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ABSTRACT 
Many naval operations occur in littoral (shallow water) regions between a moving shoreline and water depths of 10 
to 20 meters, including river mouths and estuaries. The success of such operations depends on a deep understanding 
of the physical environment and the ability to make accurate forecasts in these highly nonlinear and dynamic 
regions. In nature, sediments covering the world’s coastal ocean bottoms are diverse, ranging from permeable sands 
to silts and clays. The Louisiana coast with sandy barrier islands, tidal flats and soft mud bottoms is losing 25 to 30 
square miles of coastal wetlands each year. Protection and restoration of the Louisiana coast requires better 
predictive capabilities of coastal processes in the deltaic sedimentary environment. It is well known that many 
physical processes, such as undertows, rip currents and longshore currents as well as morphological responses, are 
controlled by the transformation and breaking of surface waves on the open coast, while river discharges and 
tide/wind-driven circulation are the primary forcing agents for morphological changes in river mouths and estuaries. 
An accurate prediction of nearshore surface waves, coastal circulation and sediment transport is essential to many 
military and civilian operations in coastal regions. 

The COMI (Coastal & Ocean Modeling Infrastructure) project at Louisiana State University (LSU) is 
working to develop a new integrated modeling framework able to leverage new high performance computing 
facilities for simulations of coastal properties in deltaic environments. The long-term goal of COMI is to develop 
and enhance research and educational capabilities in the area of coastal engineering and science at LSU while 
simultaneously supporting the Navy’s research goals in the areas of Coastal Geosciences and Physical 
Oceanography. Specific objectives for COMI are (1) modeling coastal circulation and nearshore surface waves in 
deltaic sedimentary and hydrodynamic environments in an integrated modeling framework by extending the 
Boussinesq theory for nearshore hydrodynamics to muddy coasts and non-hydrostatic three-dimensional flow 
regimes with stratifications, (2) complementing the Office of Naval Research’s (ONR) recent research initiatives on 
Tidal Flats and Wave-Mud Interactions by integrating the new modeling system with field data collected in those 
programs, (3) simulating large-scale, long-term coastal processes by integrating the  coastal modeling system with 
new high-performance computing facilities (~100 Teraflops) and technologies available in Louisiana.   
 The COMI project will result in an integrated coastal modeling system with two new sets of Boussinesq-
type equations, corresponding numerical models solved by advanced numerical methods and validated by laboratory 
and field measurements, and a better understanding of the coastal processes in deltaic environments. Furthermore,  
integrating this modeling framework with the Cactus CFD Toolkit developed at LSU will allow us to couple the 
hydrodynamic models with sediment transport models for coastal morphodynamic studies. The research will 
improve the Navy’s capability of modeling nearshore processes in heterogeneous sedimentary environments. This 
will also greatly aid engineers in the design of coastal protection and restoration systems in Louisiana, which has 
substantial practical and societal value.  

The COMI project is supported by Department of Defense (DoD) and Office of Naval Research (ONR) 
research grant (Grant N00014-07-1-0955), Louisiana Board of Regents, and the Center for Computation & 
Technology. 

 
MOTIVATION  
 Naval operations, both military and civilian, often take place in shallow water (littoral) regions, 
such as river mouths and estuaries, between a moving shoreline and water depths of 10 to 20 meters. For 
their success, an in-depth understanding of these highly non-linear and dynamic regions is needed, along 
with accurate computational models for surface waves, coastal circulation and sediment transport, able to 
predict the physical environment. For example, the breaking of surface waves on the open coast controls 
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physical processes such as undertows, rip currents and long-shore currents, along with morphological 
responses. River discharges and tide/wind-driven circulation are the primary forcing agents for 
morphological changes in river mouths and estuaries.  
 
 

 
Figure 1. True-color TERRA-1 Modis satellite image of the Louisiana coast at 250m-resolution 
(www.esl.lsu.edu), overlaid with bathymetry contours at 1-km resolution. Contours are given in meters. 
Coordinates are given in kilometers with respect to UTM 1983, Zone 15. Some features visible in the 
image, such as the barrier islands, are not resolved at the 1-km resolution of the bathymetric grid. 
WAVCIS stations CSI3 and CSI5 are marked by circles. The light brown tint is correlated to high surface 
sediment concentrations. Inset: Northern Gulf of Mexico, with the area shown in the satellite image 
marked in red. (Sheremet and Stone, 2003) 
 

Aside from navel operations, in Louisiana another major motivator for improved coastal models 
is wetland protection and restoration. The Louisiana coast, with its barrier islands, tidal flats and soft mud 
bottoms, is severely eroding. It is estimated that the state is losing 25 to 30 square miles of coastal 
wetlands each year. Protection and restoration of this environment requires better predictive capabilities 
of coastal processes in the deltaic sedimentary environment of the Louisiana coast.  

