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PREFACE

Hydrodynamic and pollutant modelling is a useful tool when addressing remedial
options for polluted water bodies. There is a wealth of knowledge on the subject,
including highly theoretical solutions of phenomena to black box representations of
water bodies. The numerical approach toward hydrodynamic/pollutant transport
modelling is addressed in this book; however, laboratory and field data are used for
calibration and verification. The first chapter provides the physical background into
the causes behind transport of pollutants and mixing in lakes and coastal waters.
The methodology for predicting the fate and transport of pollutants is also given.
The governing equations of circulation models, assumptions, boundary conditions,
and discussions of turbulence closure and parameterization are given in Chapter 2.
The first two chapters are an excellent introduction to the physics and mathematical
theory behind circulation modelling.

Chapters 3—5 present alternatives to 3D circulation modelling as well as new
advances in this field. A vertically integrated 2D model is introduced in Chapter 3,
along with a detailed description of the numerical methods involved and the
numerical experiments used. Two-dimensional models have proven to be adequate
in situations of large-scaled flows in shallow lakes, thus reducing the amount of
computational time required. Chapter 4 presents new developments in 3D
circulation modelling, including a multi-layered 3D model, a computationally
efficient 3D wind-induced model, a pollutant transport model; and a particle-
trajectory model. This chapter closes with an integrated lake modelling system
designed to provide a single tool for the hydraulic engineer. Chapter 5 develops an
efficient quasi-3D circulation model and compares its performance to the 2D
model, another quasi-3D model, and a fully 3D model. More accurate than 2D
models, these quasi-3D models are often suitable when 3D models are not practical.
Following these chapters is a chapter on pollutant transport models, which use the
current field obtained by the circulation model as input. The mathematical theory
and the numerical methods used to obtain solutions are also detailed. Chapter 7 is
the last of the chapters devoted to theory and numerical analysis. It describes an
approach to modelling near-shore areas of lakes by nesting a fine grid of the shore
into a coarse grid of the entire lake. The coarse grid provides boundary conditions
to the fine grid.

Chapters 8 and 9 are devoted to verification with analytical solutions and
laboratory data, as well as an evaluation of model performances applied to the
Great Lakes. The Great Lakes in Canada and the United States comprise the
greatest fresh-water lake system in the world and are an important resource to
millions of people in both nations. For this reason, there is an urgency to maintain
the Great Lakes as a valuable resource. Chapter 9 focuses on examining the
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circulation and pollutant transport in each of the major lakes in the Great Lakes-St.
Lawrence River system, as well as in the smaller bays and lakes within the system
and some nearshore regions. Chapter 10 is devoted to the applications of fully 3D
models to the northern Crete waterfront and Lake Biwa in Japan and two of its
rivers. Chapter 11 presents a view into the future of hydrodynamic modelling and
possibilities for future research. The source code for a 2D hydrodynamic model is
provided in the Appendix of this book. The program is not intended to be a
conventional computer package, nor should it be used as a black box. It is only
intended for educational purposes and the reader is encouraged to develop and
generalize it further. The authors are not responsible for any results produced by
the model, or the consequences resulting from their use.

The authors would like to thank Dr. David Schwab of the NOAA-Great Lakes
Environmental Research Laboratory for taking the time to review this book and for
his many helpful suggestions. Thanks are also due to Mrs. Ginny Riddell, Ms.
Laura Honda, Ms. Janet Nurnberg, and Mrs. Diana Maltese for typing this lengthy
volume. Thanks also to Mrs. Diana Hurdowar-Castro for providing the final edits.



Chapter 1

INTRODUCTION

1.1  ENVIROMENTAL HYDRAULICS

Increasing development worldwide has created an increasing need for water of
acceptable quality. Though there are numerous sources of water in the Earth’s
hydrosphere, the availability of water suitable for human consumption and use is
limited. Lakes are one of the most valuable water resources, and have had a close
association with human existence for centuries. Lakes have made enormous
contributions to the development of industry, agriculture, and culture. However,
these same developments have caused increasing amounts of pollutants to be
introduced into these water bodies, thereby causing serious problems and concerns
regarding water quality. The eutrophication of a lake, for example, is a natural
phenomenon which occurs over geological time scales. However, eutrophication is
remarkably accelerated by the presence of excessive amounts of nutrients such as
phosphorous and nitrogen, which are found in industrial waste water and sewage.
The slow flow of water leads to the accumulation of pollutants in lakes. The closure
of lakes leads to long timeloss in clearing the polluted water with clean water. The
engineer’s ability to supply clean fresh water in ample amounts gets hindered as
more and more lakes are polluted.

Remedial Action Plans (RAPs) have been developed for many ailing water
bodies. The major objectives of these plans are to (a) identify the existing
environmental problems; (b) delineate the physical and chemical mechanisms of
various processes; (c) study the impact of any environmental engineering plans on
water quality; and (d) make a vibrant centerpiece in the local community. Within
these plans, hydraulic engineers are frequently asked to analyze and predict mixing
in natural bodies of water, in order to assure safe and reliable supplies under water
quality-controlled conditions. This requires a detailed knowledge of the hydro-
dynamics of transport and mixing, and of the chemistry and biology of natural
water systems.

Hydrodynamics is the study of the mechanisms that give rise to transport and
mixing in water bodies. The hydrodynamic properties of lakes are largely
determined by lake geometry, and the flow is predominately turbulent with a
horizontal length scale far exceeding the vertical length scale. Generally, mixing is
accomplished by large-scale wind-driven gyres, intermediate-size eddies, and
molecular viscosity and diffusion. Variations within a basin will cause variations
in velocity and can lead to advective zones where currents are highly advected,
mixed zones of varying velocities, or dead zones that have very small velocities and
tend to occur in shallow or hydraulically rough areas.

Determining the hydrodynamic mechanisms behind circulation, and the presence
of advective or dead zones, requires various factors to be examined. An important
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starting point is the air—water interface, where there are continual exchanges of
energy and matter. Mechanical energy from the wind contributes significantly to the
dynamics occurring at the air-water boundary. The frictional movement of wind
blowing over water produces travelling surface waves. Wind setup, or wind effect,
generates currents in the upper layers of the lake while a return flow is generated in
the lower layers to restore equilibrium. Furthermore, the wind effect may give rise
to rhythmic motions in the lake, referred to as a seiche. Internal waves may form in
a stratified lake at the mid-level of the metalimnion if the wind velocity increases to
such an extent that the system becomes unstable. Thermal stratification is also an
important factor affecting circulation.

The inflows to a lake from tributaries can affect circulation at the entry to the
lakes; particularly if the volume of influent is large in relation to the volume of
water in the basin. The temperature, composition, and velocity of the inflow play a
role in the distribution of the flow and in the generation of circulation patterns
within a lake.

Other important factors in hydrodynamic modelling include the Coriolis effect
and the barometric effect. The Coriolis effect is caused by the rotation of the earth
and it is significant in large lakes. The barometric effect results from non-uniform
barometric pressure and can contribute to deviations in the geodetic free water
surface level.

Hydrodynamic and pollutant transport processes can be studied by field
observations and laboratory experiments, and simulated by mathematical models.
Hydrodynamic models are the basis of any water quality modelling system since the
current distributions in both the horizontal and vertical planes of a lake are needed
in physical limnological studies. Hence, the water quality model performance is
largely dependent on the description of the circulation given by the hydrodynamic
model.

1.2 METHODOLOGY'

Accurate analysis of transport and mixing processes are carried out by field
observations and laboratory experiments, and simulated by mathematical models,
as illustrated in Figure 1.1. The laboratory field data are used for delineation of the
physical processes of transport and mixing. Specifically, laboratory experimentation
is one of the most widely used approaches for understanding important mechanisms
of air—water interaction, hydraulically induced and wind-induced flows, and
pollutant transport and dispersion. The experiments are less costly and more easily
controlled than field measurements. Though expensive, field measurements are
most desirable for monitoring climatological features of current, temperature, water
levels, and water quality. As a result, these studies have spatial and temporal
limitations.

"Material in Section 1.2 is reproduced from Tsanis and Wu (1994), copyright with kind
permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5
1GB, UK.
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Fig. 1.1. Schematic diagram of approaches for lake research, including field observation,
laboratory experiment, and numerical modelling (Reprinted from Tsanis and Wu (1994),
copyright with permission from Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK).

1.2.1 Field Studies

Field studies are necessary to provide climatological features of physical, chemical,
and biological processes, and to provide data sets for model verification and
calibration. The related field measurements include wind direction and speed, solar
radiation and refraction, air temperature, humidity, wind wave, water level, water
currents, water temperatures, transparency, conductivity, sediment concentration,
and water chemical elements. A Vertical Automatic Profiling System (VAPS) can be
deployed to measure the velocity profiles of current.

1.2.2  Laboratory Experiments

Experiments in laboratories can also provide datasets for model calibration. A
physical model is a scaled-down version of the prototype; on the other hand, a
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numerical model is a set of equations which are thought to represent the
characteristics of the process being studied. Physical models have a long tradition,
and are appealing because the results may be easily visualized. The models may be
expensive to build but, once constructed, may be used for a variety of studies. For
example, to study wind-induced flow, a series of experiments have been conducted
by using conventional laboratory air-water tunnels and a volume of air in a moving
bottomless box. Distorted scale models have been used to study hydraulic flow,
density-driven flow, and dye transport in a basin.

1.2.3  Numerical Modelling

In the last two decades, with the development of powerful computers and
computational methods, numerical modelling has become a powerful tool for
engineers working to solve complex environmental problems. Before applying
model results, evaluation of model performance is very important, and necessary in
enhancing the product’s quality and credibility. Consequently, laboratory and field
data are required for model calibration and verification. Understanding of the
hydraulic features in natural lakes and the feasibility study of remedial actions in
the areas of environmental concern are significantly enhanced with the aid of

Table 1.1. Existing hydrodynamic/pollutant transport models for the Great Lakes.

Model Developers Application Theory Method  Modelling
Rigid-lid Schwab (1981) Lake Michigan, RL FDM V2
(2D) Schwab et al. (1983) Lake Erie, Lake V2
Schwab et al. (1987) St. Clair V2,CC
Schwab et al. (1989) V2,TR
2D Simons and Lam Test Basin, Lake LW FDM V2,CC
(1986) St. Clair
Simons et al. (1989) V2,77
RAND(2D) Leendertse (1969) Estuaries, Lake LW FDM V2,TR,CC
MOE (1989) Ontario V2,77
3D Ibrahim (1985) Lake St. Clair EK FDM V3,CC
3D Simons (1972, 1974, Lake Ontario, LW FDM V3,ZZ,NS,V3
1983) Hamilton
James and Eid Harbour
(1978)
3D Huang (1987) Lake Ontario LW FDM V3,77
CH3D Sheng (1982, 1984)  Lake Erie LW FDM V3,2Z.SS
LEIFS Bedford et al. (1990) The Great Lakes LW FDM V3,77

RL, rigid-lid theory; LW, long-wave theory for nearly horizontal flows; EK, Ekman flow theory; V2,
two-dimensional velocities (u, v); V3, three-dimensional velocities (u, v); ZZ, water set-up; TR, particle
trajectory prediction is included; CC, pollutant transport model is included; SS, sediment transport
model is included; NS, capable for modelling the nearshore areas in lakes.

