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ABSTRACT

Traditional finite-difference models of estuarine, coastal and lake hydrodynamics
and transport use rectangular Cartesian grids in the horizontal directions. In order
to accurately represent the complex geometries in estuaries, lakes, and coastal waters,
very fine grid resolution is often required. This paper reviews the development and
evolution of a generalized curvilinear-grid (or “boundary-fitted grid”) hydrodynamic
model| for estuaries, lakes and coastal waters: CH3D. Model applications to James
River, Chesapeake Bay, and Lake Okeechobee are discussed. A brief review of several
generic model features is also given.

INTRODUCTION

While circulation in estuarine and coastal waters is primarily driven by wind, tide,
density gradients, and waves, it is also strongly affected by the complex geometry and
bathymetry of the water body. For example, vorticities generated by topography and
circulation gyres produced by complex geometry are often found in estuaries, lakes
and coastal waters. To faithfully simulate the hydrodynamics, a numerical model
must accurately represent the bathymetry and geometry in a water body. Traditional
finite-difference models use rectangular Cartesian grids, which resolve the curvilinear
geometry and bathymetry with "stair-steps”, thus creating artificial vorticities and
gyres. This problem led to the development of finite-element models for estuaries,
lakes, and coastal waters starting from the mid-1970’s. More recently since the early
1980’s, curvilinear-grid finite-difference models have been developed. Both types of
models use grid lincs that conform to the complex shorelines and bottom contours,
thus minimizing the artificial vorticities and eddies that may be created by numerical
grids.
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For water bodies with relatively simple geometry and bathymetry, it is possible to
develop conformal grids (e.g., Wanstrath, 1977) or orthogonal grids (e.g., Bennett and
Schwab, 198f‘, Blumberg and Herring, 1987) for a finite-difference model. For most
estuaries and coastal waters, however, the geometry and bathymetry are generally
quite complex and irregular such that the generation of a conformal or orthogonal
grid is extremely difficult (Sheng, 1987). More often than not, the only choice is a
non-orthogonal (boundary-fitted) grid that conforms to the complex shoreline and
bathymetry. Such boundary-fitted grid, which can be developed by solving a system
of elliptic equations (e.g., Thompson, 1982), can be used for both finite-difference
and finite- element models. Thus, it is essential to develop a numerical hydrodynamic
model applicable to any general non-orthogonal curvilinear grid. This paper presents
the development and evolution of one such model, CH3D, which has been principally
developed by the present author. CH2D (Sheng and Hirsh, 1984) is the vertically-
integrated version of CH3D. A somewhat different vertically-integrated model has
been developed by Spaulding (1984).

In order to facilitate the discussion of model development, this paper first presents
a generic discussion on model features that are of particular importance to estuarine,
lake, and coastal modeling. Following the generic discussion, the development and
application of CH2D and CH3D are then described. Recent enhancements of several
model features will be highlighted.

IMPORTANT FEATURES OF HYDRODYNAMIC MODELS

Depending upon the purposes of a study and the particular problem of inter-
est, different types of models may be selected. Table 1 lists various options for the
following important physical features which are of concern in the design/selection of
numerical hydrodynamic models: dimensionality, temporal variation, spatial and tem-
poral scales of interest, forcing function, air-sea boundary dition, and tur
parameterization. In addition, Table 2 lists options for several important numerical
features to be considered in model design/selection: numerical method, equations
solved, time-differencing sch , spatial diffe ing sch , horizontal and vertical
grid structures, and host computer.

Tables 1 and 2 clearly suggest that it would be difficult to find two models which
have all identical model features. It also suggests that when comparing models, one
should examine all important model features instead of only the dimensionality or
the numerical method. It should be pointed out that there exists no universal model
which encompasses all the advanced model features. The selection of model features
to be resolved in a model is very much a matter of strategy.