Sediments covering the world’s coastal ocean bottoms are diverse, ranging from permeable sands 
to silts and clays. A literature review by Holland et al. (2003) has revealed the strong structural, spatial 
and temporal variability of coastal sediments at multiple scales. Hayden and Dolan (1976) have indicated 
substantial variations in sediment properties in approximately 80% of the world’s non-rocky coastal 
regions. Depending on the forcing agents that drive the sediment transport and morphodynamics, a deltaic 
environment may be classified as a wave-dominated delta, a tide-dominated delta, or a river-dominated 
delta.  For wave-dominated deltas, the action of wind waves constantly reworks the delta front. Sediments 
from the river are transported by breaking-induced longshore currents. Muds originated from the river can 
be carried much farther down drift, which leaves a muddy area farther away from the river mouth, such as 
the western portion of the Louisiana Coast. For tide-dominated deltas, the river mouths are usually 
situated in bays, estuaries or protected areas where the ocean wave energy is small. The relentless ebb and 
flood currents shape the deltas. Large amount fresh water discharges often result in strong stratification, 
even in shallow estuaries, such as Mobile Bay, Alabama (e.g. Noble et al., 1996). Obviously, modeling 
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coastal processes in deltaic environments requires numerical models that are able to take the effects of 
mud bottoms and strong stratifications into account.  

More than 130 years after Boussinesq (1871) first proposed his theory to account for the effect of 
free-surface curvature, or the effect of weakly non-hydrostatic pressure, on the flow of long waves in 
relatively shallow water, the Boussinesq theory has been extended to short waves in deeper water. The 
most advantageous feature of the Boussinesq theory is that it reduces the three-dimensional Euler 
equation of motion to two horizontal dimensions, significantly reducing computational demands. Today, 
numerical models solving the Boussinesq-type equations have become effective tools to simulate near-
shore wave propagation and breaking-generated horizontal circulation on beaches, as demonstrated by 
Chen et al. (1999a, 2000, 2003), Shi et al. (2003) and others.  

Using the Boussinesq approach, Peregrine (1967) formulated the so-called classical Boussinesq 
equations for waves in shallow water with variable depth in two dimensions on the horizontal plane. 
Numerical models using finite-difference methods on the basis of Peregrine’ equations were developed by 
Abbott et al. (1978), among others. Those models are restricted to shallow water for surface waves with 
small wave numbers, k ( where l = wave length), and for pure wave propagation without an 
ambient current, as the classical Boussinesq equations only incorporate weak dispersion and weak 
nonlinearity. Applications of this type of model are restricted to the case where the wave number times 
the water depth, kh, is less than 0.75. This class of model, developed in the 1970s and 1980s for weakly 
dispersive waves, is referred to as the first generation of Boussinesq-type models. 

In the last decade, significant advances have been made to extend the applicability of Boussinesq 
equations for modeling surface waves in the coastal ocean. The first advance is the accuracy of the linear 
dispersion properties in deep water. Because inaccurate dispersion properties of the first-generation 
models lead to incorrect wave transformation in deep to intermediate water depths, Madsen et al. (1992) 
and Nwogu (1993) derived Boussinesq-type equations that are applicable up to kh = 3 in terms of the 
linear dispersion characteristics. The second advance in the Boussinesq theory is the abandonment of the 
assumption of weak nonlinearity by Liu (1994) and Wei et al. (1995), leading to the so-called fully 
nonlinear Boussinesq equations that include wave-current interaction. The third advance is the 
incorporation of moving boundary conditions and energy dissipation due to wave breaking into the 
Boussinesq-type equations (see e.g., Madsen et al., 1997; and Chen et al., 2000).  

With the rapid development of computer technology, time-domain Boussinesq models are now 
not only able to simulate nearshore propagation of nonlinear waves, but are also capable of predicting 
wave transformation in the surf zone and breaking-induced cross-shore and alongshore currents with 
remarkable accuracy, as demonstrated by Chen et al. (1999a) and Chen et al. (2003). The effect of a 
porous seabed on the nonlinear surface waves is also included by Hsiao et al. (2002) and Chen (2006). 
Recently, wind forcing has been successfully parameterized and incorporated into Boussinesq wave 
models by Chen et al. (2004a, 2004b), permitting the study of air-to-sea momentum fluxes in a wave-by-
wave fashion. The Boussinesq-type models incorporating the advances in the 1990s and recent years are 
referred to as the second-generation models. 

Figure 2 illustrates the capability of a second-generation Boussinesq wave model. It shows a time 
sequence of vertical vorticity field associated with a longshore current generated by wave breaking on a 
natural beach (Chen et al., 2003). The vertical component of the vorticity vector (see the color scale bar) 
was obtained from the instantaneous fluid particle velocity for the combined wave and current motion 
predicted by the second-generation model. Wave breaking served as a primary source of vorticity. Strong 
vortices were found within several hundred meters seaward of the shoreline (left). They strongly affected 
the surface waves. The vortices were triggered by the nonlinear shear instabilities and bathymetric 
variations. Good agreement was found between the numerical results and field measurements, including 
cross-shore variations of wave height and longshore current (Chen et al., 2003). 



 4 

 
Figure 2.  Time sequence of the instantaneous vertical vorticity field predicted by a second-generation 
Boussinesq wave model (Chen et al. 2003). Each snapshot is 3.6 minutes apart from left to right. The 
faint diagonal streaks are the signature of individual wave crests. The shoreline is on the left. 
 