Source: Reprinted from Tsanis and Wu (1994), Copyright with permission from Elsevier Science Ltd., the
Boulevard, Langford Lane, Kidlington OX5 1GB, UK.
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numerical models. Furthermore, hydrodynamic features form the basis of any water
quality modelling system.

Numerous hydrodynamic models have been developed and applied to the Great
Lakes over the last two decades, as shown in Table 1.1. Excellent reviews can be
found in Cheng and Smith (1990) and Schwab (1992). However, since 1990, as the
computations for two-dimensional (2D) and three-dimensional (3D) circulation and
pollutant transport problems became routine, the modelling task has gradually
shifted from equation solving to preprocessing model inputs, post-processing model
results, and data processing to aid model calibration and verification. Model
products provided to users should be userfriendly and operational. These are the
major features of the fifth-generation hydrodynamic models of surface waters
(Abbott, 1991). The use of computer graphic visualization and animation is an
effective method for displaying large volumes of model input and output. Progress
has also been made in the development of the Great Lakes Forecasting System
(GLFS) project (Bedford et al., 1990; Yen et al., 1992), an operational oil spill
model (Spaulding et al., 1992) a pollutant transport model of Collingwood Harbour
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Fig. 1.2. An integrated lake modelling system (LMS) for the Great Lakes and tributaries
(Reprinted from Tsanis and Wu (1994), copyright with permission from Elsevier Science
Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, UK).
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in Lake Huron (MOE, 1992a), and model development at McMaster University
(Tsanis et al., 1990; Tsanis and Wu, 1991, 1992; Tsanis and Shen, 1994c).

The construction of an operational modelling system is significant to model
evaluation and application. All sub-models should be integrally coupled to make
the system capable of solving various complicated engineering problems. This
includes pre-processing (model inputs and various options), processing (simula-
tion), and post-processing (outputs and applications). Following this procedure, an
integrated Lake Modelling System (LMS) was designed for the Great Lakes and its
tributaries, and is shown in Figure 1.2. The system operates under steady or
variable wind conditions, using 2DH, Q3D, VHI3D, or 3D hydrodynamic models
and permits the use of a nested-grid modelling system. The output from the
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Fig. 1.3. The graphics capability for the outputs of LMS (Reprinted from Tsanis and Wu
(1994), copyright with permission from Elsevier Science Ltd., The Boulevard, Langford
Lane, Kidlington OX5 1GB, UK).
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hydrodynamic model is then used as input to pollutant transport and trajectory
prediction models (Wu, 1993). The pollutant transport and dispersion model can
accept inputs from various point sources such as creeks, sewer treatment plants
(STPs), and combined sewer outfalls (CSOs), while, in the trajectory model, a large
number of particles can be released in space and time and their trajectories can be
predicted.

Figure 1.3 shows the major graphics capability including X-Y plot—for time
series of any variables such as wind, current, water elevation; vector plot—for
depth-averaged or multi-layered circulation patterns; contours plot—for pollutant
concentration field and spatial distribution of any variables; trajectory plot—for
particle trajectories; and 3D-mesh plot—for 3D view of any variables.

Usage of zooming, rotating, and overlapping features allows a series of
comprehensive plots to be made, and, as a result, many simulated features can be
clearly displayed. For example, by overlapping a vector plot of circulation pattern
into a flooded contour plot of pollutant concentration field or a scattered plot of
particle trajectories, the effect of current on the pollutant transport or particle
movement can be clearly presented and easily analyzed. A batch mode allows non-
specialist users to run the modelling system and display the simulation results.
Animation of these plots has also been developed for LMS, which provides a
dynamic visualization of simulation results. It is also a good tool for public
education on environmentally related issues.






Chapter 2

THE MATHEMATICAL THEORY OF CIRCULATION
MODELS

Modelling 3D circulation is a mixture of both art and science. It requires a
thorough understanding of the dynamics in order to allow trade-offs between terms
of secondary importance and simplicity. Although there are various model
formulations for oceans, estuaries, and lakes, the basic model equations and
assumptions of these models are similar. Therefore, these models should be
reviewed before developing any new model. Following the description of the model
equations and the three basic approximations, the turbulence, closure scheme, and
circulation theories will be presented, with the consideration of important terms in
the model equations.

2.1 GOVERNING EQUATIONS

The governing system of equations for the flow and transport of scalar variables
in a lake includes the conservation equations of mass and momentum, the
conservative equation for a scalar variable, and the equation of state. The lake is
considered large enough for Coriolis acceleration to be included, yet small enough
for the acceleration to be treated as a constant. Large lake dimensions result in quite
a large Reynolds number (greater than 10%), even for a small current of 1cmy/s.
Therefore, the flow is always turbulent. In Cartesian coordinates (see Fig. 2.1), the
governing equations written for turbulent mean variables, include (Cheng and
Smith, 1990):

z

Water surface
e} X
w

X b,
Ueawy

Fig. 2.1. Cartesian coordinate system for the hydrodynamic model of lakes (Wu, 1993).

Lake bottom
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where 7 is the time; x, y, z are the Cartesian coordinates; u, v, w are the velocity
components in the x, y, and z directions respectively; p the density of water; g the
acceleration due to gravity; s the salinity; 7" the temperature; C; a conservative
scalar variable, such as s or T; ', v/, w, C/ are the turbulent fluctuations of u, v, w,
C;; p the pressure; f'= 2Q sin(¢) the Coriolis coefficient; ¢ the geographic latitude of
the domain; and Q the angular rotation of the Earth. The turbulence correlations
are indicated by overbars where #/t/, v and w'w’ are the normal turbulent stresses,
and v/, Ww and v'w’ are the Reynolds turbulent stresses.

The system of equations is not closed until the turbulent stresses are defined and
the appropriate initial and boundary conditions are given. Typically, a kinematic
condition at the water surface has the wind stress specified as a given function. At
air-water and water-sediment interfaces, fluxes of mass and conservative solutes
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must be specified. Necessary assumptions and approximations must be introduced
to simulate a complex real-world system, and the resultant simplified governing
equations are then solved by a chosen numerical method suitable for that particular
formulation.

2.2 BASIC ASSUMPTIONS

There are three basic approximations used in most hydrodynamic models
applied to oceans, estuaries, lakes, and impoundments.

2.2.1 Incompressible Approximation

For lakes or shallow estuary systems, the water can be assumed to be
incompressible, and the continuity equation can be written as

ou Ov ow _

T 2.
6x+6y+6z 238

2.2.2 Hydrostatic Approximation

The characteristic length in the vertical direction is two to three orders of magnitude
smaller than the characteristic horizontal dimension. Therefore, the vertical
pressure gradient can be balanced only by the gravitational acceleration in the z
direction, that is,

0=—L_ 4 2.9)
0z

By integrating the preceding equation from z to the free surface (z = (), where { is
the water elevation above the mean water level, the horizontal pressure gradient can
be separated into an atmospheric gradient term, a barotropic (water-surface
gradient) term and a baroclinic (density gradient) term:

op _op, ol . [° op
a—x—a—x'f‘/osga—x‘i‘/z ga_xdz (2.10)

where p, is the surface water density. Atmospheric pressure (p,) gradients when
compared to wind stress (both are external forces on the lake), are relatively
unimportant and are usually neglected.

2.2.3  Boussinesq Approximation
Density variations are of order 1077, resulting in a negligible effect on barotropic

terms (p, can be substituted by a constant reference density pg). On the other hand,
the effect of buoyancy arising from the differences in fluid density along horizontal
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surfaces is not negligible. As a result, the effect of density variation is only retained
in the baroclinic terms. This is called the Boussinesq Approximation. The x-
momentum equation in Eq. (2.2) with the hydrostatic and Boussinesq Approxima-
tion becomes
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2.3 TURBULENCE CLOSURE
There are two major turbulence closure approaches, namely eddy viscosity-

diffusivity and second-order closure. Most models have adopted the wviscosity-
diffusivity approach. In this approach, the turbulent transport terms can be written

as
o ovu ow'u 0 ou 0 ou o ou
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where K, and N, are the horizontal eddy viscosity and diffusivity coefficients
respectively, and K, and N, are the vertical eddy viscosity and diffusivity coefficients
respectively. Because the ratio of vertical length scale to horizontal length scale is
very small for most lakes, the horizontal mixing terms are orders of magnitude
smaller than the vertical mixing terms. As a result, the use of a sophisticated
turbulence closure model for horizontal mixing terms is generally not warranted.
Most models treat the horizontal eddy viscosity coefficients as constants, or these
terms are simply neglected. After this simplification, the role of turbulent closure
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becomes that of determining the variation of turbulent transport in the vertical.
Assuming that the eddy viscosity is constant or using an empirical equation to relate
it to other parameters, a semi-empirical theory of vertical mixing has been used
in most circulation models. The effect of stratification—as measured by the
Richardson number, R—on the intensity of vertical turbulent mixing is
parameterized by a number of empirical stability functions (Sheng, 1983; Blumberg,
1986):

Kv = KUO¢1(Ri); Nv = NU0¢2(Ri) (216)
where

g Opjoz

£, (@1U1/02) =

i =

in which Ko and N, are the eddy viscosity coefficients in the absence of any density
stratification and the ¢, and ¢, are the stability functions (Sheng, 1983; Blumberg,
1986). More sophisticated turbulence models may be found in the literature, such as
the one-equation or k—/y, model (Rodi, 1978; Koutitas and O’Connor, 1980), and
the two-equation or k—e model (Mellor, 1973; Svensson, 1978; Pearce and Cooper,
1981; Blumberg and Mellor, 1987).

2.3.1 Turbulence Parameterization

The effect of stratification on the intensity of vertical turbulent mixing is
parameterized by the empirical stability functions, see Eq. (2.16). One popular
form of the stability functions ¢; and ¢, is (Blumberg, 1986):

¢, = (1.0+ R)(1.0 — 0.1R;)'/? (2.18)
¢, =(1.0—0.1R)"? (2.19)
¢, =00; ¢, =00; for R>10 (2.20)

For wind-generated circulation, a parabolic distribution is sometimes used
(Koutitas and O’Connor, 1980):

K = z/h(1 + 2/W)\/1:/pCih (221)

where 7, is the wind shear stress at the water surface. C, is in the range of 0.2-0.4.
Ushijima and Moriya (1988) proposed the following stability function:

¢, =10+5R)", ¢,=16(1+6R)" (2.22)



14 The Mathematical Theory of Circulation Models

The stability functions ¢; and ¢, have also been proposed as (Leendertse and Liu,
1975):

b, = oI5k ¢y = o~ 3OR; (2.23)

It is obvious from Eq. (2.16) that, in the case of stable thermal stratification
(positive high Richardson number), the vertical transport of momentum and heat
are suppressed, while in the unstable case (negative Richardson number), the
transport is enhanced. Finally, it should be pointed out that Eq. (2.23) is not
universal and further investigation is needed.

The following empirical formula is often used to determine the horizontal eddy
viscosity coefficients (Tomidokoro, 1984):

Ky =107A7 (m?/s) (2.24)

where A, is the mesh interval (m) in the horizontal plane. Physically, turbulence
should not depend on the computational mesh size, but turbulence motions exist on
scales smaller than the mesh size and their effects are parameterized into the
variables of mean flow. Therefore, the values of the eddy viscosity and diffusivity
inevitably depend upon the mesh sizes adopted. In the view of numerical analysis,
the eddy viscosity and diffusivity coefficients are not pure physical quantities, but
complex quantities that include the effect of numerical viscosity. Therefore, they
should depend on the mesh sizes in order to obtain stable solutions according to the
stability conditions. For lake flows, the eddy viscosity coefficients and eddy
diffusivity coefficients in the horizontal plane and in the vertical direction are
usually given to be 10>-10~" m?/s and 107°-10~° m?/s respectively.

