for coastal 
inlets and adjacent beaches to optimize limited federal channel 
operation and maintenance funds. The CMS is intended as a 
research and engineering tool that can be operated by novice and 
experienced modelers on desk-top computers and can be also 
run in parallel using OpenMP. The CMS takes advantage of the 
Surface-water Modeling System (SMS) interface for grid 
generation and model setup, as well as for plotting and post-
processing (Zundel, 2000).  

The circulation model in the CMS (called CMS-Flow) 
computes the unsteady water level and current velocity fields by 
solving the depth-averaged 2-D shallow water flow equations on 
a non-uniform Cartesian grid with an explicit finite volume 
scheme. The model can simulate tide, wind and wave driven 
currents, and includes the Coriolis force, wind stress, bottom 
friction, and wave radiation stresses. The primary variables are 
defined on a staggered grid with water surface level calculated at 
cell centers and the x- and y-components of the velocity at the 
left and bottom faces of cells, respectively. Further details of the 
flow model can be found in Buttolph et al. (2006).  

The spectral wave transformation model used in the CMS 
(called CMS-Wave) solves the steady-state wave-action balance 
equation on a non-uniform Cartesian grid with a finite difference 
scheme. It considers wind wave generation and growth, 
diffraction, reflection, dissipation due to bottom friction, white 
capping and breaking, wave-wave and wave-current 
interactions, wave runup, wave setup, and wave transmission 
through structures. The wave diffraction is based on the 
parabolic wave approximation equation suggested by Mase et al. 
(2005). CMS-Wave is a half-plane model based on the 
assumption that waves propagate from the offshore boundary 
towards shore. Reflected waves are calculated with a backward 
marching routine. Further information on the wave model can be 
found in Mase et al. (2005) and Lin et al. (2008).  

The existing sediment transport model in the CMS has two 
options. One option is a total-load formulation that solves the 
Exner equation for bed change, and the other option solves the 
suspended-load transport (advection-diffusion) equation and the 
bed-load mass balance equation (Buttolph et al., 2006). Both 
options pertain to the equilibrium transport model. To enhance 
the performance of the CMS, the non-equilibrium sediment 
transport model is implemented in this study. The 
methodologies and merits of this model are described in the 
following sections.  
 

SEDIMENT TRANSPORT MODEL 
 

Total Load Sediment Transport Equation 
 

The moving sediment (total load) in the water column is 
traditionally divided to suspended load and bed load. The bed 
load moves by rolling, sliding and saltating in a thin layer of a 
few particle sizes above the bed, whereas the suspended load is 
transported by the turbulent flow in the water column above the 
bed-load layer. Integrating the 3-D sediment transport equation 
over the suspended-load layer yields the governing advection-
diffusion (A-D) equation for suspended load in tensor notation 
(Wu, 2007): 

 

 j
s

s j j j

U hChC C
h P D

t x x x

     
     

       



    (1) 

 
where t is the time, 

jx  is the horizontal coordinate with 

subscript j=1 and 2, 
jU  is the depth-averaged current velocity in 

the j-th direction, h  is the total water depth, C  is the depth-
averaged suspended-load concentration, 

s  is a suspended-load 

correction factor, 
s  is the sediment diffusion coefficient, and P 

and D are the entrainment and deposition rates of sediment at 
the interface between bed and suspended loads, respectively. 
The depth-averaged suspended-load concentration used here is 
defined as   1

( )
h

s sa
C h a U u cdz

   , where c  is the local 

sediment concentration, a  is the thickness of the bed-load 

layer, su  is the stream-wise local current velocity, and 
sU  is the 

stream-wise depth-averaged velocity approximated as the depth-
averaged resultant 2 2

c x yU U U  . With this definition, the 

suspended sediment transport is simply 
sj jq U hC . The 

suspended-load correction factor is given by 

 h

s s ca
u cdz U cdz   , which accounts for the time lag 

(hysteresis) between flow and suspended sediment transport and 
has a value close to unity for fine sediments, but decreases with 
increasing grain size (Wu et al., 2006). The sediment diffusion 
coefficient is assumed to be proportional to the turbulent eddy 
viscosity as /s t s   , in which s  is the Schmidt number (set 

to 1.0 here). 
Similarly, the bed-load transport equation is obtained by 

integrating the 3-D sediment transport equation over the bed-
load layer as follows (Wu, 2007): 