Although the second-generation Boussinesq-type wave models have proven to be effective tools 
to simulate nearshore wave propagation and breaking-generated horizontal circulation, applications are 
still limited by 1) the assumption of idealized seabed conditions, or an impermeable, solid bottom; 2) the 
assumption of weak horizontal vorticity components, which may not be applicable in deltaic or river 
mouth environments with strong stratification owing to large fresh water inflows; and 3) high 
computational costs for large-scale domains. 

It is well known that the accuracy of nearshore sediment transport models strongly depends on 
the accuracy of the driving force, or the result of the hydrodynamic model. In fact, the need for advanced 
wave and hydrodynamic modeling tools and a better understanding of the coastal processes in deltaic 
sedimentary and hydrodynamic environments calls for a new generation of Boussinesq-type models with 
much higher accuracy in dispersion, nonlinearity and vorticity as well as new numerical algorithms and 
computing techniques.  

Several important scientific and technical questions arise: How does the strong variability of 
sediment or seabed properties influence the coastal hydrodynamic and morphodynamic processes? 
Because the accuracy of sediment transport modeling depends on the accuracy of velocity estimates, how 
can we accurately model the flow velocities over tidal flats where the wetting and drying process is 
dominant in a macro-tidal environment? Can we develop a single modeling framework for the 
simulations of nearshore waves and coastal circulation generated by different forcing agents, including 
large river discharge of fresh water? Are there numerical methods better suited for coastal modeling than 
the frequently used finite difference method? What is the role of high performance and distributed 
computing in the modeling of coastal hydrodynamic and morphodynamic processes? Addressing these 
questions provides the scientific objectives for the COMI project. 
 
OBJECTIVES 

The long-term goal of the COMI project is to develop and enhance the research and educational 
capabilities in the area of coastal engineering and science at Louisiana State University (LSU) while 
simultaneously supporting the Navy’s research goals in the areas of coastal geosciences and physical 
oceanography. The specific objectives of COMI are to 
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• develop the capability to model coastal circulation and nearshore surface waves in deltaic 
sedimentary and hydrodynamic environments in an integrated modeling framework by extending 
the Boussinesq theory for nearshore hydrodynamics to muddy coasts and non-hydrostatic three-
dimensional (3D) flow regimes with stratifications,  

• complement the Office of Naval Research recent research initiatives on Tidal Flats and Wave-
Mud Interactions by integrating this new modeling system with field data collected in these 
programs. 

• simulate large-scale, long-term problems in the deltaic environment by integrating the 
application-oriented modeling system with state of the art, large scale computing facilities and 
technologies available at LSU and in Louisiana.   

 
APPROACH 

The COMI research project includes theoretical formulation and analysis, development and 
verification of an advanced modeling system using spectral-element methods and high-performance 
computing technologies, and the utilization of this new model as a research tool to advance knowledge 
and understanding of coastal circulation and nearshore waves in deltaic sedimentary and hydrodynamic 
environments. The project is fundamentally interdisciplinary, integrating researchers and methodologies 
from civil engineering, physical oceanography and computational science.  

 
Theoretical Formulation 
 In the context of modeling coastal hydrodynamics, this project is a continuation of the 
development and applications of Boussinesq-type models and hydrostatic three-dimensional models for 
nearshore hydrodynamics and estuarine circulation. However, new approaches will: 1) use the Boussinesq 
theory to improve the efficiency of non-hydrostatic 3D Navier-Stokes equation solvers and extend the 
applicability of the modeling system to deltaic environments; 2) utilize spectral-element methods with 
unstructured grids to solve the partial differential equations (PDE) under realistic deltaic conditions on 
large scale parallel computers available in Louisiana. 
 
Wave-Mud Interaction: A solid bed had been assumed for the Boussinesq wave models in Chen et al. 
(1999, 2003). The bottom shear stress is parameterized using the quadratic law. For waves and currents 
over a realistic seabed, the sediment or seabed properties have to be included in the model equations. Two 
types of wave-seabed interaction have been studied in the literature; the damping of surface waves over 
porous bottoms (e.g. Liu 1973, Liu and Dalrymple 1984, Gu and Wang 1991) and the attenuation of 
surface waves over soft muds (e.g. Gade 1958, Dalrymple and Liu 1978, Maa and Mehta 1990). These 
models, however, are limited to homogeneous sediment or seabed properties, linear waves, and one 
horizontal dimension.  
 Recently, Chen (2006) introduced a complete set of Boussinesq equations for waves and currents 
over porous beds and implemented these numerically (PFunwave, Cruz and Chen, 2007). The new 
equations remove the unnecessary assumptions of weak nonlinearity, weak vertical vorticity and 
homogeneous permeability in the pre-existing equations (e.g. Hsiao et al., 2002). By contrast, no 
Boussinesq approach has been employed in the study of wave transformation over mud shore profiles in 
the literature. Kaihatu and Sheremet (2004) were the first to include the effect of mud in their frequency-
domain wave models. COMI is extending Chen’s (2006) Boussinesq-type equations from a porous bed to 
a muddy bottom. 
 The derivation will follow closely the approach of Dalrymple and Liu (1978) for the treatment of 
soft mud, and the procedure of Chen et al. (2003, 2006) for the treatment of surface waves. Linear 
dispersion properties of the new set of Boussinesq-type equations will be analyzed and compared to 
Dalrymple and Liu’s (1978) solutions. Nonlinear properties, such as solitary waves over a fluid-mud bed, 
will be examined in comparison to Jiang and Zhao (1989) and Jiang et al.’s (1990) results.  
 The theoretical formulations will lead to a new set of Boussinesq-type equations for interactions 
of surface waves with an inhomogeneous muddy seabed. Together with Chen’s (2006) equations, this will 
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establish a system of Boussinesq-type models capable of simulating nearshore surface waves and surf-
zone currents in heterogeneous sedimentary environments ranging from permeable sandy beaches to soft 
mud bottoms. The fully nonlinear Boussinesq-type equations for waves and currents will be solved 
numerically.  
 