2.3.2  Boussinesq’s Eddy Viscosity’

The concept of eddy viscosity was first introduced by Boussinesq in 1877
(Schlichting, 1968). In analogy with laminar flow, the Reynolds stresses are
represented as

N du
T=—puw = pv,d—z (2.25)

where v, = u,/p is the kinematic eddy viscosity, which is a property of the flow. In
laminar flow, the viscosity is a constant property of the fluid. In order to calculate
the velocity distribution for the case of turbulent flow, it is necessary to specify
an appropriate distribution of the eddy viscosity in the vertical. Thus, if the
eddy viscosity p, is assumed constant over the depth, the velocity distribution is
parabolic.

*Material in Sections 2.3.2 to 2.3.5 are reproduced from Tsanis (1989), copyright with
permission from ASCE.
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This, however, is not the case in turbulent flow. The velocity profile is different
from that in laminar flow and, hence, the eddy viscosity must be a function of z. For
instance, the assumption of a logarithmic velocity distribution suggests a parabolic
distribution of the eddy viscosity over the depth of the flow, as demonstrated by
Elder (1959) and Lau and Krishnappan (1981) in analytical and numerical studies
of turbulent mixing phenomena. Similarly, Pearce and Cooper (1981) used a
linearly varying eddy viscosity in their numerical model of wind-induced water
currents.

2.3.3  Prandtl's Mixing Length

The mixing length hypothesis, first introduced by Prandtl in 1905, gives the relation
between stress and the velocity gradient as

o (2.26)

where /,, is the mixing length. The mixing length, like the eddy viscosity, is a
property of the flow and, in first approximation, is supposed to be a purely local
function. Reid (1957), in his analytical study of turbulent channel flow subject to
surface wind stress, assumed a parabolic distribution of the mixing length in the
vertical. This approach yields a series of solutions for the velocity distribution in
terms of different shear-stress ratios n = 7,/7,. In order to satisfy the continuity
requirements for countercurrent flow with zero net volume flux, he found that the

shear-stress ratio must be equal to 1 = —0.097, which is very close to the value of
—0.10 obtained by Baines and Knapp (1965). The corresponding value for laminar
countercurrent flow is 7 = —0.50.

Both of these so-called “‘zero-equation” turbulent models are based on linearly
varying eddy viscosity and parabolic mixing length respectively. They provide a
reasonable description of the velocity distribution in the wall region of counter-
current flows. Thus, the models are adequate when the mean velocity gradients are
high. However, they fail to describe the turbulent mean velocity where the mean
rate of strain is small, that is, in the core of the flow (Lauder and Spalding, 1972).

2.3.4 One-Equation, or k—Ly Model of Turbulence

Prandtl and Kolmogorov suggested that the turbulent mean velocity could be
determined by directly solving the different transport equations rather than by
relying on phenomenological relations such as in Egs. (2.25) and (2.26) (Pearce and
Cooper, 1981). In particular, they suggested that the turbulent velocity is
proportional to the time-averaged turbulent kinetic energy per unit mass, which
is defined as the sum of the normal Reynolds stresses per unit mass divided
by 2, viz.,

1 — —
k= E(u2 + 12 + w?) (2.27)
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which follows from the solution of the advective transport equation. The latter
equation is obtained by multiplying the momentum equation for each coordinate
direction with the corresponding instantaneous velocity, followed by time averaging
and, finally, summing the three equations. For large-scale turbulent motion the
proper velocity scale to be used is k'/? because turbulent kinetic energy is contained
mainly in large-scale fluctuations. After introducing this scale in the eddy viscosity
concept, one finds that

v = k'’ Ly (2.28)

where L is the dissipation length scale. The dissipation ¢ is usually modelled by the
expression
k3/2

= Cg—— 2.29

6= ¢ (2.29)
where ¢, and ¢; are numerical constants with a value around 0.3 (Koutitas and
O’Connor, 1980). The form of the equation for turbulent kinetic energy for 2D
nearly horizontal flows at high Reynolds numbers is (Koutitas and O’Connor,

1980)
Dk & (v+4v,0k on\* k2
_ 9 oY, ( AR 2.

Dt 62( ok 82) ”’(az> teap =0 230)

where o, is an effective turbulent Prandtl number. The latter is defined as the ratio
between the turbulent transport coefficients for momentum and heat, respectively,
and is approximately equal to unity. Careful inspection of Eq. (2.30) indicates that
the mixing length hypothesis is a special case of the k— L, turbulent model if both
the advective and diffusive transport terms are negligible. Under these circum-
stances the turbulent energy production k is equal to the dissipation of this energy,
and the mixing length is related to the dissipation length scale, as follows (Lauder

and Spalding, 1972):
A\ V4
Zm = <_l) Ly (231)
Cq

The rate of change of k is balanced by the advective transport due to the mean
motion, the diffusive transport due to velocity and pressure fluctuations, the
production of k by interaction of Reynolds stresses and mean-velocity gradients,
and the dissipation of k by viscous action into heat. Koutitas and O’Connor (1980)
used the one-equation model for the modelling of wind-induced flows under the
assumption of steady and uniform conditions, that is, Dk/Dt = 0. With the aid of a
complicated expression for the dissipation length scale they eventually arrived at a
solution for the eddy viscosity, which is described by the following empirical
relation:

vy = 0.1249u"z (2 - %) (2.32)

where u? is the surface shear velocity. This solution is, however, not satisfactorily
close to the air—water interface, probably because the analysis fails to take into
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account the mass transport velocity of surface waves. A modified distribution of the
dissipation length scale L, based on experimental observations solved this
inconsistency, and led to an improved distribution of the eddy viscosity over the
depth (Koutitas and O’Connor, 1980):

by = 0.1249ujh(1 — %) (5% - 1) (2.33)

2.3.5 Two-Equation or k—e Model of Turbulence

The k—e& model includes an expression for the eddy viscosity and two coupled
differential equations for the turbulent kinetic energy & and the dissipation of this
energy &. The equation for the dissipation of k is obtained by differentiating the
equation for velocity fluctuations with respect to the coordinates, and multiplying
the result by twice the kinematic viscosity and the gradient of the velocity
fluctuations. Svensson (1978) used the standard k—e& model to calculate a wind-
induced channel flow. He considered the free surface as a moving wall at which the
shear stress is prescribed.

The expression for the eddy viscosity and the differential equations for the
turbulent kinetic energy k and the dissipation of this energy ¢, for 2D nearly
horizontal flows at high Reynolds numbers are respectively (Svensson, 1978)

2
v = c,k— (2.34)
£
Dk 8 (v+4uv,0k o\’
— = — — ] - 2.
Dt 62( Ok 62) o (62) ¢ 235)
%_2 v—}—v,@ + ¢10 @2 c é (2.36)
Dt oz \ o, 0z 5\ oz %% '

where g, is the effective Schmidt number; ¢, the numerical constant in eddy viscosity
expression; and ¢, and ¢,, are the numerical constants in the dissipation of
turbulent kinetic energy equation. The turbulent Schmidt number is defined as the
ratio between the turbulent transport coefficients for momentum and mass. For
non-buoyant conditions the constants involved in the above equations are
determined by reference to experimentally well-studied flows and have the following
values: ¢, =0.09, 6, =1.0, 0, = 1.3, ¢}, = 1.44, ¢,, = 1.9.

The input variables used by Svensson (1978) for the wind-induced channel flow
problem were the surface shear stress equal to 0.092 N/m? and the channel depth
equal to 0.30m, used by Baines and Knapp (1965). According to Svensson’s
calculations, the ratio of surface velocity to the surface shear velocity is about 22,
and the turbulent mean velocity is zero at the normalized depth, z/h = 0.65. The
maximum eddy viscosity, rendered non-dimensional by the surface shear velocity u*
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and the depth /, is of the order 0.08 and occurs at z/h = 0.55. The actual observed
(Baines and Knapp, 1965) values are

% _ 162 and a=0 at - =0.76 (2.37)
ut h
Mean velocity profiles based on the above numerical techniques are presented in
non-dimensional form in Figure 2.2. The calculated, or pre-defined eddy viscosities
used in the various numerical models, normalized by the surface shear stress and the
channel depth, are depicted in Figure 2.3. Finally, the experimental and numerical
mean velocity profiles referred to in the foregoing papers and others are compiled in
Figure 2.4 (Forssblad, 1947; Tsanis, 1986; Masch, 1963; Goossens et al., 1982;
Baines and Knapp, 1965; Koutitas and O’Connor, 1980; Tsuruya et al., 1985).
All of the numerical models require a priori knowledge of the surface shear stress
u? and the depth 4. The assumed distribution of eddy viscosity used in the linearly
varying eddy viscosity model is based on observations of open channel flow (Pearce
and Cooper, 1981). In the mixing length model, the vertical distribution of the mixing
length is defined empirically, using as a guide the values of the length that successfully
described other shear flow experiments. For example, Prandtl (Schlichting, 1968)
proposed that the mixing length /,, is proportional to the distance from the wall. The
eddy viscosity in this case, based on the mixing length hypothesis, is defined as

du

= (2.38)

2
Uy = lm

and is calculated from the mean velocity gradient and the mixing length. The value
of the eddy viscosity, based on the mixing length, is zero at the position of zero
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A: Mixing length [Reid, 1957]
o B: k-¢ model [Swensson, 1978]
N C: k-model [Koutitas & O'Connor, 1980]
D: Eddy viscosity [Pearce & Cooper, 1981]
0.4
C
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D
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Fig. 2.2. Existing analytically predicted mean velocity distributions (Reprinted from Tsanis
(1989), copyright with permission from ASCE).
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Fig. 2.3. Various distributions of eddy viscosity used in analytical models of wind-induced
flows (Reprinted from Tsanis (1989), copyright with permission from ASCE).
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Fig. 2.4. Extant experimental mean velocity profiles and analytical predictions (Reprinted
from Tsanis (1989), copyright with permission from ASCE).

mean velocity gradient (see Figs. 2.2 and 2.3), which is physically unsound (Lauder
and Spalding, 1972). To demonstrate this, consider the flow downstream from a
step. Near the re-attachment point, where the mean velocity gradients are low,
adoption of the mixing length results in a low value of eddy viscosity. This is in
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contrast with experimental findings and can be explained by the fact that the mixing
length does not take into account the processes of diffusion and advection of
turbulence.

The k— Ly model overcomes this problem. Here the vertical distribution of the
dissipation length L, is pre-defined based on empirical relations similar to those
used for the mixing length. The eddy viscosity is calculated by solving the
differential equation for the turbulent kinetic energy. The diffusion effects,
represented by the second term on the left-hand side of Eq. (2.30), act as a
spreading and smoothing mechanism. Thus, discontinuities in the solution are
avoided, as can be seen in Figure 2.3.