A 3-D CURVILINEAR-GRID HYDRODYNAMIC MODEL: CH3D

Tl

The development and evolution of CH3D (Table 3) was driven by the need to quan-
tify the long-term circulation and water quality parameters (temperature, salinity,
sediments, nutrients, and others) in estuaries, lakes, and coastal waters with complex
geometry and bathymetry and where most of the forcing functions are present. Thus,
the model must be three-dimensional and time-dependent. Since the vertical dimen-
sion is generally smaller than the horizontal dimension, the hydrostatic assumption is
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generally invoked in addition to the Boussinesq approximation. Since tidal motion is
generally of interest, the dynamic boundary condition is generally applied at the free
surface rather than the rigid lid. The resulting equations of motion in the Cartesian
Xx-y-z system are:
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where t is time, (u,v,w) are three-dimensional velocities in (x,y,z) directions, f is
Coriolis parameter, p is pressure, p is density, g is gravitationnl_accelemtion, A, and
Ap are vertical and horizontal eddy viscosities, 7 = 73’; + jfi, and ® is either
temperature or salinity.

Horizontal Curvilinear Grid and Vertical Grid

In the horizontal directions, CH3D allows the use of any curvilinear grid: confor-
mal, orthogonal, or non-orthogonal grid. CH2D is the 2-D vertically-integrated ver-
sion of CH3D and uses the same horizontal grid as CH3D. The equations and numeri-
cal analysis for CH3D are thus significantly more complicated than its Cartesian-grid
predecessor CELC3D (Sheng, 1983) and EHSM3D (Sheng, et. al., 1985), which use
uniform or non-uniform rectangular grid in the horizontal directions. The vertically-
integrated equations of motion, in terms of the contravariant velocity components
(Figure 1), have been derived by means of a symbolic manipulator (Sheng and Hirsh,
1984; Sheng, 1986). The equations are shown in detail in Sheng (1986) and Sheng
et.al. (1988).

More recently, a more conservative form of the advection terms have been derived
(Sheng, 1989; Capitao and Sheng, 1989) via the finite-volume method, which derives
the equations by satisfying conservation laws in the discrete curvilinear grid system.
For example, the U-cquation is:
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Figure 1. Example boundary-fitted grid and contravariant
g velogity components in the horizontal, physical
and computational domains of CH3D.
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Figure 2. A vertical;y-stretched grid.
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Figure 3. Computed near-bottom Eulerian residual current
o in games River between June 19 and July 18,
1985. '
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where £ and n are the transformed curvilinear coordinates, J is the Jacobian of the
coordinate transformation, ¢ is the surface displacement, U and V are the vertically-
integrated contravariant flow components in § and n directions, H is total depth,
¢' and gij are metric coefficients of coordinate transformation, and rs¢ and 7p¢
are surlace and bottom stresses, and the other terms include the baroclinic pressure
gradients and the horizontal turbulent diffusion terms. A similar equation exits for
V.

As in CELC3D and EHSM3D (Sheng, et. al., 1985), CH3D uses a vertically-
1tretched grid (Figure 2). This yields smooth resolution of bottom bathymetry and

equal number of vertical grid points in deep and shallow waters. Recently, CII3D
&as modified to work in a z-grid in order to improve the simulation of salinity in
€hesapeake Bay in the vicinity of sharp bathymetric slopes (Johnson, et. al., 1990).
However, the same goal was also achieved in the o-grid CH3D by modifying the
numerical evaluation of advection terms and the baroclinic terms (Sheng et. al.,
1990c). The vertical stretching introduces many extra terms in the equations. With
the vertical stretching and the horizontal curvilinear grid, the final u-equation of
motion for CH3D is:
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where (u,v,w) are the three-dimensional velocities in the (£,1,0) system. A similar
v-equation can be obtained. The continuity equation is listed in Sheng (1987).