Improving the Computational Efficiency of 3D Coastal Circulation Models: The Boussinesq approach is 
not limited to modeling nonlinear surface waves and breaking-generated currents over porous or muddy 
seabeds. A number of non-hydrostatic 3D models have been developed such as those originally developed 
by Casulli (1999) and improved by e.g. Street (2003). Although such non-hydrostatic models 
incorporating the Large Eddy Simulation are useful to gain insight into the small-scale processes of 
coastal circulation and internal waves, they are unlikely to become a predictive, operational model for 
naval applications because of the extremely high computational demand.    
 Recently, an efficient hydrodynamic model for density-stratified flow with a free-surface in the 
weakly non-hydrostatic regime has been developed by Shen (2001) and Shen and Evans (2004). The 
model equations were derived from the Euler equations of motion and consist of the horizontal vorticity 
and surface momentum equations. This formulation allows for applying the weakly non-hydrostatic 
approximation, similar to the Boussinesq approach to nonlinear surface gravity waves, to strongly 
nonlinear internal waves in the coastal ocean where the horizontal scale of the density-stratified 
wave/current motion exceeds the local water depth. The approximation eliminates the vertical dimension 
of the elliptic equation that is normally required for the fully non-hydrostatic modeling, and as a result the 
model’s computation efficiency is greatly increased by a factor proportional to the number of grid points 
used for vertical resolution.  
 Using the methodology of Shen (2001), we shall incorporate the horizontal vorticity components 
into the Boussinesq-type equations for waves and currents over muddy bottoms. This will allow for the 
simulation of waves on shear currents or coastal circulation with stratification. Second, using domain 
embedding techniques, at the large shelf-scale, the weakly non-hydrostatic 3D model can be run as a 
large-scale hydrostatic model to simulate circulation and tides similar to the Princeton Ocean Model 
(POM). A higher-resolution domain can be embedded into this larger domain, and in this high resolution 
domain the new model can be run concurrently as a non-hydrostatic model to simulate internal waves and 
other non-hydrostatic small-scale features. This capability further enhances the efficiency of the model for 
the simulation of coastal current/wave motions across disparate scales. The computational efficiency and 
full range of physics embedded in the weakly non-hydrostatic coastal circulation model will make it the 
best candidate model to produce a holistic view of coastal hydrodynamics in a deltaic sedimentary 
environment. It is conceivable to run a simulation with different governing equations or models in 
different part of the computational domain because of the sedimentary heterogeneity. Coupling of these 
sub-domains with different governing equations using different strategies will be explored further. 
 
Development of a Unified Modeling Framework 
 Instead of using finite-difference methods to numerically solve the new set of model equations, 
COMI will utilize spectral-element methods (Canuto et al., 1987, and Deville et al., 2002). A challenge in 
solving Boussinesq-type equations using finite-difference methods is the elimination of the truncation 
errors that are mathematically similar to the dispersive terms in the equations. Higher-order numerical 
methods, such as the spectral-element method, considerably alleviate such problems (Eskilsson et al., 
2006). The new modeling framework will solve four sets of fully nonlinear Boussinesq-type equations for 
coastal waves and currents for solid beds, porous seabed, muddy bottoms, and strong stratifications using 
the same numerical schemes, same data structures, same parallelization strategies, and same input and 
output formats for coupling with coastal sediment transport models.    
 
Numerical Considerations: One of the major challenges of numerically solving Boussinesq-type 
equations is the elimination of truncation terms that are mathematically similar to the physical dispersion 
terms present in the equations. The most popular scheme for solving Boussinesq equations in the coastal 
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engineering community is the finite difference scheme due to Wei and Kirby (1995). Wei and Kirby 
ingeniously used a mixed-order discretization; fourth-order for the advective terms and second-order for 
the dispersion terms. This approach keeps the numerical dispersion terms small compared to the physical 
terms as well as giving rise to easily solvable tri-diagonal systems. However, a recent study by 
Cienfuegos et al. (2006) has pointed on numerical problems with the mixed-order strategy, and shows that 
a full fourth-order discretization is more robust and requires less than half the number of grid points to 
accurately resolve the phase velocity.  