For the reason just mentioned, the k—L, model is preferred to the mixing
length model in problems related to countercurrent flows. The eddy viscosity based
on the modified k—L, model has been successfully used in calculating the water
circulation of the Gulf of Thessaloniki in the Aegean Sea of Greece (Ganoulis et al.,
1980). The eddy viscosity based on k—¢ is calculated by solving the two coupled
differential equations for the turbulent kinetic energy and its dissipation. This
model is more complex than the other ones but it does not require a priori
knowledge of the distributions of mixing or dissipation lengths. The eddy viscosities
based on the aforementioned models are mutually consistent in their overall
magnitudes, and are in agreement with those found in open channel flows (Pearce
and Cooper, 1981).

Nevertheless, the analytically predicted velocity profiles compiled in Figure 2.2
differ significantly from each other. The reason for this is the fact that the constants
used in these models are based on experimental findings of varying quality and
theory. Furthermore, there is always some scatter in the experimentally measured
mean velocities. Reasons for this include the 3D nature of conventional laboratory
flows, the possibility that the flows are not fully developed, and the difficulties in
measuring velocities close to a wavy surface. As a consequence, an accurate
determination of the surface shear stress in combined wind-water tunnels is
practically impossible.

The experimentally determined mean velocity profiles shown in Figure 2.4 were
obtained for different Reynolds numbers, and under different characteristics of
surface roughness. From Figure 2.5, it is apparent that the experimentally examined
flows are in the region of transitional roughness in which the value of the Von
Karman constant k is not necessarily equal to 0.4. A value of k = 0.4 was used in
almost all of the numerical models. All of this contributes to the discrepancies
between the numerical and experimental mean velocity profiles.

The principal disadvantage of experiments conducted in conventional laboratory
systems is that the flows therein are essentially 3D (4/d = 1/1 to 1/3) in both air and
water sides. Hence, the use of these experimental results in the development of 2D
analytical models is questionable. For example, Pearce and Cooper (1981) with
their linearly varying eddy viscosity, and Svensson (1978) with his k—e model, used
the experimental results from Baines and Knapp (1965) to justify their predictions.
Similarly, Reid (1957), with his mixing length model, used extant experimental
results to justify his results. Finally, the experimental mean velocity profiles
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Fig. 2.5. “Rough” inner law of velocity distribution of extant experimental data relative to
interface (Reprinted from Tsanis (1989), copyright with permission from ASCE).

determined by Koutitas and O’Connor (1980) were used for the development of the
k—Ly model.

2.3.6 Large Eddy Simulation

Turbulence models are usually differentiated by whether they filter (or average) the
Navier—Stokes equations temporally or spatially. The former type includes the so-
called zero-equation model, one-equation model, and two-equation model based on
the Reynolds equations. The latter type is indicated by the large eddy simulation
(LES) model.

As is widely known, turbulence is eddy motion that has a wide spectrum of eddy
sizes. Large eddies, which correspond to frequency fluctuations, are determined by
boundary conditions or external forces and their scales are of the same order as the
mean flows; thus, they play the dominant role in the transport of mass, momentum,
and energy. Small eddies, corresponding to high-frequency fluctuations, depend on
viscous forces and contribute very little to the flow and transport of mass. The LES
model divides the flows into large eddies and small eddies; the flows due to the large
eddies are calculated in terms of the governing equations, and the small eddies are
modelled by the use of the eddy viscosity model.

By the use of the Gaussian filter function,

"2
Gi(x; — X)) = \/%Aixiexp [—V(X’A—le) (i=1,2,3) (2.39)

1
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a hydraulic quantity is divided into two parts, one of which is the large-scale
component f and another the residual component f”

- 3
For = [ 11 6Gixs = %) £ = X vy (240)

F1x) = f(x) = f(x1) (2.41)

where A; is the filter width in the x;axis and y is the filter constant, which is
normally given to be 0.6 (Leonard, 1988).

The governing equations of the LES model can be derived by making volume
integrals after multiplying by the Gaussian filter function. For convenience of
description, the governing equations are expressed in compact notation.

Continuity equation

Ol

—=0 (i=1273) (2.42)
8xi
Momentum equation
ou; 0 _ _ _ oQ 1op
Ny T nd = e e
ot + 0x; Uit Cuk Ok ox; pOx;
+i %+R--—Ll~ (1,7, k=1,2,3) (2.43)
axj lul‘ﬂ axj J y 5.] > e et} .
Temperature equation
oT 0 _. 0 oT
— 4+ —u;T =— —+ Ry —L; i=1,2,3 2.44
ot +ax,u/ axj (ﬂTaxj+ T j ) G ,2,3) ( )

where R is the Subgrid Scale (SGS) component and L is the Leonard term:
Rij = — (WL_{] + l;/iuj/- +Tu]/)
Ly = (wjit; — i)

Rir = — (ﬁ#—ﬁ/iT—i-uﬁ_T)

Lip = (a,-T - a,-T) (2.45)
By making the Taylor expansion of the equation

00
m = / Gi(x,» — X;)L_lﬂ/_ljdx/ (246)

[ee]
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around #;i;, the next formula is derived:

N P(wy) 247
uiuj—uiuj—i-W ( )
Therefore, L; is represented in the following:
2:20= =
OL; _ 0 (Aj0 (i) (2.48)
0x;  0x; \ 4y0x;0x;

It is known from Eq. (2.47) that L; has the accuracy of the same order as the
truncation error of the difference schemes. Therefore, if the difference schemes
of second-order accuracy are employed, it is not necessary to take into account
the L; terms. It becomes necessary to consider the effects of L; terms when
higher-order accuracy schemes are used. In this section, L; terms are ignored
(Ivetic, 1988).

On the other hand, by the use of Smagorinsky’s eddy viscosity model (1963)
(Deardorff, 1970), SGS shear stress R;; can be formulated as follows:

Ou;  Ou; |
Ry = (S48 = S (2.49)
di 1

where v, is the SGS eddy viscosity coefficient and ¢;; is the Kronecker delta.
Making a dimensional analysis with the aid of —5/3 power law of Kolmogorov
spectrum, v, can be presented in the following (Leonard, 1988):

v, = APEPAY (2.50)
where ¢ is the dimensionless constant, ¢ the energy dissipation rate, and A the

magnitude of spatial scale. These are to be described later.
If the energy dissipation rate ¢ is specified by

- Ou; (Ou; Ol
P e ) 2.51
FT My <5x_/+5xi 23D
v, can be expressed by
om; (om; o\ "
— (eAPd (2 2T 2.52
= ed) {5?9‘ <5Xj+5xi)} (252

after eliminating ¢ in Eqgs. (2.50) and (2.51).
The SGS eddy viscosity coefficient v; is generally calculated by Eq. (2.52).
Because of the extreme difference of the scales between the horizontal plane and
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the vertical direction, v, is also divided into horizontal and vertical components.
The right-hand side of Eq. (2.52) is normalized by introducing the representative
lengths of L in the horizontal plane, H in the vertical direction, and representative
velocity U in the horizontal plane (the dimensionless quantities are indicated by the

symbol +):
out + 5 ovt + 5 ow™ 2+ out N ovt\?
0x? 02 ozt oyt = oxt
1/2
+L au++HZaw+ 2+ 81J++H28w+ 1Y (2.53)
H? | \oz+ L% ox+ ozt L2 oyt '

In lakes, usually L> H, therefore v, can be approximated by the following formula:

U2
v, = (c A)2

1/2
_ 5| (Ou : o\
= (cA) K§> + <§> ] (2.54)

Obviously, the constants ¢ and A have to be given in order to calculate the SGS
eddy viscosity coefficient v/ from the preceding equation. ¢ = 0.05—0.30 is usually
used (Deardorff, 1970). The larger the ¢ used, the more excessively the small energy
is evaluated, and thus the eddy viscosity coefficients become larger and the
attenuation of flow becomes faster. For this book, ¢ is assumed to be 0.1. On the
other hand, A is given by the formula

A. = min(2A., z,) (2.55)

where A. is the depth-wise mesh size and z, is the distance from the point under
consideration to the bottom of the lake or the water surface.
If the horizontal momentum equations are normalized,

(2.56)

is obtained, and the horizontal SGS eddy coefficient v/ is calculated by the equation

AN (A oim
h h - h
v = <Az> ( > E vy Az (2.57)

surf

where o7 is the depth averaged value of v, A;, given by

Ay = v/ AxAy (2.58)
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2.4 BOUNDARY AND INITIAL CONDITIONS
2.4.1 Boundary Conditions at the Surface (z =)

The kinematic boundary condition is imposed at the free water surface:

w:%—i—uﬁ—i—v% (2.59)
X y

The momentum and heat across the air—water interface are the primary causes of
circulation. The momentum flux, described as wind shear stress, can be evaluated
by the wind velocity:

(Tsx» Tsy) = Py Cp Wi + Wi(Wx, Wy) (260)

where W = (W,, W,) is the wind velocity measured at 10m above the still water
surface; p, the air density; and Cp a surface wind drag coefficient, which is typically
of order 0[107%]. According to Wu (1969), the drag coefficient for neutral
stratification is given by

Cp = (0.8 + 0.065W) x 1073 (2.61)

In a formula similar to the one used for the wind-wave model by Donelan et al.
(1974), Eid (1981) proposed relating the drag coefficient to the wind speed at
distance z (usually 10 m), as well as wave height H; and wave velocity c:

k C

2 ]
Cp= [} (1.0 - 7)2 (2.62)
In(z/BH,) W

After evaluation, using wind and wave data in Hamilton Harbour (Eid, 1981), a
formula similar to Eq. (2.61) was presented:

Cp=(0.754+0.075W) x 1073 (2.63)

Usually, the heat-exchange rate at the surface is taken as zero during the short-
term simulation. However, this assumption may not be justified. In general, there
are two approaches for determining heat-exchange flux. The first approach is a
simple but efficient one, which is similar to the momentum flux formula, that is, an
empirical function with environmental parameters (Large and Pond, 1981; Smith
and Anderson, 1984; Wu, 1992). Ignoring the molecular transfer term, the heat flux
across air—water interface can be expressed as (Wu, 1992):

H() = panW/T/ = panCTUz(TO — Tz) (264)

where Hj is the sensible heat flux; 77 and w’ are the temperature and the vertical
velocity fluctuations respectively; 7, the potential air temperature at the elevation Z
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above the mean water surface; T, the potential air temperature at the surface, that
is, water temperature at the surface; Cp the specific heat of air at a constant
pressure; Cr the coefficient of sensible heat transfer and is also called the Stanton
number S7. Based on the direct measurement of w'T’ from field studies, an
empirical formula of the heat transfer coefficient—varying with wind, atmospheric
stability conditions, and temperature difference—is

Cr =(0.724+0.0175W AT) x 1073, W<8m/s (2.65)

Cr = (1.000 + 0.0015W AT) x 1073, W>8m/s (2.66)

AT = Ty—T,o is the temperature difference between the water surface and the
temperature at 10 m above the water surface, and is expressed in degrees Celsius
(Wu, 1992).

The second approach is based on the energy budget calculation: the net heat
exchange is the difference between absorbed solar radiation and heat losses due to
evaporation, conduction, and reverse radiation (Ryan, 1971; Shen, 1991).

The heat exchange is specified in the next formula and used as the boundary
condition of the density deficit equation:

9Ap _ 20y

K,
" oz ¢

(2.67)

where o is the volume expansion rate of water, Q, the heat absorbed at the water
surface per unit time and unit area, and c, the specific heat of water.