Vertical Turbulence Par terizati

Because of the use of a robust simplified second-order closure model of turbulence
(c.g., Sheng, 1982; Sheng, 1985; Sheng and Chiu, 1986), CELC3D and CH3D can
resolve turbulent boundary layers in the vertical water column. The model is based
on the assumption of local equilibrium of turbulence (Lewellen, 1977) but modified
to include temperature and salinity fluxes for water application (Sheng, 1985). The

quations are pletely algebraic and are much simpler than the full Reynolds stress
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model (Sheng, 1984) and the TKE (turbulent kinetic energy) closure model {Sheng,
1985; Sheng and Villaret, 1989):
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where the primed variables represent fluctuating quantities, e:xe is the permutation
tensor, (1 is the earth rotation, q is the total rms velocity, and A is the macroscale.
Despite the relative simplicity of the turbulence model, it has been found to yield
reasonable results in a variety of estuarine (Sheng, 1983; Sheng, 1987; Sheng, 1989;
Johnson et.al., 1990), coastal (Sheng, 1985; Sheng and Chiu, 1986), and lake (Sheng,
et.al., 1990a) applications.

Vertical Boundary Conditions

To resolve tidal and wind forcing, the dynamic boundaiy condition is usually
applied at the free surface rather than the rigid lid. At the bottom, a quadratic
stress law is applied with the drag coefficient determined from the law of the wall
(Sheng, 1983). CELC3D and CH3D in general maintain a fixed shoreline. More
recently, however, the moving boundary feature has been incorporated into a 2-D
version of the model (Liu and Sheng, 1988). In a recent study of Lake Okeechobee
hydrodynamics, the effect of vegetation canopy has been incorporated into CH3D
(Sheng, et. al., 1989a and 1990a).

Numerical Algorithms

In general, the numerical algorithms for CH3D become considerably more com-
plicated than those for CELC3D and EHSMS3D (Sheng, 1983). It is impossible to
describe all the details of numerical analysis here and only a few features will be
discussed in the following paragraphs.

CH3D, as well CELC3D and EHSM3D, uses the mode-splitting technique (see
e.g., Sheng et. al., 1978) to separate the calculations of vertically-integrated variables
(external mode) and the thres-dimensional variables (internal mode). A semi- implicit
scheme or fully implicit scheme has generally beea used to solve the external mode
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Figure 5. Simulated and measured near- -bottom current at
the Mid Bay station in Chesapeake Bay during
September, 1983.
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(Sheng and Hirsh, 1984; Sheng, 1986). For the internal mode, an implicit scheme is
applied to the vertical diffusion term and the bottom friction term. For the transport
equation of temperature and salinity, higher-order advective schemes such as the FCT
scheme and the QUICKEST scheme have been incorporated into the model. To speed
up computation and simplify programming, the fractional step method (Y: y?
1973) has also been deployed recently (Liu and Sheng, 1088; Capitao and Shens,
1989). While most of the model development was done on a Vax minicomputer,
CH3D now operates on the CRAY-XMP and CRAY-YMP (Sheng, 1989).

MODEL APPLICATIONS

Extensive model tests have been performed by comparing model results with ana-
lytical solutions of a variety of problems (Sheng and Hirsh, 1984; Sheng, 1987; Sheng
et. al., 1988). CH3D has been applied to study the long-term tidal circulation and
salinity transport in the James River and Hampton Roads estuarine system (Sheng
et.al., 1989a). Figure 3 shows the simulated r bottom residual circulation in James
River during a 29-day period between June 19 and July 17, 1985. Several circulation
gyres are apparent in the model results. The apparent gyre in the Hampton Roads
area has been observed in the phyncnl model study. The model has also been ap-
plied to study the wind-induced mixing and salinity transport in Chesapeake Bay
(Sheng, 1989; Johnson et.al., 1990). Figure 4 shows the nmulated salinity at the Mid
Bay station during September 1983. The observed wind-induced mixing of salinity is
apparent in the ical model results. The near-bottom current at the Mid Bay
station is shown in Figure 5.

The wind-driven circulation and sediment transport in Lake Okeechobee has also
been studied (Sheng et.al, 1989b) using CH3D. In the presence of vegetation canopy
in the western portion of the lake, significant currents are observed (both in data and
model results) parallel to the boundary bet tation and open water.
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_Table 1. Important Model Features (a and b) and Evolution of !

CH3D (C).