Another numerical problem associated with the simulation of coastal circulation in an estuary or 
river mouth with tidal flats is the requirement of fine spatial resolution near shorelines to resolve large 
hydrodynamic, topographic and geometric gradients. A conventional structured rectangular grid mesh 
covering a littoral or river mouth usually has difficulty to provide enough resolution in the nearshore 
region because of the computational restraint. The use of unstructured meshes, where the mesh size is 
adapted to local features such as depth profile and complex boundaries, has been proposed as a way to 
obtain more cost-effective models. Figure 3 illustrates an unstructured mesh for the simulation of coastal 
flooding caused by Hurricane Katrina (2005). With regard to Boussinesq-type modeling Sørensen et al. 
(2004) estimate that the potential reduction factor in computational effort compared to structured meshes 
is significant, in the order of 10–20.  
 Thus instead of using the standard mixed-order finite-difference method to solve the new set of 
model equations, the research team will utilize equal-order discretizations using high-order methods on 
unstructured meshes. Although both finite volume and finite element methods could be used, we will use 
the finite element method since it offers a more general setting than the finite volume method. Note that 
while several two-dimensional unstructured finite element Boussinesq models have been put forward – 
e.g. Ambrosi and Quartapelley (1998), Walkley (1999) and Sørensen et al. (2004) – almost all of them are 
based on linear expansion functions. It has been shown that for one-dimensional Boussinesq-type 
equations numerical dispersion introduced by uniform linear elements will not contaminate the physical 
dispersion on uniform grid sizes (Walkley, 1999), but on unstructured linear triangles contamination 
might occur. Walkley reported that linear expansions on unstructured triangular meshes required a much 
finer spacing than necessary on a regular mesh, and attributed this to low-order truncation terms. Further, 
using linear expansions convergence can only be achieved through refining the mesh (h-type refinement). 
Problems where dispersion errors are dominant, such as long-time integration, can become very time-
consuming as a very large number of elements are required to keep down the discretization error. This 
suggests that the use of high-order expansions will be beneficial on unstructured triangular meshes. 
 
Spectral/hp Element Methods: A general class of numerical methods supporting high-order expansion 
basis on unstructured meshes are spectral/hp element methods (Karniadakis and Sherwin, 1999, Deville et 
al., 2002). Spectral/hp element methods are here understood as finite element methods where the solution 
within an element is approximated by a polynomial of arbitrarily high order p. Thus spectral/hp elements 
support two paths to convergence: by refining the mesh (h-refinement) and/or by increasing the order of 
the approximation (p-type refinement). For smooth problems p-type refinement is usually superior as it 
leads to exponential convergence, similar to spectral methods. Babuska and co-workers (1981a, 1981b) 
were the first to recognize the advantages of combining the geometric flexibility of the standard linear 
finite element method with the accuracy of the p-type spectral methods, and keyed the hp-finite element 
method (hp-FEM). In 1984, Patera introduced the spectral element method (SEM) to bring together the 
standard linear finite element method and the spectral method into a hybrid method that “[…] combined 
the generality of the former with the accuracy of the latter in a more flexible ration than found in either 
technique alone.” Today the term spectral element is often used to pinpoint a special type of spectral/hp 
elements where the basis is non-hierarchical and the associated nodes are aligned on the Chebyshev or 
Gauss-Lobatto quadrature points. It is important to note that the only theoretical difference between hp-
FEM and SEM is the choice of expansion basis – hp-FEM uses a hierarchical basis while SEM uses a 
non-hierarchical basis – although there are differences with regard to implementation.   
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A special finite element formulation that has recently attracted great interest, and supports the 
spectral/hp formalism is the discontinuous Galerkin (DG) technique, see e.g. Cockburn et al. (2000), 
Cockburn and Shu (2001). The DG method differs from the classical continuous Galerkin method in that 
the solutions are allowed to be discontinuous over the elemental boundaries. The elements are coupled 
through the use of continuous numerical fluxes similar to the finite volume technique. Indeed, for 
constant basis functions the DG method is identical to the Godunov method. In the case of shocks, slope 
limiting can be applied in order to avoid Gibbs-type oscillations.  

An important feature of spectral/hp element methods for practical coastal engineering 
applications is that the polynomial order p is defined on the elemental level and hence is allowed to be 
non-uniform over the computational domain. So both the mesh size and the order of the interpolating 
polynomial can be adjusted in a single computational domain to suit a specific flow problem. For 
instance, waves in offshore deep water are usually less nonlinear, or the solution is smoother than the 
waves in shallow water. Thus a high polynomial order and a small number of elements for the offshore 
region will yield the most efficient solution for a given error tolerance. By contrast, near the shoreline, 
waves become highly nonlinear and eventually break on the beach. Convention tells us that for this 
situation low polynomial order and a large number of elements should be used. However, there are 
indications that even for rapidly varying flow p-refinement is more computational effective (Kubatko et 
al., 2006). Nevertheless, in the case of breaking waves presently high-order approximations give rise to 
undesired Gibbs-type oscillations and loss of convergence. If a DG method is employed, many low-order 
elements should be used in the vicinity of the shock, and the breaking can be computed simply by 
applying slope limiters.  
 