The heat exchanges include solar radiation and heat loss. If the solar radiation is
defined as Qy, then the solar radiation entering into the lake surface Q; is expressed
as follows:

Oy =0 —a)Qy (2.68)

where q; is the reflection rate of the water surface. Within Q,, fQ, is absorbed
by the water surface, and (1—p)Q, enters into the body of water, where f
denotes the absorption rate. The heat Q. from the water surface to the water depth
(—z1s

0. =1 - p)Q; exp[—«r( — 2)] (2.69)
where « is the extinction coefficient.
On the other hand, the heat loss from the water surface Q; (kcal/m?/day)

includes three parts: the evaporation loss Q,., the conduction loss Q,, and the reverse
radiation loss Q,,:

QL = Qe + Qc + Qra (270)
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0.+0. and Q,, are expressed by the following Rohwer and Swinbank’s empirical
formulas (Donelan, 1980):

0.+ 0, = (0.000308 4 0.000185W y)p(es — pey)

269.1(Ty — T
x {Lu—l—cpwaLM} .71)
€5 — (,bea
0,, =0.97k (T, —0.937 x 107> T%(1.0 +0.17C?)} (2.72)

where W, is the wind velocity 15cm over the water surface; e, the saturation steam
pressure (mmHg) corresponding to the temperature of the water surface; e, the
saturation vapor pressure (mmHg) corresponding to the air temperature; ¢
the relative humidity (%); L the potential heat of evaporation (kcal/kg); T,
the temperature of the water surface (°C); T, the air temperature; k the Stefan-
Boltzmann constant (k = 1.171 x 10~° kcal/m?/day/°K); T}, the temperature of the
water surface (°K); T4 the air temperature (°K); and C the cloudiness (%).

The heat exchanges at the water surface and the productive term ¢ of density
deficit, because of heat, are expressed by the following formulas:

0y = B0, — 0O, (2.73)

g (dc%) 2/, (2.74)

Temperature T (°C) and saturation vapor pressure e (mmHg) are connected by the
empirical formula

e=0. — 0. + 13. .
0.41872% — 0.6216T + 13.0 (2.75)

The third approach is based on the surface heat flux calculation from the wind
and temperature profiles, as described in ALFS (Schwab and Bedford, 1994).

2.4.2 Boundary Conditions at the Bottom

The kinematic boundary condition at the bottom (z = h—z;) is

Wy = Up % + vy % (2.76)
ox oy

where subscript b refers to bottom, and / is the water depth. For the shear stress

condition, there are two kinds of boundary conditions.
1. No-slip condition, that is, the velocity at the bottom is equal to zero:

u=v=w=0 2.77)

Then, the bottom shear stress is evaluated from the velocity and vertical eddy
viscosity near the bottom directly in the model.
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2. A quadratic law similar to that at the surface,

(Tbxs Thy) = 1/ 1, + v (up, Up) (2.78)

where (7., 75,) are the shear stresses at the bottom in the x and y directions
respectively; r the bottom friction coefficient; and (u;, v,) are the bottom velocity
components (usually at the layer close to the bottom) in the x and y directions,
respectively. There is no heat allowed to be transferred through the bottom, or at
least, the flux is assumed to be negligible.

2.4.3 Lateral Boundary Conditions

Along the shoreline, where river inflow or outflow may occur, the variables
generally take a priori known value:

u=u(x,y,z1) (2.79)
v=ruv,(x,y,z,1) (2.80)

w=20.0 (2.81)
T=T/(x,,2z1) (2.82)

While, along the land shoreline, no normal fluxes of momentum and heat are
allowed:

oT
N =0

I?:O' —_—=
n b /lan

(2.83)

where n is the outward-directed normal.
2.4.4 Open Boundary Conditions

At the open boundary, that is, computational or artificial boundary, the surface
elevation or mass flux is required, as is the flux of energy into the system. In the
nested-grid model system, the velocity, clevation, and temperature may be
interpolated from the coarse-grid model. Otherwise, free radiation of open
boundary condition should be used (Miller and Thorpe, 1981). In the free radiation
condition, no perturbation is incoming through the boundary. Outgoing signals are
allowed to cross without back reflection. The condition applied is

hU, = (\/gh (2.84)
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where U, is the depth-averaged normal velocity, because only the depth-averaged
velocity is provided in this open boundary condition. In order to provide 3D
velocities, a profile at the open boundary must be adopted; one example is the
second-order parabola. This profile is valid for a laminar type flow and is an
approximation of the turbulent flow.

2.4.5 Initial Conditions

The initial distributions of velocities and temperature must be specified for the
simulation. The velocities are taken to be zero, unless the initial velocity field is
given. The wind field input can be specified in a variety of ways. For example, a
step-growth wind is used in the simulation for a smooth start purpose, and a warm-
up period is introduced for the variable wind process. In the case of thermal
stratification, the initial temperature field is needed.

2.5 CIRCULATION THEORY
2.5.1 Long-Wave Theory

The velocity profile develops slowly with time and uniformly in stages, having the
same form as in a river channel:

u:u—slnh—i_z

K 20

(2.85)

The current intensity is almost uniform over the depth, that is, the same direction
over the whole depth, with steep gradients developing only near the bottom. This
flow structure is similar to a hydraulically induced flow, such as a river flow.

2.5.2  Shear-Induced Countercurrent Flow Theory

Inherently, wind-induced currents in natural lakes, estuaries, and embayments are
shear-induced type of flows. The vertical mixing mechanism can be examined using
steady plane Couette laminar flow (for slow wind-induced current), and turbulent
flow. In these flows, the current close to the surface is in the direction of the applied
shear stress, while, away from the surface at the bottom, a return current develops.
Required by continuity, the integrated flow transport from the surface to the
bottom is zero, that is, zero net volume flux.

Laminar flow has a parabolic velocity distribution and a linear shear stress
distribution. The bottom to surface shear stress ratio equals —0.5, and the zero
velocity occurs at z/h =0 and 2/3, where z is measured upward from the lake
bottom. A constant viscosity over the depth leads to a parabolic velocity profile, as
the exact solution of the Navier—Stokes equation, which is close to the
experimentally determined profile (Tsanis, 1986). Analogous to the laminar flow
theory, a constant vertical eddy viscosity, evaluated by the applied wind shear stress



30 The Mathematical Theory of Circulation Models

75, was used in many circulation models. For example, Koutitas and O’Connor
(1980) used

K, = /7, /p (2.86)

where /4 is a constant. Taking the mean value of a parabolic distribution of eddy
viscosity, it was suggested that 1 = 0.066.

In the case of turbulent shear-induced countercurrent flow, both viscous stresses
(due to the molecular motion), and Reynolds stresses (due to turbulence),
contribute to the total shear stress. Close to the water surface and bottom
boundaries, the viscous stresses are predominant, while in the rest of the flow field,
the Reynolds stresses greatly exceed the viscous contribution. The thicknesses of
these viscous sublayers are very small compared to the depth. The velocity changes
linearly with the distance from the boundary, while steep velocity gradients exist in
the sub-layers. The velocity distribution then depends on the distribution of the
turbulent shear stress with z, which is provided by introducing appropriate
“closure’ hypotheses.

2.6  MODEL CONSIDERATIONS
2.6.1 Baroclinic Terms

Baroclinic terms represent the effect of thermal stratification. Great simplification
can be achieved if these terms are assumed to be small, and are therefore neglected.
If the density can be justifiably assumed to be constant, then the transport equation
of temperature, or salinity, can be uncoupled from the continuity and momentum
equations. Because thermal stratification is usually present in the summer period,
one such strategy is based on the following consideration: assuming that in the
simulation period the wind did not significantly affect the stratification, and the
determination of the state of stratification is not a primary modelling objective, then
the density field can be treated diagnostically. The baroclinic terms in the
momentum equation are not solved, but evaluated, by assuming that the
temperature (or salinity) field is known as a priori from measurements or from
independent studies. However, this method cannot be applied to the case of rapid
change of weather conditions, or medium- and long-term simulations. In a review
paper by the ASCE Task Committee, Wang et al. (1990) pointed out that the
simulation of partially stratified estuaries or lakes is one of the most challenging
areas in recent years. A completed field data base was required to provide the input
initial density field and verify the simulation.

2.6.2 Advection Terms
Non-linear advection terms are often the source of difficulties in numerical

solutions, as they give rise to non-linear instabilities. As a result, in some model
formulations, the advection terms are neglected (Simons, 1972; Eid, 1981). This
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implication needs to be carefully justified for different applications (Blaisdell et al.,
1991; Wu and Tsanis, 1991).

2.6.3 Bottom Shear Stress Terms

The bottom stress formulation, which is a specification of the rate of momentum
loss at the water—sediment interface, assumes a variety of forms in different models.
The bottom stress is treated as proportional to a quadratic form of velocity in most
2D models (Leendertse, 1967; Simons, 1972; Koutitas and Gousidou-Koutita,
1986), and enters into the 3D circulation model through the bottom boundary
conditions (Sheng, 1983). The proportional constant or friction coefficient can be
assigned as a constant, or calculated from the roughness or Manning’s coefficient
and water depth, or evaluated using the results from the turbulent boundary layer
theory. Other models assume the bottom stress to be linearly proportional to
velocity. A no-slip condition assuming a zero velocity at lake-bottom interface is
also adopted by many 3D circulation models.

2.6.4 Rigid-Lid Approximation

In the early lake circulation models, a rigid-lid approximation was used (Cheng et
al., 1976; Schwab, 1981). In this approximation, the free surface deformations are
ignored, that is, 6{/0t~0. As a result, along with the neglect of non-linear advection
terms, a simplified model produced by solving the stream function was formed for
steady circulation. However, in most cases, such an approximation is not justified.

2.7 FINITE DIFFERENCE METHOD

Traditional finite-difference models use rectangular Cartesian grids, which
resolve the geometry with “‘stair-steps.”” This grid became inefficient at representing
features such as coastal boundary layer dynamics, flow in channels, embayments,
and around islands, and flows near engineering structures. To resolve the smallest
spatial scales of interest for an engineering problem, and at the same time maintain
reasonable computational cost, a transformation has been applied by many
investigators to allow increased user control of grid placement. These transforma-
tions include the change of variables from Cartesian coordinates to orthogonal
curvilinear coordinates (Blumberg and Herring, 1987) or boundary fitted conditions
(Swanson, 1986; Sheng, 1990). Successful applications were mainly found for large
bays, estuaries, and wide rivers where many tributaries exist, and where geometry is
complicated. Examples of this include Chesapeake Bay (Johnson et al., 1990), the
James River (Sheng et al., 1990), and Potomac Estuary (Hinz et al., 1990).
However, due to the limited field data available for model calibration, the use of
curvilinear or boundary fitted coordinates in lake models is limited. These
transformations would provide a better shoreline description by using a large
number of elements that, in turn, increase the required computational time. An
alternative approach, which may also be more efficient, is the use of a nested-grid
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modelling technique in which a high-resolution fine grid is used for the local
nearshore areas of interest, and the velocity and elevation along the artificial open
boundary in the fine grid are provided from the overall coarse grid for the whole
lake (Murthy et al., 1985; Tsanis and Wu, 1992, 1993).