 

 '(1 )
bj bb

m
b j

qq
p D P

t u t x

  
     

   

  (2) 

 
where '

mp  is the bed sediment porosity,   is the still-water 

depth, bq  is the bed-load transport rate, bu  is the bed-load 

velocity, and bj  is the bed-load transport direction cosine 

coefficient.  
Defining the total-load transport rate as 

tj bj b jq q U hC  , 

and summing Equations (1) and (2) leads to the overall sediment 
balance equation: 
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where tC  is the depth-averaged total-load sediment 

concentration  /t t cC q U h , and t  is the total-load correction 

factor related to βs, Uc and ub as follows (Wu, 2007): 
 

1

(1 )t
s s s c br r U u


 




     (4) 

 
where sr  is the fraction of suspended load in total load. Similar 

to βs, βt accounts for the time lag between flow and sediment 
transport. Because there is no direct solution for βt, it must be 
calculated iteratively; thus, for practical applications, its value 
may be interpolated from a pre-computed table or set to a 
constant for a certain range of field conditions (set to 0.7 here). 

To close the sediment transport model, the second term on the 
left-hand side of Equation (3) is substituted with the non-
equilibrium relation for bed change suggested by Wu (2004):  

 

 '
*

1
(1 )m t t

t

p q q
t L


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


       (5) 

 

where tq  and *tq  are the actual and equilibrium total-load 

transport rates, and tL  is the adaptation length or characteristic 

distance for sediment to adjust from non-equilibrium (i.e. 

*t tq q ) to equilibrium. The equilibrium transport rate may be 

calculated from empirical sediment transport formulas. In the 
CMS, the user has the option to choose from the following three 
transport equations: Lund-CIRP (Carmenen and Larson, 2007), 
Watanabe (1987), or van Rijn (2007a, b). Equation (5) is 
referred to as the bed change equation.  

By temporarily ignoring the bed-slope effect on the bed-load 
transport direction and setting /bj j cU U , the total-load 

transport can be written as 
tj j tq U hC . Inserting this expression 

and Equation (5) into (3) leads to the following sediment 
transport equation:  
 

     *
j t s tt

s t f t t
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(6) 
where f  is the sediment fall velocity, 

*tC  is the depth-

averaged total-load concentration at the equilibrium state, and 

 /t c t fU h L   is the total-load adaptation coefficient.  

Equation (6) is used in this study for sediment transport 
calculation. It is closed by assuming * */s tr C C , in which *C  

is the depth-averaged suspended-load concentration at the 

equilibrium state. The fraction sr  is determined with the van 

Rijn sediment transport capacity equations. The advantage of 

this total-load formulation is that the suspended- and bed-load 
transport equations are combined into a single equation and 
there is only one empirical parameter ( t  or Lt) to estimate. 

 
Sediment Adaptation Length 

 
The adaptation length is an important parameter in the 

developed sediment transport model. Because the total load is a 
combination of the bed and suspended loads, its adaptation 
length may be calculated as (1 )t s s s bL r L r L    or 

max( , )t s bL L L , where sL  and bL  are the suspended- and bed-

load adaptation lengths. sL  is defined as  /s c fL U h  , 

where   is the adaptation coefficient for suspended load. There 
are several expressions in the literature for calculating  , either 
empirical such as Lin (1984) or based on analytical solutions to 
the pure vertical convection-diffusion equation of suspended 
sediment such as Armanini and di Silvio (1986) and Zhou and 
Lin (1998). The bed-load adaptation length Lb may be related to 
the dimension of bed forms such as sand dunes. However, 
although there is some guidance on ways to estimate Lt its 
determination is still empirical and in the developmental stage. 
For further discussion of the adaptation length, see Wu (2007). 
At the present time, it is recommended that the adaptation length 
be examined with field data on morphology change or channel 
infilling to obtain the best and most reliable result.  