Spectral/hp Element Methods in Coastal Studies: With coastal applications the use of spectral/hp element 
methods are relatively rare. More research has been carried out in the neighboring fields of oceanic and 
atmospheric sciences. The first spectral element model for the shallow water equations was due to Ma 
(1994), and was soon followed by other spectral element modelers, including Iskandarani et al., (1995), 
Taylor et al. (1997) and Giraldo, (2001). More recently, high-order DG SWE models have been used and 
there are today several papers including Giraldo et al., (2002), Eskilsson and Sherwin, (2004), Kubatko et 
al. (2006). High-order DG methods on triangles have tended to favor the use of modal expansions due to 
the appealing property of a diagonal mass matrix. However, lately high-order nodal DG expansions 
eliminating the mass matrices have been applied to the SWE (Giraldo and Warburton, in press).   
 The use of spectral/hp element methods for Boussinesq-type modeling is very much in its 
infancy. The first study was a one-dimensional DG paper by Eskilsson and Sherwin (2002). The first two-
dimensional application was a hybrid discontinuous/continuous Galerkin method as outlined in Eskilsson 
et al. (2004). The model was subsequently developed into a fully DG method in Eskilsson and Sherwin 
(2006). It is important to stress that due to the numerical properties of spectral/hp element methods, the 
optimal solution strategy might be very different from that of the mixed-order finite difference models. 
For instance, in Eskilsson and Sherwin (2006) it was illustrated that solving the momentum equations in a 
two-step manner, using the wave continuity equation as an intermediate step, was beneficial for higher 
order p in terms of computational effort. Extra attention is required to ensure that the numerical 
treatments retain the full nonlinearity of the equations, the correct Doppler shift effect for wave-current 
interaction and the conservation of potential vorticity when solving the four sets of Boussinesq equations. 
High-order DG methods have been used to model highly dispersive Boussinesq equations in one- 
(Engsig-Karup et al., 2006) and two-dimensions (Engsig-Karup et al., 2008). 

One of the numerical problems associated with the simulation of coastal circulation in an estuary 
or river mouth with tidal flats is the requirement of fine spatial resolution near shorelines to resolve large 
hydrodynamic, topographic and geometric gradients. A conventional rectangular grid mesh covering a 
littoral or river month area usually has difficulty to provide enough resolution in the nearshore region 
because of the computational restraint. It is expected that the unstructured grid for the DG spectral-
element methods will allow for varying the finer grid spacing as well as high-order basis functions to  
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Figure 3. Unstructured grid for simulating coastal flooding during Hurricane Katrina (Chen et al., 2006).  
 
 
provide desired resolution in the area of large gradients and avoid over-resolving the flow field in the area 
with smooth solution. Figure 3 illustrates an unstructured grid for the simulation of coastal flooding 
caused by Hurricane Katrina (2005). Similar grids will be developed for the modeling of coastal processes 
in deltaic environments under the modeling framework. 
 
Integration with Field Observations from ONR New Research Initiatives 

The Office of Naval Research (ONR) and Naval Research Laboratory (NRL) presently have three 
active projects which have close ties with COMI. These ONR/NRL research initiatives provide an 
opportunity to combine modeling efforts with field studies. 
 The NRL’s Marine Geosciences Division’s “Coastal Dynamics in Heterogeneous Sedimentary 
Environments” is concerned with examining coastal processes in areas with different sedimentary 
characteristics; accurate modeling of these coastal environments is a concern. Recently, the Office of 
Naval Research has funded a five-year project led by Johns Hopkins University (JHU) to study the 
mechanisms of water wave damping over mud (http://www.ce.jhu.edu/dalrymple/MURI/). The bottom of 
the Gulf of Mexico offshore of Louisiana has large areas of mud as do many other areas in the world. 
Water waves propagating over mud often lose energy, resulting in a decrease of wave height and possibly 
refraction and diffraction of the waves. As described by the research team led by Professor Robert 
Dalrymple at the JHU, field and laboratory experiments will be conducted to understand how water waves 
interact with muddy bottoms. The third relevant project is the recent ONR Departmental Research 
Initiative (DRI) on Tidal Flats. One of its research objectives is to evaluate, improve, and develop 
appropriate modifications to predictive models for the hydrodynamics and sediment dynamics in 
macrotidal muddy river-estuary-coastal environments where waves are relatively unimportant. Obviously, 
COMI perfectly fits in the new strategic direction for nearshore research within the ONR Coastal 
Geosciences Program, building on highly successful studies of sandy nearshore environments.  
 Kaihatu and Sheremet (2004) and Sheremet et al. (2005) incorporated mechanisms for wave 
damping by cohesive sediments into frequency-domain phase-resolving nonlinear wave models, and 
shown the effects of this damping on the nonlinear energy transfer processes. They have hypothesized 
that nonlinear wave-wave interactions play an important role in the short-wave energy damping seen in 
the Gulf of Mexico by Sheremet and Stone (2003). A time-domain Boussinesq model for highly nonlinear 
surface waves over a mud bottom will be an ideal tool to study the nonlinear triad interactions. We shall 
integrate our modeling framework with the Johns-Hopkins-led ONR MURI on wave-mud interaction, 
particularly with respect to the laboratory and field work. On the one hand, the field and laboratory data 
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will be very useful for model parameterization, testing and verification.. The mud-enhanced Boussinesq 
model powered by high-performance computing for a large model domain can be used to help design 
future measurement programs given a fixed number of instrumentation.  
 Emphasis will be given to the fluid mud motion forced by nonlinear effects of the surface wave-
wave interactions and resonant nonlinear interactions between surface waves and water-mud interfacial 
waves. These generally occur over greater spatial-temporal scales with unique propagation characteristics, 
which high-performance computing is desirable. Numerical experiments guided by lab and field 
measurements using the fully nonlinear Boussinesq-type model for waves over soft mud beds will result 
in insight into the nonlinear interactions between surface waves and the water-mud interfacial waves. 
Furthermore, the modeling system will enable its use to examine the large-scale broadband mechanisms 
identified by the JHU-led research team. It is hypothesized that the presence of broadband surface waves 
and multi-scale interactions over varying wave/bottom conditions involving or combining the nonlinear 
interaction mechanisms may lead to features not predicted in the context of a single wave or wave 
combination or interaction mechanism.  
 Similarly, the weakly non-hydrostatic 3D coastal circulation model in the new modeling system 
will complement the ONR Tidal-Flats DRI. This efficient new model based on the Boussinesq theory 
allows us to include the effect of non-hydrostatics in an inexpensive way for simulations of stratified 
flows in a large domain. Comparisons with field data to be collected during the Tidal-Flats project are 
planned, as it is in the early stages of the Tidal-Flats DRI. Potential collaborators include the research 
team in the Department of Oceanography and Coastal Sciences at LSU, who are involved in the proposal 
development in response to the Tidal-Flats DRI. It is anticipated that the new 3D circulation model 
incorporating turbulence mixing will allow us to use the model as a driver for sediment transport models 
for morphodynamic studies in deltaic environments.  
 