Two types of vertical grids are generally used in the finite difference models of
lakes. In the first type, as adopted by Leendertse and Liu (1975), Simons (1972), and
Eid (1981), the vertical domain of the water body is separated by layers of constant
depth. In general, water depth varies over a lake basin, shallow in nearshore areas
and deep in the central basin. Thus, this grid is insufficient to resolve large
variations of depth over the domain. The second type of grid is a vertically stretched
grid, or o-coordinate transformation, which leads to a smooth representation of the
topography, and, in addition, gives the same order of resolution for the shallow and
deeper parts of the water body. This transformation will introduce additional terms
which require numerical treatment. In some cases, their physical significance is not
apparent. However, most of the additional terms are contained in the horizontal
diffusivity terms. Since the horizontal diffusion is generally small compared to the
vertical diffusion and horizontal advection, only the leading terms in general need
to be retained (Sheng, 1983). Tests on the different formulations of vertical and
horizontal diffusivities, and pressure gradient force over steep topography in the o-
coordinate system, were conducted by Miller and Blumberg (1985) and Haney
(1991) respectively. Although there are increased calculations and uncertainties
using the o-transformation, the ability to deal with a large variation of water depth
offsets other inherent disadvantages. A further refinement of this transformation is
to increase the vertical resolution either near the surface or near both the surface
and the bottom (Swanson, 1986; Davis, 1991).

On the selection of time step, if the explicit time integration method is used, the
time step will be governed by the speed of propagation of the free surface wave
(Koutitas, 1988). Also, a condition will be imposed by the vertical diffusion terms
which are related to the vertical eddy viscosity and the water depth. In lakes and
their nearshore areas, shallow water depth and high vertical eddy viscosity results in
a small time step because of the stability requirement. It is necessary to treat the
diffusion terms implicitly, at least semi-implicitly, such as with the Crank—Nichol-
son implicit scheme (Koutitas and Gousidou-Koutita, 1986) or with the three time-
level Dufort—Frankel scheme (Davies, 1985).
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Chapter 3

THE VERTICALLY INTEGRATED TWO-DIMENSIONAL
MODELS

For well-mixed shallow waters near coastlines and in shallow lakes, the water
movements in the horizontal plane usually predominate, and the vertical velocity
and density variations are very small. Therefore, adopting a vertically integrated
two-dimensional model to simulate large-scaled flows in shallow waters is adequate.
In this chapter, the governing equations of the vertically integrated two-
dimensional model are derived. Several numerical methods have been employed
to simulate the prominent flows in shallow waters, and comparisons between the
methods are made.

3.1 GOVERNING EQUATIONS

In order to obtain the governing equations of the vertically integrated two-
dimensional model for a well-mixed shallow lake, the following assumptions are
adopted.

(a) Lake water is completely homogeneous, thereby uncoupling the temperature
equation from the governing equations.

(b) The vertical accelerations are negligible in comparison to the horizontal
accelerations.

(¢) Compared to bottom friction, eddy viscosity terms in horizontal direction are
small enough to be ignored.

In combination with the assumption of constant water density, the approxima-
tion of hydrostatic pressure can be represented as

ng[p dz = pg(L - 2) 3.1)

Moreover, by differentiating the preceding equation with respect to x and y
respectively, the next two formulas are obtained:

op o
A 2
= P9y (3.2)
o
@ =prg By (3.3)

By combining all the assumptions and by integrating the continuity equation and
Reynolds equations vertically with the aid of Leibnitz’s rule, the following
governing equations can be obtained:
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Continuity equation

ol oh+OU oh+OV
== =0 34
at T o T o S
Momentum equations
x-direction
oU oU oU . 0l Tgr — Ty
y-direction
ov oV ov 0l Ty — Ty
E+UE+V5— fU g6y+p(h+C) (3.6)

where the vertically averaged velocity components U and V are defined as

1 ¢

1 ¢
V:h—H‘/ihv dz (38)

where / is the depth from the reference plane to the bottom.

This model excludes the eddy viscosity terms in the horizontal direction because
they are normally small, and the effects of small-scale velocity fluctuations are
aggregated into the shear stress terms.

3.2 NUMERICAL METHODS

Many kinds of difference schemes for the vertically integrated two-dimensional
model have been proposed (Cheng, 1976), and they can be divided into two types:
implicit schemes and explicit schemes. They are differentiated by what time level is
used for each discretized variable. In an explicit scheme, the unknown variables at a
future time step r+Az are expressed by a number of variables at the previous time
steps. If the initial and boundary conditions are provided, the calculation can
proceed in a sequential way to get the values of all variables at any time step. In an
implicit scheme, an unknown variable at time step /+A¢ depends not only on the
values of variables at previous time steps, but also on the variables in other
locations at time step t+At. Therefore, linear simultaneous algebraic equations need
to be solved. In this chapter, an explicit or implicit scheme is indicated when the
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pressure terms (or water stage terms) in the momentum equations are treated
explicitly or implicitly. Formulas of explicit schemes are usually simple, but they
have to satisfy the following Courant—Friedrichs—Lewy condition, resulting from
Neumann’s stability analysis, in order to get a stable solution:

Cr=At/gHmax  1/1/AX2+1/Ay2 < 1 (3.9)

H.x 1s the maximum water depth, and Ax and Ay are the spatial increments
of the mesh in the x- and y-directions, respectively. The small time steps in
explicit schemes usually lead to large amounts of Central Processing Unit (CPU)
time, which can be unacceptable for some problems. On the other hand, implicit
schemes are unconditionally stable and permit a larger time step. The difference
formulas, however, are complicated and iterative calculations are required to
solve the simultaneous algebraic equations, which can also consume large amounts
of CPU time. In order to overcome this problem, the so-called Alternating
Direction Implicit (ADI) method and the operator-splitting method have been
developed. The implicit solutions can then be obtained without any iterative
calculations.

In this section, an explicit scheme, the ADI method and the operator-splitting
method are adopted, based on a space-staggered grid system. A space-staggered
grid system is a system in which hydraulic variables are defined at different places in
such a way that the numerical oscillation due to pressure terms can be avoided
(Kurihara and Holloway, 1967). In the staggered grid system, which is shown in
Figure 3.1, i and j are the running indices which represent the horizontal points
x = iAx and y = jAy. The velocity component U is defined at half-integer i and
integer j; V is defined at integer i and half-integer j; and the water stage ( is
described at both integers i and ;.

. +:C

} ‘ } ! j+5/2 _.U
T+ T+ + + T+ T [+ V

: ‘ - } j+3/2
T+ T+ + + + T + T Y

: ‘ - } j+1/2
T+ 1+ + + + T+ T

| : | : j—1/2 0 X
T+ T + T + T + 7T

. ‘ } . j—3/2

i-3/2 i-1/2 j+1/2 i+3/2 j+5/2

Fig. 3.1. Definition points of variables in the space-staggered grid system (Shen, 1991).
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3.2.1 Explicit Method

There are various kinds of explicit methods which use different temporal difference
schemes. In this study, an explicit method based on the leap-frog scheme is used. In
order to satisfy the Vasiliev stability condition (Inoue, 1986), the velocities U and V'
in the bottom friction terms are treated as partially implicit. The governing
equations are discretized into the following equations, according to the explicit
method.

Momentum equation in the x-direction

Uﬁlz /2 U?+l/2,j — _pyrt! ?isl/z,/ - U?jll/z,/
2At N H1/2J 2Ax
_ prl U?rll/z,jﬂ - U7:11/2J71
i+1/2j ZAy
gl — gt
i+1,) ij

n+1
+ﬂ/i+1/2,/ -9 Ax
n+2 2 2
LU /2,;\/ Ui+ Vi,
4/3
i+,

TYX
+ - .=
p(h + Cn+1)i+1/2,j

—gn

(3.10)

Momentum equation in the y-direction
Vn+2 _pyn n+1 _ Vn+l
ij+1/2 W2 g i+1,j4+1/2 i—1,j+1/2
2At N i+1/2 2Ax

n+1 _ Vn+l

_ prtl ij+3/2 ij—1/2
ij+1/2 2Ay

n+1 n+1

n+1 Ci,/”rl — é/iz/

—tUip =9 Ay
2 2 2
s VZLI/Z\/UZHW + Vi
—gn
473
B+,

Ty
+— (3.11)
ph+ +l)i,j+l/2

in which

Uijs10=Uis1)2j+ Uip12; + Uicipajr1 + Ui )2j41) /4 (3.12)
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Vieipg = Vi + Vigeip + Vigrjoi2 + Vigr j412) /4 (3.13)

Continuity equation

GP - 0T Ul = B+ U700, U,
20t Ax
D Vi, = 4 D e Vi G4
Ay '
where
liv/2j = Cij + Liv1)/2 (3.15)
Cijrn = (G +Gije)/2 (3.16)

Stable solutions can be obtained by this method if Eq. (3.9) is satisfied. The
following procedure is used:
1. Calculate U?:f/z,; for all grid points using Eq. (3.10).
2. Calculate Vf;fl P for all grid points from Eq. (3.11).
3. Substitute U"*? and ¥"*? into Eq. (3.14) to obtain {}}” for all grid points.
The values of U, V' and { for every grid point at any time step can be obtained by

repeating the foregoing procedure.

3.2.2 ADI Method

The ADI method is an implicit method widely used in numerical analysis
(Murakami et al., 1985). Different from ordinary implicit methods, the ADI
method splits one time step Az into two fractional steps. In the first fractional step,
the x-direction components in the continuity equation and the momentum equation
in the x-direction are expressed in implicit form, and the y-direction components are
discretized in explicit form. The resulting linear simultaneous algebraic equations
are solved by the so-called double-sweep method. In the second fractional step, the
y-direction components in the continuity equation and the momentum equation in
the y-direction are expressed in implicit form, and the x-direction components in
explicit form.

The governing Eqgs. (3.4)—(3.6) are discretized into the following difference
formulas by means of the ADI method:
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First fractional step (t—t+ At/2)
Continuity equation

n n 1 2 n 1 2
G-, o (h+C )i+1/2,/U?:1//2,/ —(h+¢ )i—l/ZJU:ljl//Lj

At)2 T Ax
O+ D2 Vigp, =+ DoV |
Ay (3.17)
X-wise momentum equation
n+1/2 n
Uiy = Ulnippg iy Uapy — Uil
At/2 - /2 2Ax
n U;’+1/2J+1 - U?+1/2,j—l
i+1/2,j 2Ay
Cl"l+l/'2 _ £n+l/2
n+1 i+1y
TV T A
U2 2
l+1/2,j\/Ul+1/2,] + V?—H/Z,j
4/3
(h+ 8o,
TY‘C
—_ (3.18)
p(h + vy
y-wise momentum equation
n+1/2 7
Vi,/'+l/2 - 7,1+1/2 _ Un+1/2 V?+1,j+1/2 - Vi1—1,1‘+1/2
At/2 Lt1/2 2Ax
_ )2 VZ/‘+3/2 - V?,j—l/z
ij+1/2 2Ay
+1/2 +1/2
e =G
ij+1/2 Ay
P2 n+1/22
11+1/2\/U1,/+l/2 1J+]/2
4/3
e+ )
t (3.19)

ph+ ),

By rearranging Egs. (3.17) and (3.18), the following simultaneous algebraic
equations are obtained:

Aic1y2) U;Hll//zz,; + BlJCnH/z + Cit1y2) 7:11//22,;' = Di; (3.20)
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n+1/2 n+1/2 n+1/2
A/ C / + Bl+l/2J U;+1//2J + C1+1/2/(z+1// = D1+1/2,/ (321)

where

At
Airpy = —m(h +iv1/2y

Bij=1
At
Ci+l/2J = E(h + Cn)i+1/2,j (3.22a)
n At n
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Di+1/2,/ = ?—&-1/2,/‘ - 4A l+1/2,j(Ul+1/2,j+1 U?+1/2,j—1)
At T
+ szJrl/Z,/ =

2 p(h + Cn)i_,_]/z’/

Because the coefficient matrices of Eqgs. (3.20) and (3.21) are tri-diagonal
matrices, U""/? and " "' can be obtained simply by the double-sweep method,
without any iterative calculation. Then, V"*'/? is calculated in Eq. (3.19) by using
the values of U"""? and (" *12.