 
Bed Slope Effect 

 
The influence of bed slope on morphology change is considered 
by an additional term in the bed change equation:  

 

 '
*(1 ) ( ) 1m t f t t s c s t

j j

p C C D U h r C
t x x

   
     

    

    

(7) 
 

where 
sD  is an empirical coefficient. The last term in Equation 

(7) is a bed-slope term. This term was first applied by Watanabe 
(1985) and Stuiksma et al. (1985), also in a total-load 
formulation in which the transport was assumed to be bed-load 
dominant and therefore sr  0. Watanabe (1985) used 

sD = 10 

for stability reasons, whereas Stuiksma et al. (1985) used 
sD = 

4. Later studies such as Larson et al. (2003) and Karambas 
(2003) reported good results with 

sD = 2. In the present model, a 

default value of 1 is implemented to avoid over-smoothing the 
morphology change. In practice 

sD  may be a function of the 

flow and sediment characteristics and vary from site to site.  
 

Hiding and Exposure 
 

In many locations on the coast, the bed material is dominated 
by a single sediment size with patches of other sediment sizes or 
materials (e.g., shell hash), which do not contribute significantly 
to morphology change at specific regions, but do modify the 
sediment transport through hiding and exposure. For example, it 
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is common for the bed material to have a bimodal distribution 
with a second peak corresponding to local patches of coarser 
material consisting mostly of shell fragments. The shell material 
is difficult to model numerically because it is usually poorly 
sorted and its hydraulic properties are still largely unknown. 
Sediment transport models commonly estimate excessive 
erosion in these areas because of ignoring the hiding effect of 
the coarser shell material (e.g., Cayocca, 2001).  

The hiding and exposure mechanism is considered in the 
present model by correcting the critical Shields parameter as 

he
ck k ck   , in which k  is the dimensionless hiding and 

exposure correction function, ck  is the critical Shields 

parameter of the transport grain size kd , and he
ck  is the 

corrected critical Shields parameter. The correction function of 

Parker et al. (1992) and others is used, i.e.,  50/
m

k kd d
  

where d50 is the bed-material median size and m  is an empirical 
coefficient between 0.5 and 1.0 (set here to 0.7). The 
aforementioned sediment transport capacity equations are 
implemented by specifying the transport grain size dk rather than 
the bed-material d50. A single, constant transport size dk is used, 
while the bed-material d50 varies spatially. The spatial 
distribution of d50 can be obtained from measurements, and for 
simplicity is assumed constant in time in this study. It is noted 
that the best hiding and exposure function may depend on the 
chosen transport equations and sediment characteristics. 
However, this method provides a simple conceptual mechanism 
for considering an important process in a single-sized sediment 
transport model.  

 
Avalanching 
 

If the slope of a non-cohesive bed i  becomes larger than the 

angle of repose r , the bed material will slide (avalanche) to 

form a new slope approximately equal to the angle of repose. 

The process of avalanching is simulated by enforcing i r  , 

while maintaining mass continuity between adjacent cells. The 
following equation for bed change due to avalanching is 
obtained by combining the equation of angle of repose and the 
continuity equation between two adjacent cells and summing 
over all neighboring cells of p:  
 

   tan sgn tan
Hi i i i ra

p i r
p ii

A x
R

A A


  

    
  

 
(8) 

 
where ix  is the cell center distance between cells p and i, A is 

the cell area, R is an under-relaxation factor (approximately 
0.25-0.5), and H( )X  is the Heaviside step function representing 

the activation of avalanching and equal to 1 for X 0 and 0 for 
X  0. The sign function sgn X  is equal to 1 for X 0 and -1 

for X  0 and accounts for the fact that the bed slope may have a 
negative or positive sign.  

