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Recent advancement in modeling seafloor dissipative
mechanism in shallow water

Philip L-F Liu
(School of Civil and Environmental Engineering Cornell University Ithaca, NY 14853, USA)

Introduction

On the continental shelf and in the coastal zone, wind waves interact with sea floor and a number of dynamic
processes take place. Bathymetric variations can affect both the direction of wave propagation and the spatial
variation of wave heights, which is commonly known as wave refraction, diffraction and scattering. Irregular
(random) bathymetry changes can also enhance wave reflection (e.g. Mei and Li 2004).

Interaction between ocean waves and sea floor can also leads to energy dissipation. Over a rigid seabed,
shear flows inside a laminar or turbulent boundary layer contribute to significant wave attenuation over a distance
of tens and hundreds wavelengths of propagation. If the sea floor is composed of sediments, a variety of
dissipation mechanisms associated with the sediment rheology play important roles in enhancing wave damping
and in modifying wave characteristics. For instance, the effects of percolation might become important if sea floor
sediments consist of coarse sand or shingle. With finer sediment grain sizes, the sea bottom becomes deformable
under wave loading and the effects of poro-elasticity need to be considered in estimating energy dissipation.
When the sea bottom is silt or mud, the physical processes become more complex. Depending on the density of
the mud, some may behave like a viscous fluid, while the others behave as visco-elastic materials or visco-plastic
materials. Based on the viscosimetric measurements of mud samples, Krone (1963) reported that for concentration
(by weight) between 10 to 110 g/L, mud along the east and west coast of the United States behaves like a
Bingham plastic. Similar mud beds have been reported in many coasts, rivers, estuaries, around the world (Healy
et al. 2001, Shermet and Stone 2003).

Extreme wave energy dissipation rates due to seafloor effects have been reported in the literature (e.g.
Forristall and Reece 1985). Gade (1958) reported that there is a location in the Gulf of Mexico, where the
attenuation of ocean surface wave due to mud floor is so great that fishing boats routinely use it as an emergency
harbor for protection during storms. The most impressive field observations include the following the two reports:
1. Off the coast of Surinam, more than 90% of incident wave energy is dissipated across the 20 km wide shallow
mudflats (Wells and Coleman 1981); and 2. Off the coast of India, 95% of wave energy is dissipated across 1.1
km wide mudbanks (Mathew 1992).

Within the framework of linear water wave theory, theoretical formulae for wave attenuation rate and the
modified dispersion relationship of simple harmonic progressive waves are available if the sea floor properties
and rheology can be specified a priori (e.g. Liu 1973; Dalrymple and Liu 1978; Yamamoto et al. 1978;
MacPherson 1980; Mei and Liu 1987; Wen and Liu 1998; N g 2000; Liu and Chan 2007). These formulae have
been employed in wave evolution (phase-averaged) models, such as the WAM model (e.g. Komen et al. 1994)
and the SWAN model (Booij et al. 1999). Recently, using the SWAN model, Winterwerp et al. (2007)
investigated the wave attenuation in the Guyana coastal system that is characterized by very thick deposits of
Amazon mud. The damping rate obtained from Gade (1958)’s two-layer model was used in their SWAN model.
They reported that the model predicted significant wave attenuation and the computed changes in wave energy
spectrum qualitatively agreed with measurements in Surinam. We remark here that while some of the theoretical
results, e.g. percolation and poro-elastic theories, have been validated with experimental results, others have not.
The lack of adequate facilities and instruments for measurements is one of the most important reasons for this
shortcoming.

In shallow water, waves are usually nonlinear and possibly dispersive. Linear wave theory is no longer
adequate. In recent years, Boussinesq-type (phase-resolving) models have been extensively developed as practical
wave dynamic models in both intermediate and shallow water (i.e., from the continental shelf to the surf zone)
(e.g. Wei and Kirby 1995, Lynett and Liu 2004). The phase-resolving feature of the Boussinesq-type models is
essential in better understanding and predicting nearshore processes (Mei and Liu 1993). On the other hand, very
little work has been done in formulating the sea floor dissipative effects within the framework of Boussinesq-type
equations. Very recently Kaihatu et al. (2007, in press) presented a parabolic frequency domain model in which
the effects of a viscous muddy seafloor were included by adopting the dispersion relationship (damping rate and
frequency shift) for each harmonic component was included. The dispersion relationship in their model was based
on Ng’s (2000) work for a linear, simple harmonic wave with the assumption that the muddy seabed is very thin.
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Although the frequency-domain models are useful, they require the periodicity spatially and temporally, which
could be limiting in many cases.