Ongoing Complementary Research Efforts at CCT 
 
SURA Coastal Ocean Observing and Prediction Program: The Southeastern Coastal Ocean Observing 
and Prediction (SCOOP) Program (http://scoop.sura.org/) is an ongoing collaboration between the 
modeling research community and operational agencies, such as the National Oceanic and Atmospheric 
Administration (NOAA). SCOOP, sponsored by the Office of Naval Research (ONR) and NOAA's 
Coastal Services Center, is a multi-institution collaboration which aims to take today's cutting-edge 
activities from the research community, and develop these so they can form the basis for tomorrow's 
operational systems. Part of this project's work involves developing infrastructure to enable the regular 
and on-demand execution of atmospheric (e.g. WindGen) and hydrodynamic (e.g. ADCIRC, 
WaveWatch3) coastal modeling codes, for various geographical regions. Additional runs of some codes 
are performed to predict the path and effects of ongoing tropical storms and hurricanes; the results from 
these runs are passed to groups involved in evacuation planning. Specifically, resources at LSU’s Center 
for Computation & Technology (CCT) are used by the Bedford Institute of Oceanography to run 
WaveWatch3 on ensemble predicted hurricane tracks sent out by the University of Florida in response to 
Hurricane tracks produced by the National Hurricane Center. Realtime and automated visualization along 
with verification of model output is part of the SCOOP workflow. 
 
Coastal Modeling Application Driver in the Cactus CFD Toolkit: A parallel, open source, CFD toolkit is 
being developed within the Cactus framework (Goodale et al. 2003, http://www.cactuscode.org/) which 
will provide researchers and students with the tools to implement their particular model, being able to 
experiment e.g. with grid topologies, boundary conditions, and solution methods. A variety of numerical 
discretization techniques (finite difference, finite volume, finite element and spectral element) as well as 
algorithms for governing equations of fluid flow phenomena (Navier-Stokes equations, Euler equations, 
Reynolds-averaged Navier-Stokes equations, Shallow Water equations) are being added.  

The Cactus Framework is an open source, modular, portable, programming environment for 
collaborative high-performance computing (HPC). The Cactus Framework allows large-scale co-
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operations across the globe, where individual groups design and maintain individual code modules, 
relying on Cactus to make these modules interoperate. Cactus is used by more than a dozen research 
groups worldwide to exchange codes and define data formats in the field of numerical astrophysics. 
Cactus contains a generic parallel computational toolkit designed for high-performance computing that 
runs efficiently on platforms of all scales, ranging from personal notebooks to the world's largest 
supercomputers. Cactus provides parallel drivers, coordinates, boundary conditions, time integrators, 
elliptic solvers (e.g. Portable Extensible Toolkit for Scientific Computation (PETSc), http://www-
unix.mcs.anl.gov/petsc/petsc-as/), interpolators, reduction operations, and efficient I/O in different data 
formats (e.g. Hierarchical Data Format (HDF5), http://hdf.ncsa.uiuc.edu/HDF5/). Generic interfaces are 
used, e.g. an abstract elliptic solver API, making it possible to develop improved modules which are 
immediately available to users. Simulation data may be analyzed by a range of external applications, such 
as Amira or OpenDX, or on-line by use of a web-server module. Cactus is a driving framework for a 
number of computing infrastructure projects, particularly in the fields of Grid computing, distributed 
computing, HPC and visualization. 
 