Equation (8) is applied by sweeping through all computational 

cells to calculate a  and then modifying the bathymetry as 
1n n a      . Because avalanching between two cells may 

induce new avalanching at neighboring cells, the sweeping 
process is repeated until no avalanching occurs. The under-
relaxation coefficient R stabilizes the avalanching process and 
eliminates overshooting since the equation is derived 
considering only two adjacent cells, but is summed over all 
(avalanching) neighboring cells. Equation (8) may be applied to 
any grid geometry type (triangles, rectangles, etc.), and also in 
situations where neighboring cells are joined at corners without 
sharing a cell face.  

 
Hardbottom 
 

Equation (5) and in turn (6) are based on the assumption of 
the existence of a loose or movable bottom in which the bed 
material is available for entrainment. Sometimes one may 
encounter hard bottoms where bed materials are nonerodible, 
such as bare rocks and concrete structures. The hard-bottom 
cells are treated simply by modifying the equilibrium 

concentration as * *min( , )t t tC C C   in both the transport and 

bed-change equations. The bed-slope term in Equation (7) is 
also modified, so that only deposition occurs at hard-bottom 
cells.  

 
Boundary Conditions 
 

The sediment flux between dry and wet cells is assigned to 
zero. Outflow boundaries are assigned a zero-gradient boundary 
condition for sediment concentration. Inflow boundaries may be 
assigned a specific concentration, the equilibrium concentration, 
or a zero-gradient in the sediment concentration.  
 

NUMERICAL IMPLEMENTATION AND 
COMPUTATION PROCEDURE 

 
The governing equations (6) and (7) are discretized using the 

Finite Volume Method on a non-uniform Cartesian grid. The 
advection terms are discretized with the second-order Hybrid 
Linear/Parabolic Approximation (HLPA) scheme of Zhu (1991), 
and the diffusion and bed slope terms are discretized with the 
standard central difference scheme. Time integration is 
performed with the explicit Euler scheme. The bed- and 
suspended-load equilibrium sediment transport rates can be 
multiplied by user-specified scaling factors. The scaling factors 
are intended for calibration purposes and have a typical range 
between 0.5-2.0. Unless specified otherwise, the transport 
scaling factors are equal to 1.0 (default value). The bed change 
can also be multiplied by a morphologic scaling factor at every 
time step, to speed up the morphologic modeling of bed 
evolution under cyclic or steady flow conditions (Lesser et al., 
2004). However, this factor was not used in the results presented 
in this paper.  

The flow, waves, and morphology change are dynamically 
coupled. The wave model is run first for one wave steering 
interval. The wave heights, periods, directions, and radiation 
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stress gradients are then passed to the flow and sediment 
transport models by means of communication files and the wave 
variables are interpolated onto the flow grid. Once the flow and 
sediment transport models have reached the end of the wave 
steering interval, the wave model is run again and the process is 
repeated. The wave and flow models may have different 
computational grids, while the flow and sediment transport 
models occupy the same grid. The flow and sediment transport 
may also have different time steps. During the calculation of 
sediment transport, the bed elevation is updated and passed to 
the flow model at every sediment time step, which the wave 
model also accesses. For typical coastal applications, a wave 
steering interval of 1-3 hr is used, and flow and sediment time 
steps are typically about 1 and 10 s, respectively.  
 
MODEL COMPARISON WITH LABORATORY DATA 

 
Case 1: Channel infilling under cross-channel flow with 
parallel waves 
 

A laboratory experiment on the evolution of channel 
morphology under cross-channel flow with waves parallel to the 
channel axis was carried out in a wave-current flume by van 
Rijn and Havinga (1995). The channel was approximately 4 m 
wide and 0.22 m deep, and had 1:10 side slopes (see Figure 1). 
The current speed at the inflow boundary was 0.245 m/s. 
Incident irregular waves (JONSWAP form) were parallel to the 
channel axis (90º with respect to the flow) and had a significant 
wave height of 0.105 m and peak wave period of 2.2 s. The 
initial bathymetric profile is shown in Figure 1. Manning’s 
coefficient n is calibrated as approximately 0.02 with the 
measured velocity profile. The bed slope coefficient is set to 2.0. 
The sediment median diameter d50 is 0.1 mm. The transport 
grain size is set to d50, so that no hiding and exposure is 
considered. The sediment concentration at the inflow boundary 
is specified as the equilibrium concentration based on the Lund-
CIRP transport equations. The total load adaptation length 
calibrated as 0.75 m by comparing the calculated and measured 
morphology changes.  