To advance the predictive skills of wave models in the coastal regions where the sea floor are made of fine
sediments, mud or other dissipative materials, it is essential to fill the knowledge gap in understanding the sea
bottom dissipative processes under transient wave loadings. Once these mechanisms are properly described and
understood, they need to be included in the Boussinesq-type wave models.

Boussinesq equations and bottom boundary layer

Based on the potential flow theory, the classical Boussinesq equations are well known and can be expressed
in dimensionless form as (Peregrine 1967):

1 0H
——+V(Hu)=0 1
£ ot (Hz) N
ou Y7, ou
§+€uVu+ VH————VV(atj O(,u“) )

where H is the total water depth, % the depth averaged horizontal velocity vector, £ and uz are the small

parameters representing the weak nonlinearity and frequency dispersion, respectively. It is well known that the
continuity equation, (1), is exact and the momentum equation, (2), is derived with the assumption that

O(€) = O(1?) . The classical Boussinesq equations have been expanded to include higher order nonlinearity and

frequency dispersion (e.g. Liu 1994, Kirby et al. 1998).

To include the effects of sea floor dissipative mechanisms, the dynamic coupling between wave motions in
the water column and the sea floor dynamics need to be considered. The present engineering practice, however, is
to parameterize dissipative sea floor mechanisms and introduce a bottom friction-like term in the momentum
equation, (2). For example, in the case of the dissipative effects caused by a bottom boundary layer, the traditional
approach is to add a bottom-shear-stress term in the momentum equation. The bottom-shear-stress term is then

modeled as a function of the free stream velocity, u , (i.e. quadratic law). However, using a rigorous perturbation
analysis, Liu and Orfila (2004) demonstrated that the leading order effects of a laminar boundary layer appear as a
convolution integral in the continuity equation, (1), i.e.,

laﬂ+V(

5
£ ot 'u\/;"‘ i

where ¢ denotes the Reynolds number based on the phase velocity and wavelength. The right hand side term
represents the boundary layer displacement effects. Furthermore, the bottom stress can be written analytically as:

1 ¢V(ou/ a‘r)
Sem=—dr e
T, = (_n 6[ B

According to (4), the bottom shear stress is a convolution integral, which is more weighted by the influence
of the present time. It is also noted that the bottom shear stress is affected by the acceleration. It is clear that the
frictional effect not only is out of phase with the free stream velocity but also has memory. Using (3) and (2), Liu
et al. (2006) calculated the attenuation of a solitary wave and found good agreement with laboratory
measurements. More recently, using the Particle Imaging Velocimetry (PIV) the author and his associates has
measured the velocity inside the bottom laminar boundary layer under a solitary wave (Liu et al. 2007). As shown
in Figure 1, the experimental data validates the theory. The bottom shear stress changes sign as the free stream
velocity starts to decelerate. This also suggests that flow reversal occurs as the deceleration increases (see Figure
2), which might lead to flow separation and turbulence for high Reynolds number flows.

Additional experiments have been performed in the U-tube facility at Technical University of Denmark to
investigate the incipient and evolution of turbulent boundary layer under a solitary wave (Sumer, TUD personal
communication 2007). The preliminary data show that as the Reynolds number increases, shear instability occurs
during the flow reversal phase and vorticity tubes are observed. As the Reynolds number is further increased,
turbulent fluctuations are recorded during the deceleration phase. The bottom shear stress was also measured. The
phase lag between the bottom shear stress and the free stream velocity is smaller than that for the laminar
boundary layer, reducing from 45° to about 10°. An adequate theory is needed to describe the entire processes.