Integrating the New Modeling Framework with Computational Technologies at CCT 
 Although Boussinesq (1871) first proposed his theory to account for the effect of free surface 
curvature on the flow of long gravity waves more than 130 years ago, significant advances in the theory 
and engineering applications have been made only in the past 10 years or so, which coincides with rapid 
advances in computer technology. On the one hand, time domain Boussinesq models resolve the phases 
of surface wave motion and need a much finer grid size than that required by a phase-averaged model for 
the wave-driven flow. A longshore current needs a few hundred waves to build up to its full strength from 
a cold start under field conditions. Thus, Boussinesq models for wave-driven currents are very 
computationally demanding. Taking seabed conditions into account by the new Boussinesq model will 
increase the computational effort by a factor of two. It is desired to speed up Boussinesq models for 
practical applications, in particular for morphological and ecological simulations. 

The solution to the growing demand of computing power by Boussinesq coastal models is the use 
of high-performance computing (HPC) technologies. The CFD Toolkit is anticipated to be a collaborative 
problem solving environment (PSE) for the challenging applications involving fluid flow, heat transfer 
and scalar transport. These applications require multiscale, multiphysics and multimodel algorithms and 
use computational meshes that would easily be beyond today’s state-of-the-art HPC platforms as well as 
software. With increasing attention towards building next generation Cyberinfrastructure (e.g. the 
Louisiana Optical Network Initiative, or LONI) to enable such pioneering computational efforts, the task 
of developing the CFD Toolkit within the Cactus framework is currently undertaken. The CFD Toolkit 
provides user the ability to “compose” his/her favorite solver. It relies on the modularity of the underlying 
Cactus framework to achieve such flexibility. It is also extending the capability of the Cactus framework 
by developing multi-block structured and unstructured mesh infrastructure. The CFD Toolkit is utilizing 
Terascale Simulation Tools and Technology (TSTT) interfaces (http://www.tstt-scidac.org/) to address 
these above-mentioned issues. In particular, the Mesh Oriented database (MOAB) is currently being 
implemented. During the course of our research, Boussinesq equations and shallow water equations will 
also be implemented to augment current capabilities. 

Figure 4 illustrates the structure of the CFD Toolkit that uses a collection of state-of-the-art 
numerical solvers (e.g. PETSc, Trilinos) to provide good scaling on large scale parallel computers. Since 
the spectral element discretization of the governing equations would ideally be suited to exploit the 
parallel performance as well as numerical accuracy, this research effort will enhance the numerical 
discretization capability within the CFD Toolkit by adding spectral element formulations. Currently, the 
CFD Toolkit only has finite difference operators for various terms in the governing equations. As a 
preliminary step, Boussinesq equations will also be implemented using the finite difference numerical 
discretization on structured computational domains. It will provide several verification and validation 
cases for the implementations of governing equations of interest within the CFD Toolkit.  
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Figure 4. Structure of the Cactus CFD Toolkit. 
 

In a complementary effort, finite volume discretizations are also being implemented. As 
mentioned earlier, such options would allow the user to “compose” a flow solver within CFD Toolkit for 
a particular application, including Boussinesq-type equations for coastal applications.  
 
CONCLUSION 

This report has described the COMI project at LSU, whose anticipated results include an  
integrated coastal modeling system with two new sets of Boussinesq-type equations solved by advanced 
numerical methods and validated by laboratory and field measurements, training of post-doctoral fellows 
and graduate students, and a better understanding of coastal processes in deltaic environments. 
Furthermore, the modeling framework integrated with the CFD Toolkits developed at the CCT at LSU 
will allow us to couple the hydrodynamic models with sediment transport models for coastal 
morphodynamic studies. 

The COMI research agenda is expected to improve the Navy’s capability of modeling nearshore 
surface waves and coastal processes in heterogeneous sedimentary environments. First, the study will 
extend the applicability of Boussinesq models (Chen et al., 1999b, 2003a) to the porous and soft mud 
seabed. This will provide sediment transport models with more realistic estimates of cross-shore and 
alongshore velocities in coastal regions with substantial variation in seabed properties. Therefore, 
improvements in predicting littoral sediment transport will be anticipated. A better prediction of turbidity 
in coastal regions is of importance to naval deployments of unmanned underwater vehicles (UUV) and 
divers for inshore countermine warfare. Second, the complex nature of nearshore processes calls for the 
integration of numerical models with field measurements in our research. The integrated modeling system 
will become available for researchers at the NRL to complement their study of coastal processes. In 
addition, it is anticipated that COMI will also complement the ONR’s recent new research initiatives on 
Tidal-Flats and Wave-Mud Interactions.  

The results from this work will have a considerable impact on various civilian and military 
operations around the coasts with similar morphology. It will greatly enhance the economic development 
of this state since Louisiana depends heavily on the fishery industries as well as off-shore industries.  
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