The computed morphology change is found to agree well with 
the measured, as shown in Figure 1. The root-mean-squared 
error (RMSE) between measured and computed water depths is 
0.01 m, less than 5% of the upstream flow depth. The relative-
mean-absolute error (RMAE) is 2%. The model reproduced well 
the general trend of the morphology change including the 
upstream bank migration and downstream bank erosion. The 
small oscillations (on the order of 1 m in length) in the measured 
bathymetry are more likely to be large bed forms that are not 
simulated in the present model. 

 
Case 2: Channel infilling under cross-channel flow with 
perpendicular waves 
 

A laboratory experiment on the channel morphology change 
under cross-channel flow with waves perpendicular to the 
channel axis was carried out by van Rijn (1985). The rectangular 
experiment flume was 17 m long and 0.3 m wide. The channel 
had a side slope of 1:10 and a depth of 0.125 m with respect to 
the sides. The water depth and current velocity  at the  upstream  

 

 
 
Figure 1. Comparison of measured and calculated water depths for case 
1.  

 
 

end of the flume were 0.255 m and 0.18 m/s, respectively. 
Regular waves were generated in the same direction of the flow 
with a height of 0.08 m and period of 1.5 s. The movable bed 
consisted of fine sand (d50 = 0.1 mm). The measured suspended 
sediment transport at the upstream end of the flume was 
0.0167 kg/m-s. For further details on the experiment, see van 
Rijn (1985, 1986).  

The suspended sediment transport capacity was calculated 
with the Lund-CIRP transport equation calibrated to match the 
inflow transport by multiplying a correction factor equal to 0.8. 
This factor is within the generally accepted range of 0.5-2. Since 
no measurements for bed load are available, the bed-load 
transport capacity is not modified. As in the previous case, the 
transport grain size is set to d50 so that no hiding and exposure 
was represented. The bed slope coefficient was set to 1.0. The 
adaptation length is calibrated as approximately 2.5 m by 
comparing the measured and calculated morphologic changes. 
Figure 2 shows a comparison of the measured and computed bed 
elevations after 10 hrs. The model reproduced well the overall 
trend channel infilling, but slightly underestimated the upstream 
bank migration and slightly overestimated downstream bank 
erosion. The RMSE and RMAE for Case 2 are 0.01 m and 3%, 
respectively.  
 

MODEL APPLICATION AT SHINNECOCK INLET, 
NY 

 
Background 
 

Shinnecock Inlet is the eastern-most permanent inlet on Long 
Island, NY (see Figure 3). During the Great New England storm 
on September 21, 1938, the barrier island was breached and the 
inlet entrance began to grow (Morang, 1999). The inlet was 
stabilized in the 1950s with two rubble mound jetties. It is a 
mixed-energy, wave dominated inlet. The tide is mainly 
semidiurnal with an average spring tidal range of 1.1 m. 
Shinnecock Bay has water depths typically less than 2 m and a 
tidal prism of 3.29 x 107 m3 (Militello and Kraus, 2001). The 
bay is connected to Moriches Bay to the west through the 
Quogue and Quantuck Canals and to Peconic Bay to the north 
through the Shinnecock Canal. Several small creeks drain a 
small amount of freshwater into the bay. The beach to the west 
of the inlet, called Tiana Beach, experiences chronic erosion and  
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Figure 2. Comparison of measured and calculated water depths for case 
2.  

 
 
 
is typically nourished with sediment dredged from the 
navigation channel deposition basin located just outside of the 
inlet. Typical wave conditions are from the southeast with wave 
heights of 1 m and periods of 7 s, while northeast storms and 
hurricanes can produce wave heights in excess of 4 m with 
periods of 12-14 s (Buonaiuto and Militello, 2003).  