Double-sweep method
If the following formulas are defined,

Eij = Ciy1)2/Bij (3.23)
Fij= (Di,;‘ —Ai1y U?ff/i,) /Bij (3.24)

Eq. (3.20) can be represented as

+1/2 +1/2
Cri/ _E U7+1/2/ + F ij (325)

Moreover, by substituting Eq. (3.25) into Eq. (3.21), the following equation
results:

n+1/2 n+1/2 ’
Uihpn = —E G +Fiy (3.26)
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where
C/
Ej; = —’“/ = (3.27)
I+1/2J 4; iy t,/
D AL F'
Fj, = e 2V Al (3.28)
’ i+1/2j Al,]ElJ

By replacing i with i+1 in Eq. (3.20) and substituting Eq. (3.21) into Eq. (3.20), the
following equation is obtained:

G = =B Ul Fiy (3.29)
where
Cii3py
Eiyiy = 2 (3.30)

Biy1j — Aiy1)2,Ei;

Dij1j— Aig12iF; (3.31)
Bip1)j — Aip1)oE};

Fiyj=

Similarly, by replacing i with i+1 in Eq. (3.21) and substituting Eq. (3.29) into Eq.
(3.21), the following equation results:

n+1/2 n+1/2
Ui+3/2,j = E;+l,1€1+2,/ + Fz-s—h; (3.32)
where
E, , 2y (3.33)
i+l = Bz+3/2/ Az+1,1Ei+1J
F _ D:+?/2,/ - ;+l/2,jFi+1J (3 34)
A 1+3/2,] A;+14Ef+1J

Comparisons of Eq. (3.32) with Eq. (3.26), and Eq. (3.29) with Eq. (3.25) show
that ("* Y2 and U""? can be calculated by the following recurrence formulas:

G = —Ey UL, + Fiy (3.35)
n+1/2 n+1/2
Ui++1//2,j_ —E_ U FL (3.36)
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where
Ciy1)2)
o , (3.37)
Y Bij— Ai_ipngEr
o Dij— A 1ppiFi (3.38)
Y B — Ai By |
C/
g Gy (3.39)
Y 1+1/2:/ A E
te1ay — Al Fij
Fy=H. . A E, o
i1/2y ijtiy

Flrstly, the Values of E;;, F;j, E';;and F,; are calculated for increasing values of i.
Then C’H' 2 and U™ i /2 are calculated by using Egs. (3.35) and (3.36) alternately for
decreasmg values of i. Fmally 12 is calculated in Eq. (3.19) after all of U"*'/?
and "7V are calculated.

In the second fractional step (r+At/2—tAf), V"', "1 and U™ can be
calculated by a similar procedure to the first fractional step, only replacing variable
x with variable y.

Because the ADI method treats the pressure terms with an implicit scheme, it is
unconditionally stable and not governed by the Courant-Friedrichs-Lewy condi-
tion, and thus a large time step, A¢, can be chosen. However, since the accuracy of
the method depends on both the mesh size and the time step size, if the Courant
number C, is too large, the accuracy of the calculation will drop.

3.2.3  Operator-Splitting Method

The operator-splitting method has been applied to a wide variety of numerical
problems (Yanenko, 1971; He and Lin, 1984). This method splits a complicated
partial differential equation into several simple differential equations by introdu-
cing one or more temporary variables, and then adopting the most suitable schemes
for them. The operator-splitting method is expected to apply to flows with large
Courant numbers, and thus the continuity equation and momentum equations are
discretized in the following way.

In the first step (¢ — t+Af), the governing equations are split into six equations, in
terms of the x- and y-directions, by dividing the time step into two fractional steps.
The component equations in the x-direction are treated in the first fractional step
and the component equations in the y-direction are dealt with in the second
fractional step.
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First fractional step

Gy =Gy n 1|+ Oiv1/2 Ul 1oy — 4+ i Uy o
At 2 Ax
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(h + vy
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At o2 2Ax
Viejez = 2Vigap ¥ Vicijn
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where the superscript (*) denotes the temporary variables.
Second fractional step
gt - (h+Cijr Vi — i+ )iy o Vi
At 2 Ay
(h+ C*)i,;+1/2 V:?;:Lll/z (h+ C*)i,/—l/z V?f_ll/z _
i =0 (3.44)
Ay
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(h+ Ly )™
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1 * * *
U;i_l /25 Ui+1/2,i _ pol Ui+1 [2j+1 Ui+l /2j
At i+1/2,j sz
U: i —2U7 + U i
_‘ V;,rll/zJ’ i+1/2,+1 +1/2,j +1/2,j—1 -0 (3.46)

2Ay

By using the double-sweep method, {*, U" are calculated in Eqs. (3.41) and (3.42),
then 7~ is obtained from Eq. (3.43). Similarly, "', 7"*! are calculated in Egs.
(3.44) and (3.45), and U"*' is obtained from Eq. (3.46).

In the second step (t+At— t+2Af), the component equations in the y-direction
are treated in the first fractional step and the component equations in the x-
direction are dealt with in the second fractional step.

First fractional step

Gy — g?jl T 1|+ Cn+1)i,/+1/2 V:q,/trll/z (h+ CHl)iJfl/? VZ/tl‘/2
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+(h +C )1/+1/2 Vl;k+1/2 (h + C )i,j—l/2 V?:;(—I/Z -0 (347)
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Second fractional step
G-
At 2
l (h+CTiv1)0) Ufrlz/z,, (h+ )12y U;ljlz/zJ
' Ax

(h+ i1 o Uity — 4+ )i U o
Ax

=0 (3.50)
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+2 Kook *k *k
U?H/z,j - Ui+1/2,/' (U™ n U2 ) Ui+3/2,/' - Ui+1/2,/'
At 7 Y12/ i+1/2 Ax
*ok ok 2 n+2
e 9 CH—IJ - Ci,j + g?—tl,j - Ci; Tyx
H1/2) Ax Ax p(h+ 51 )
2 2 k%2 k2
gn U?—:_I/ZJ\/UHI/Z,]‘ + Vi (3.50)
(h+ Cﬁl/z,,')“/3 -
n+2 ok sk ok
Vi,/'+l/2 T2 U2 i+1+1/2 VHJH/z
At Li+1/2 2Ax
Vi = 2V, VL
‘U?f]/zl i+1,j+1/2 ij+1/2 =412 0 (3.52)
J 2Ax
where the superscript (**) denotes the temporary variables.
By using the same computational procedure as in the first step, U"*?, C;’” and

J"*2 are obtained from the preceding equations. The time step proceeds every 2At
for one cycle of calculation. As with the ADI method, the operator-splitting method
is unconditionally stable and not limited by the Courant—Friedrichs—Lewy stability
condition.

3.3 NUMERICAL EXPERIMENTS

For a particular application, it is not always necessary for a model to reproduce
the smallest scales of motion. There are various flows of different scales in shallow
waters, and it is nearly impossible, and not necessary, to calculate all of them.
However, it is extremely important to specify the spatial and temporal scales over
which the simulated results can be meaningfully interpreted. In other words, it is
necessary to determine the smallest scale flow which can be correctly simulated
according to the models employed and the specific interests of the problem. Because
the specific interests corresponding to the vertically integrated two-dimensional
models are the total mass transport, the plane distribution of vertically averaged
velocity and the variations of water stage due to wind, the various flows of large
scales in the horizontal plane which are closely connected to these components are
selected. Because large-scaled flows in shallow lakes and coastal waters are always
coupled to each other, due to the random wind, complicated basin bathymetry, and
the rotation of the Earth, selecting some significant phenomena from these
complicated flows and treating them separately is considered to be an efficient and
effective approach.

3.3.1 Computational Conditions

For the convenience of discussion, a simplified, enclosed model basin, whose
configuration and depth distribution are shown in Figure 3.2 is employed. The
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Fig. 3.2. Sketch of a simplified water basin (Shen, 1991).
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Fig. 3.3. Transverse distribution of the velocity component ¥ in the A-A cross section (Shen,
1991).

water basin is divided by the mesh intervals Ax = Ay = 500 m, and a southern wind
at the velocity of 5 m/s is assumed to blow over the water surface. The other
parameters used in the computation are given as follows: Manning’s coefficient,
n = 0.023; friction coefficient at the water surface, Cp = 1.3 x 1072; air density,
pa= 1.2kg/m’; water density, po= 1000kg/m?; and, the Coriolis parameter,
f=18.34x107°. The time steps are chosen as 10, 90 and 120s for the explicit,
ADI and operator splitting methods respectively (Iwasa et al., 1988).

3.3.2 Horizontal Circulation

Figure 3.3 illustrates the transverse distribution of the velocity component V in
the A-A cross section. Figure 3.4 shows the velocity vector distributions in the
horizontal plane at different times. As the south wind blows, the strong flows in
the leeward direction occur in the east and west shores, and the weak flows in the
windward direction occur in the center area of the basin. These flows, which form a
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Fig. 3.4. Velocity vectors in horizontal plane at different times (Shen,

horizontal circulation, become stronger with blowing time and finally attain a

steady state. The flows in the shallow regions arrive at steady state faster than in the

central region. This circulation can be explained as follows.

Ignoring the Earth’s rotation and convective terms, the following equation can

be obtained from Eq. (3.6):

(3.53)

Tsy — Thy
+ ) Y
14

o
oy

oHV
ot
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where H = h+{. Integrating Eq. (3.53) with respect to the transverse direction (x-
direction), and using the relation

b
/ HV dx =0 (3.54)
0
yields
-0 —T
—gH%—F%:O (3.55)

where b is the width in transverse direction, H is the average depth in the transverse
direction,

b
ﬁzlf Hdx =0 (3.56)
b Jo

and Ty, is the average value of shear stress at the bottom. Since 7, is small enough
to be ignored, at the onset of wind blowing, Eq. (3.55) becomes

x_ Lo (3.57)

dy gH p

Substituting Eq. (3.57) into Eq. (3.53) we get

oHV H\ 1y,
= (1-=] 3.58
ot < H) p (3:38)
t H\ 1

V=—[(1-Z2]2 3.59
H ( H) P (3-59)

Equation (3.57) implies that the slope of the water surface due to the wind is
proportional to the wind shear stress and is independent of the blowing time. In
addition, it is obvious that if the water depth H is uniform, Eq. (3.59) results in
V=0, which implies that no horizontal circulation will occur and the wind shear
stress will balance the set up of the water surface. On the other hand, when H is not
uniform, velocity V' is positive (the same direction as the wind) in the shore region,
where H is small, and is opposite to the wind direction in the central region, where
H is large. The absolute value of velocity in the central region is smaller than that of
the shore region. Moreover, velocity V'is proportional to the blowing time as well as
to the wind shear stress.

The physical mechanism of these results can be considered as follows: in shallow
regions, the total pressure gradient along the wind direction is so small that the
major portion of wind shear stress is transformed to the momentum of water. On
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Fig. 3.5. Influences of the Coriolis force (Shen, 1991).
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Fig. 3.6. The influence of bottom friction (Shen, 1991).

the other hand, the pressure gradient is large in deep regions, and a considerable
part of wind shear stress is converted to the pressure gradient, so that the
momentum of water becomes small.

