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Water quality two-dimensional models are often partitioned into separate modules with separate hydraulic
and biological units. In most cases this approach results in poor flexibility whenever the biological
dynamics has to be adapted to a specific situation. Conversely, an integrated approach is pursued ini this
article, producing a two-dimensional hydravlic-water quality model, named Shallow Water Analysis and
Modeling Program (SWAMP) designed for shallow water bodies. The major objective of the work is to
create a comprehensive two-dimensional water quality assessment tool, based on an open framework and
combining easy programming of additional procedures with a user-friendly interface. The model is based
on the numerical sclution of the partial differential equations describing advection-diffusion and biological
processes on a two-dimensional rectangular finite elements mesh. The hydratlics and advection-diffusion
modules model were validated both with experimental tracer data collected at a constructed wetland site
and a comparison with a commercial hydrodynamic software, showing good agreement in both cases.
Moreover, the model was tested in critical conditions for mass conservation, such as time-varying wet
boundary, showing a considerable nurmerical robustness. In the last part of the article water quality
simulations are presented, though validation data are not yet available. Nevertheless, the observed model
response demonstrates general consistency with expected results and the advantages of integrating the
hydraulic and quality modules. The interactive graphical user interface (GUI) is also shown to represent
a simple and effective connective tool to the integrated package. o 2002 Wiley Periodicals, Inc. Numer
Methods Partial Differential Eq 18: 663-687, 2002; DOI 10.1002/num.10014
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. INTRODUCTION

Shallow water bodies are becoming more and more important as environmentally sensitive
areas, for their role in biodiversity conservation, eutrophication, and pollution prevention. Hence
the need of sophisticated and yet simple to use modeling tools as decision support systems.
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Two-dimensional water guality problems are usually approached in a separate way, with
independent hydraulics and bioclogical processes. A very accurate two-dimensional hydraulic
model, designed for hydrodynamic problems, is often used to define the velocity field [1, 2].
Then an additional software, provided as an additional block to the hydraulic model or
completely disjointed, is added to perform the water quality analysis. In most cases this
approach results in poor flexibility whenever the biological dynamics has to be adapted to a
specific situation. The primary aim of the article is to bring a contribution of convergence among
tools from the traditional fields of environmental, hydraulic, and computer engineering to
produce a self-contained water quality analysis package with enhanced interactive capabilities.
Therefore the quality of the resulting product should be assessed not only in terms of compu-
tational performance, but also of interface efficiency and seaniless integration among differing
environments. It will be shown how this has been achieved through advancements in the
implementation of hydrodynamics and biochemical kinetics modeling, and the design of a
simple and efficient user interface. The model is based on the numerical solution of the partial
differential equations describing advection-diffusion and biological processes on a two-dimen-
sional rectangular finite elements mesh. The software, named Shallow Water Analysis and
Modelling Program (SWAMP), includes pre- and postprocessing routinies developed to facilitate
morphological data input and to present the hydraulic and water quality simulation results as
two- or three-dimensional plots. The most relevant medules implemented in the preprocessing
package are the three-dirensional interpolation of the topographic points and an interactive
numerical mesh generator. Through this module the user can visually appreciate the effects of
discretization, balancing the spatial accuracy with the total number of grid elements, with
obvious implications on memory requirements and computational complexity. Both the advec-
tion-diffusion and quality models were developed in Matl.ab 5.3, using its Graphic User
Interface, whereas C+ + subroutines for the main solution algorithm were compiled and linked
as MEX-files. This implementation enhances the computational performance of the model,
reducing the run time by two orders of magnitude compared to plain MatLab implementation,
remaining at the same time absolutely transparent to the user.

H. MODEL STRUCTURE

In addition to the user interface, SWAMP consists of three parts, representing the free surface
two-dimensional flow movement, the advective-diffusion, and the pollutant transformation
processes. They are now briefly reviewed.

A. Hydrodynamics

The hydrodynamic behavior may be described by the well-known Shallow Water St. Venant
complete equations (SWE). In a nonconservative setting the flux equations may be expressed as
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where h is the flow depth; g is the gravity acceleration; H is the total surface elevation above
a reference height: p is the water density; M_ M._ are the flows in the r and v directions,
respectively; u . u, are the flow velocities in the r and v directions: ad, . d,, are the
wind-induced moom_maco:ﬁ in the x and y directions. The bed shear stress components in the x
and y directions may be expressed through the Manning equation as
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where 7 is the Manning roughness coefficient. The wind-induced acceleration terms are
expressed as
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where C, is a dimensionless drag coefficient, p,, is the air density; w is the wind speed; « is the
angle between the x axis and wind direction expressed in decimal degrees. From Egs. (2.6)-(2.7)
it can be seen that the wind action has been modeled simply as an additional energy contribution
transferred to the water motion, neglecting the possibility of wind-induced surface waves, which
are likely to occur only for wind velocity in excess of 15 m/s [3]. Based on the assumption of
uniform velocity distributions u, and u, along the water column, the average wind effect along
the vertical axis has been assessed, no:oEaSm that the wind drift ==ao3mc5mco= is compen-
sated by overestimation of induced bottom velocities.

B. Pollutant Dynamics

The pollutant dynamics are expressed by the mass balance for a stationary control volume
through which the fluid flows as a result of advection, diffusion, and chemical transformations.
The complete pollutant dynamics can thus be written in two dimensions as
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where C is the pollutant concentration (mg/l); u,, u,, are the advection velocities in the x and y
directions respectively, D,, D, are the diffusion oommmo_o:nm RC) is the generic kinetic term,
which will be specified for omor water quality component, and C(x, y, t) is the exogenous
loading rate for each pollutant.
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FIG. 1. C-shaped solution region for the SWE Eqgs. (2.1)~(2.3) in a shallow field. O, M, grid points for
space differences; X, M, grid points for space differences; @, h grid points for time differences.

ill. NUMERICAL METHODS

Numerical computations for the hydraulic flow uses the C-shaped explicit centered scheme. The
horizontal two-dimensional advective-diffusion equation solution algorithm is derived from on
the Mac Cormack predictor-corrector scheme [4].

A. Numerical Scheme for Two-dimensional Surface Flow

An explicit centered finite difference scheme has been used to solve the full St. Venant equations
in the form of Egs. (2.1)—(2.3). This method is based on that originally proposed by Iwasa and
Inoue [5] and has been adapted for modeling hydraulic flow in shallow water bodies. This
scheme operates on a C-shaped region using a centered-time/centered-space strategy as shown
in Fig. 1.

Estimates of the three hydrodynamic variables proceeds as follows: if the spatial node
numbers i and j refer to 4-grid points, then the flows M, and M, having the same index at the
distance Ax/2 and Ay/2, respectively, from the h-grid point, are as shown in Fig. 1. The shaded
line contains the grid points with node numbers i and j. From a numerical point of view, Eqgs.
(2.2)~(2.3) are used to obtain the unknown values of M and >\®+? with M, M, and '
specified as initial conditions or computed over all nodes of the domain at the previous time step.
The computed values M5 and M’ are replaced in Eq. (2.1) to yield R+ The discrete-form
of the continuity equation is the following: :
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where i and j are the spatial node numbers in the y and x directions, respectively; ¢ is the time
step index, and Ax, Ay the grid size. The discrete-time form of the various terms in the motion
equations in the x and v directions are
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