Estimated net longshore transport rates vary significantly 
depending on the year. Rosati et al. (1999) conducted a thorough 
sediment budget considering shoreline change, dredging, beach 
nourishment, and possible onshore transport and estimated a 
long-term net alongshore rate of 150,000 ±40,000 yd3/yr. The 
ratio between the tidal prism and net longshore sediment 
transport suggests that the sediment bypassing occurs due to a 
combination of tidal bypassing and wave induced currents 
(Buonaiuto and Militello, 2004).  

 
Model Setup 
 
The simulation covers the time period between August 13, 1997 
and May 28, 1998 (approximately 9.5 months), which 
corresponds  to  the dates of  LIDAR  surveys with  no  dredging 
activity in between. The model bathymetry is generated by 
blending SHOALS LIDAR data (Lillycrop et al., 1996), the 
National Geophysical Data Center Coastal Relief Model 
(NGDC, 2009), and single beam surveys done by the USACE 
and Stony Brook University, NY. The computational grid and 
initial bathymetry are shown in Figure 4. The grid for flow 
computation has 49,780 cells and a variable grid resolution 
between 15 and 100 m. The CMS-Wave and CMS-Flow grids 
are identical except that the wave grid does not include the inner 
bay beyond the flood shoal where wave heights are negligible. A 
sensitivity analysis by Militello and Kraus (2001) showed that 
the canals and creeks connecting to Shinnecock Bay may be 
ignored in modeling the tidal inlet, and are therefore not 
included in this present simulation.  

Wind data were obtained from the National Climatic Data 
Center Blended Sea Winds (NCEP, 2009). The wind data set 
consists of 6-hr wind fields on a global 0.25º grid. The dataset 
wind speeds are generated by blending observations from 
several satellites including QuikSCAT, and the wind directions 
are interpolated from the NCEP Re-analysis 2 (NRA-2) dataset. 

 

 
 

Figure 3. Location of Shinnecock Inlet.  

 
 

The offshore boundary is forced with a predicted water 
surface elevation computed from a 3-yr harmonic analysis of a 
pressure gauge record (P1) located just outside of the inlet (see 
Militello and Kraus, 2001 for more details). The harmonic 
analysis includes twelve major constituents. The computed 
amplitudes of the four major constituents are: M2 of 0.48 m, N2 
of 0.11 m, S2 of 0.10 m, and K1 of 0.08 m. The fitted harmonic 
prediction represents 90% of the water level variance. The 
remaining 10% variance consists mostly of high frequency 
(supertidal) water level fluctuations induced by local wind and 
waves and should not be included at the offshore boundary.  

Directional wave spectra are obtained at 3-hr intervals from 
the National Data Buoy Center (NDBC) station 44025 located 
33 nautical miles off the coast of Long Island. The offshore 
spectra are transformed to the offshore CMS-Wave boundary by 
assuming straight contours parallel to the shoreline. The wave 
steering interval is 3 hr.  
The spatial distribution of the grain sediment size (d50) is 
obtained from Pratt and Stauble (2001). The sediment grain size 
varies significantly spatially from 0.125 mm offshore and inside 
the bay to 2.0 mm in the inlet. Based on grain size analysis by 
Pratt and Stauble (2001), the dominate grain size for the ebb 
shoal (area of interest) is approximately 0.5 mm. Therefore, 0.5 
mm is used as the transport grain size dk. Although the sediment 
samples were taken during July of 1998, it is assumed that they 
are representative of the simulation period. The inlet is well 
known to have hard, compacted sands with large amounts of 
shell hash that prevents the main channel from eroding. 
Therefore, a constant hard bottom 1 m below the initial bed 
elevation is set at the inlet to avoid excessive erosion. 

The concentration capacity is calculated with Watanabe 
(1987) transport equation with a transport coefficient 0.25. The 
adaptation length is given as 20 m, and the bed slope coefficient 
is 1.0. Since the Watanabe (1987) transport equation does not 
provide information on the fraction of suspended sediments, this 
information is calculated with the van Rijn (2007a, b) transport 
equations.  
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Figure 4. Computational grid with initial bathymetry for 1997. Square 
cells represent inactive land cells. 

 
 

Hydrodynamics 
 

The hydrodynamic model is validated by comparing 
measured and calculated currents and water levels during June 
1998 (see Figure 5). The water level station P3 is located at the 
entrance of Shinnecock Canal which connects Shinneock Bay to 
the Great Peconic Bay to the north. The current station C1 is 
located near the western jetties. Computed water elevations at 
P3 agree well with measurements. The RMSE and RMAE are 
0.03 m and 0.11, respectively. The computed current velocities 
at C1 are not as good as the water surface elevations. Peak flood 
velocities are underestimated by 5-40%. This is possibly due to 
secondary currents and three-dimensional processes in the inlet 
that are not captured by the depth-averaged model. The current 
RMSE and RMAE  are 0.18 m/s  and  0.30,  respectively.  
Similar  levels  of error were obtained by Militello and Kraus 
(2001) with a finite element model.  

 
Longshore Sediment Transport 
 

As a first measure of how the model represents the nearshore 
sediment transport processes, the longshore sediment transport 
rate is calculated by integrating the hourly total-load transport 
vector field along a transect to the east of the inlet and oriented 
normal to the shoreline to a depth of about 10 m. The calculated 
longshore sediment transport rate is 133,000 yd3/yr, which is 
within the range of 110,000-190,000 yd3/yr reported by Rosati et 
al. (1999). 

 
Morphology Change 
 

For brevity, this paper focuses on the morphology change of 
the ebb shoal. Figures 6 and 7 show the measured and computed 
morphology for the simulation period. Qualitatively, the results 
show several features in common such as deposition on the 
peripheral  of the ebb shoal, erosion at both the east bypass  bar  

 

 

 
 
Figure 5. Comparison between measured and computed water levels at 
stations P3 and C1. Positive current velocities are in the flood direction 
(north).  

 
 
and west bypass bars, erosion of the eastern portion of the south 
bypass bar, and accretion in the deposition basin. Quantitatively, 
the morphodynamic model accurately predicts either an 
erosional or depositional trend at approximately 66% of the 
computational cells. The RMSE and RMAE for the water depth 
over the ebb shoal complex are 1.1 m and 19% respectively. 
However, due to the complex nature of the field site, in 
comparison with the laboratory cases, simply calculating 
goodness-of-fit statistics from computed and measured water 
depths may not accurately represent the model skill.  

Another way of comparing the computed and measured 
morphology change is through sediment volume changes for 
representative morphologic features or regions. For example, the 
calculated and measured sediment depositions along the 
peripheral of the ebb shoal are approximately 365,000 and 
308,000 m3, respectively. The accretion in the deposition basin 
is calculated as 184,000 m3, which agrees well to the measured 
180,000 m3. The erosion of the west bypass bar is also predicted 
well at approximately 60,000 m3. The major areas of 
discrepancy are the overestimation of erosion on the south and 
east bypass bars, as well as large amounts of accretion in front 
of Tiana beach, which is not observed in the measurements. The 
erosion on the east bypass bar is estimated at 230,000 m3 while 
the measured is only 22,000 m3. The estimated erosion of the 
south bypass bar is 419,000 m3, while the measured is 
approximately half at 181,000 m3. The extra sediment eroded 
from the south bypass bar is deposited in front of Tiana beach,  
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Figure 6. Measured morphology change between August 1997 and May 
1998.  

 
 
 

 

 
 
Figure 7. Calculated morphology change between August 1997 and May 
1998.  

 
 

which accounts for the large accretion in this area at 315,000 m3, 
while the measured accretion is only 76,000 m3.  
 

DISCUSSION AND CONCLUSIONS 
 

A new non-equilibrium total-load sediment transport model 
has been established with emphasis on practical engineering 
applications at coastal inlets and navigation channels. The 
governing equations consist of a total-load transport equation 
and a bed change equation which includes a bed-slope effect 
term. The model takes into account bed-material hiding and 
exposure, avalanching, and sediment transport over non-erodible 
bottoms. The governing equations are solved with an explicit, 
finite volume scheme on a non-uniform Cartesian grid. The 

proposed non-equilibrium sediment transport model is attractive 
for practical engineering applications because of its simplicity. 
The bed- and suspended-load transport equations are combined, 
and therefore, there is one less partial differential equation to be 
solved. The short-term channel infilling and migration in two 
laboratory flumes and the mid-term (9.5 month) morphology 
change at a coastal inlet (Shinnecock Inlet, NY) are reasonably 
simulated using the CMS with the newly developed sediment 
model.  

Although both flume experiments shared similar 
characteristics in dimensions, sediment properties, and flow 
conditions, the calibrated adaptation length is approximately 3 
times larger for the case with waves perpendicular to the channel 
axis (Case 2) compared to the case with waves parallel to the 
channel axis. This may be related to the direction of the waves 
or the presence of bed forms in Case 1. It is apparent that more 
research is needed to predict the adaptation length in the 
presence of waves. However, once the adaptation length is 
properly calibrated, excellent results of channel infilling are 
obtained for both cases.  

The calculated 9.5-month morphology changes at Shinnecock 
Inlet, NY show relatively good agreement with field data. 
Possible sources of error include boundary conditions, 
ambiguity in model forcing, empirical sediment parameters, and 
assumptions in the flow and sediment transport equations. 
Although not shown, the morphology changes calculated with 
the Lund-CIRP and van Rijn formulas were remarkably different 
from the above results obtained with the Watanabe formula. 
This disparity emphasizes the large error associated with the 
empirical equations of sediment transport capacity.  

Another source of error is the assumption that the net 
sediment transport is in the direction of the depth-averaged 
current velocity. The transport equation (6) in the proposed 
model represents the advection and diffusion of the current-
related total-load sediment transport, including wave stirring 
(additional suspension due to waves). It assumes that sediment 
advection is solely in the direction of the depth-averaged current 
velocity and ignores the sediment transport component in the 
direction of waves due to asymmetrical oscillatory flow near 
bottom in the presence of shoaling waves (see Ribberink and al 
Salem, 1994; Dohmen-Janssen et al., 2002; Carmenen and 
Larson, 2007). In the surf zone, this process is responsible for 
onshore and offshore sediment transport and essential for 
describing several nearshore morphologic features such as 
bypass bars. However, inclusion of the wave-related sediment 
transport is still in the development stage. This model limitation 
will be addressed in future research.  

A major assumption in calculating the hiding and exposure 
factor is that the spatial distribution of the bed-material d50 
remains constant in time. The validity of this assumption 
depends on the specific site and the time scale under 
consideration. It is reasonable for Shinnecock Inlet, NY in the 
time period simulated. This assumption is not needed if the 
present single-sized model is extended to a multiple-sized one in 
which the time-varying bed-material composition can be 
calculated directly, as described in Wu (2007). Such a multiple-
sized sediment transport model is under development in the 
CMS in order to simulate long-term morphology changes more 
realistically.  
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NOTATION 
 

tC [-] Depth-averaged total-load concentration 

*tC [-] Depth-averaged total-load capacity  

C [-] Depth-averaged suspended-load concentration 

sD [-] Bed slope coefficient 

h [L] Flow depth 

tL [L] Total-load adaptation length  

mp [-] Bed porosity  

bq [L2/T] Bed-load transport  

sq [L2/T] Suspended-load transport  

tq [L2/T] Total-load transport  

bu [L/T] Bed-load velocity  

U [L/T] Depth-averaged current velocity  

cU [L/T] Depth-averaged current magnitude  

b [-] Bed-load transport direction cosine coefficient 

t [-] Total-load adaptation coefficient  

s [-] Suspended-load correction factor  

t [-] Total-load correction factor  

 [L] Still water depth  

s [L2/T] Sediment diffusion coefficient 

t [L2/T] Eddy viscosity  

f [L/T] Settling velocity 