When the Earth’s rotation is considered, the water surface gets lower at the west
shore and higher at the east shore, due to the geostrophic balance in the Northern
Hemisphere. This phenomenon can be reproduced by the simulation as shown in
Figure 3.5.

Figure 3.6 shows the influences of bottom friction. This figure shows that the
bottom friction becomes larger as wind blows, and the velocities in shallow regions
vary more with Manning’s coefficient than in deeper areas. If the wind continues to
blow, the influences of bottom friction also become large in the central areas.
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3.3.3  Comparison of Numerical Methods

The explicit, ADI and operator-splitting method were applied under the same
computational conditions. By comparing the results of the three methods as shown
in Figure 3.7, it is obvious that the results are very similar to each other.

The ADI method permits a larger time step than the explicit method and has
second-order accuracy temporally. This method is unconditionally stable like
the implicit method from Neumann’s stability analysis. It is possible to simulate

R
8| R 0
€
6 5
[0}
@ 4 g 00
E o
g 27 g
3 5
S 23l s s s B e B B B
-2 0 2 4 6 8 10
| Distance (km)
4 -
crrrrT T —: Explicit method
¢ 2 4 6 8 10 ——= ADI method (Cr=1.6)
Distance (km) "7 : Splitting method (Cr = 2.4)

Fig. 3.7. Comparison of the three methods (Shen, 1991).
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4 -

Distance (km)

——— : Explicit method
-——— " ADI method (Cr =3.2)

Fig. 3.8. Comparison of the ADI method with the explicit method (Shen, 1991).
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Fig. 3.9. Comparison of the operator-splitting method with the explicit method (Shen, 1991).

two-dimensional flows by a one-dimensional numerical computational method
because the coefficient matrices are tri-diagonal and can be solved by the double-
sweep method. For flows with large Courant numbers, however, this method brings
out numerical attenuation and yields a poor reproduction of wave propagation. The
ADI method can give very similar results to the explicit method for flows with
Courant numbers less than 3-5 (see Fig. 3.8).

The operator-splitting method has almost the same advantages as the ADI
method, and its computational formulas are simpler than the ADI method. In
addition, this method is available for slightly larger Courant numbers than the ADI
method (which is about 4-6; see Fig. 3.9). As the time step of the operator-splitting
method proceeds every 2A¢r = 180 s in one calculation cycle, the operator-splitting
method consumes less CPU time than the ADI method.
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Chapter 4

THREE-DIMENSIONAL CIRCULATION MODELS

This chapter presents various 3D circulation models, including an external-
internal splitting 3D model, a vertical-horizontal splitting 3D model. and a control-
volume 3D model.

4.1 A VERTICAL-HORIZONTAL SPLITTING 3D MODEL
4.1.1 Model Equations in the o-Coordinate System

The o-coordinate transformation, shown in Figure 4.1, leads to a smooth
representation of topography. The same order of resolution for the shallow and
deep parts of the water body will be applied to the model equations. The model
equations are transformed from (x, y, z, ) to (x',)/,d’,¢) coordinates (Swanson,
1986), where

— t
X =x, y’:y,o——Z x, 1) /=t 4.1

ey oyt

The differential operator transformation can be derived from the following
relationships based on the chain rule:

0 0 1 o oh] o
—=———|(1 — —| = 4.2
ox x  H (I+0) ox’' + G@x’ oo 4.2)
Z
(¢
z=0  z={xyb) 6=0
//“-—--.__i - XY - v X,Y
— -.._‘______-—— Ll
1T+ !
/.____ \ i :
- ]
’h—iﬁ»})§ I S
N “Z+h
g I d rd g 7
=—1
z=-hxy) T °

Fig. 4.1. o-coordinates transformation in the vertical plane, from layer discretization in the
Cartesian coordinates (left) to the one in ¢ coordinates (right) (Wu, 1993).
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o 0 o onl @
= 5—— (1+ )—+ 5| 50 (4.3)
o 106
oz Hoo @4)
o 0 ¢
or 5__{( +0) }a .5)

Therefore, the 3D hydrodynamic model equations in ¢ coordinates are now written
as (all primes will be dropped for notational convenience):

ouH oOuuH oOuvH OuwH X o¢ 0 (K,ou

= foH — gH B, 4,
T Ty T ae S T9HG A Bt +6(H6> (4-6)
ovH ovuH oOwH OovwH o¢ 0 (K, ov

= —fuH — gH B, 4.7
ot T v e - MG A BTt <H8) @7

op 1

@r_ 4,

% P9 (4.8)

of O0Hu o0Hv oJOHw _

% oftv 49
atox T o (49)

OTH | OuTH A &TH  0wTH _ 0 (N,0T @.10)

ot ox dy oc ' oc\ H oo '

w 1s the vertical velocity component in ¢ coordinates:

woou oH o v oH o 1 oH o
S L . )= % 4.11
“=u H("ax+ax) ( 8y+8y> ( ar+ar) @11

7., T, and 77 are the horizontal eddy diffusivity terms in ¢ coordinates:

CoHt, o [( oH o oHt, o[ oH o
= o aaK 8x+ax> }+ o 60[( ay+a)”} “-12)
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where
(Ou ou (o oH 100\]
Ty —Kh _a—a(ga-{—ﬁa)_ (413)
(ou ou o oH 1 00\]
R Ly AL 4.14
B "oy oo (H oy +H8y)_ @19

Similar formula can be derived for 7, and 7.
Atmospheric pressure gradients are neglected and the baroclinic density
gradients B, and B, because of the temperature difference, are:

gHZa/" gHgH [° op

B, = -2~ do +2-2= —+d 4.15

= o ), POt o o ), Ca0 e *.13)
gH? 0 /0 gH gH /0 op

B,=—2—— | pdo+—=- [ o-——do (4.16)

! Po O Jo pop 3 Js 0o

All the boundary conditions can easily be transformed to ¢ coordinates using the
appropriate operator transformation.

4.1.2  Fractional Step Method for the 3D Model’

To the fractional step method, a consistency analysis has been carried out for the
linear equations. Although the analysis has not yet been made for the full non-linear
Navier—Stokes equations, it has been used successfully in a number of
hydrodynamic models and advection—diffusion transport models. The key point
is that the equation to be solved is broken into a series of intermediate steps, such as
advection and diffusion. The most suitable scheme can be employed for a specific
step according to the mathematical and physical features of each step equation.
Splitting momentum equations into two steps, that is, an advection step and a
propagation + diffusion + source step, Eqgs. (4.6) and (4.7), gives (Wu and Tsanis,
1995a):

OouH* ouuH ouwH OuwH oC
= — — — H—-—gH—+ B 4.17
ot x oy ag TH-eHp BT (G1D)
OvH* ovuH oOvwH ovwoH o
= — — — —fHu—gH—+ B , 4.18
ot x oy oo Hum9Hg BT (418)

3Material in Sections 4.1.2 to 4.1.6 are reproduced from Wu and Tsanis (1995a), Copyright,
with permission from ASCE.
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ouH 0 (K,ou*
N (ﬁ%) (4-19)
ovH 0 [(K,ov*
ot "o (H ao) (420)

4.1.3 Grid Discretization and Finite Difference Representation

As shown in Figure 4.2, a staggered finite difference grid system known as the
Arakawa C-grid is used. Horizontally, { and T are computed at the centre of the
mesh with « at the left and right faces and v at the front and back vertical faces of
the mesh. This arrangement is convenient for derivatives and boundary conditions.
Vertically, the horizontal velocity components are calculated at the level surface;
therefore, the boundary conditions at the bottom, that is, no-slip conditions
u=v =0, can be accurately satisfied. The vertical velocity w is calculated at the
middle of each layer. A 3D view of discretization is also shown in the figure. In
order to increase resolution, both in the free surface and bottom layers, a mesh of
varying thickness Ao can be used. The finite difference representation of a variable
can be written as

P(x,y,0,1) = PiAx, jAy, kAa,nAt) = i 4.21)
Visetx c
$ X) . . t
| kmax 1 i+l v X(Y)
k+l—e <
uijk_"" 6}' 'hij Uiy jx 1 do‘k
Gy k — - v
5x k-1 \ kK ouwv
Y ¢ : +Kv
L. & i | PTITIIITITIITIIT I I TY
X 4 (b) bottom
(a)
g TKV[]k VI] “
u, k—-/ )‘6'“‘ 1+1 K
] % a4
t :Y o VUKTKV ke Y
©) - =

Fig. 4.2. Variable arrangements in a staggered finite difference grid system for the 3D
hydrodynamic model. (a) View of a horizontal grid; (b) View of a vertical mesh; and (c) A 3D
view (Wu and Tsanis, 1995a, Copyright, pp. 388-395, with permission from ASCE).
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where iisthe 1,2, ..., imax; jthe 1,2, ..., jmaxs K the 1,2, ..., kaxs imaxs Jmax aNd Kmax
are the maximum grid number in the x, y, and ¢ directions respectively; n the time
level of integration.

dip = (Dt — i) /At (4.22)
Let the following expressions
Oy = (¢i+1jk - d)ifljk)/(zAx) (4.23)
5= (i1 — 20 + (f’ifljk)/sz (4.24)
¢ = (Dirij + Pii)/2 (4.25)

represent the first derivative for time and the x direction, the second derivative in
the x direction, and the average value of ¢ in the x direction respectively: similar
expressions are straightforward in the y and z directions. In addition, one can define

Pijer1 — Pk Pl — Pi—1

2 n n
0Pl = (Kv KT Agr K 1 Ao )/[(Aﬂ/c +0k-1)/2]  (4.26)

as the finite difference of the vertical diffusivity term, where ¢ is a horizontal
velocity component.

4.1.4 Numerical Scheme for the Advection Step

An explicit scheme is applied for the advection step (Wu and Tsanis, 1995a):

SuH = —duuH — 8,0 uH — S, uH + fHv" — gHd.{ + B, +1, (4.27)
SH = —0,it'vH — dyv0H — 8,0’ vH — fHu" — gH3,{ + B, + 1, (4.28)

0,0 = —0,(HU) — 0,(HV) (4.29)

The baroclinic terms at layer k& can be expressed as

Kmax—1
g max gH aH max
B, =—294, (HZ > pmAO'm> o ax Z (Pt = Pon)Om (4.30)

Kmax—1 —1
max — g aH mdx
By=— s, <H2 Z ponm> o Z (Pt = Pu)Om (4.31)
0
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4.1.5 Implicit Scheme for the Vertical Eddy Diffusion Step

As pointed out in Chapter 3, the explicit scheme is constrained by the time step, due
to the stability requirement; therefore, the implicit scheme has to be used. A
Crank—Nickolson semi-implicit scheme is used here. Equations for the vertical eddy
viscosity step become (Wu and Tsanis, 1995a):

Hit" = Hugy + 5 (5§ o+ o) /2 (4.32)
Huj! = Huj +— (6i vj + 050 D/2 (4.33)

By re-arranging Eqs. (4.32) and (4.33), the following equations can be obtained:

alfif Ly + bl + et = f (4.34)
alif L+ b + el =g (4.35)

where the coefficients a, b, ¢, f, g are:

b=ty 7 <l§i]i * ii]::) Aoy +1A0k—1 (4.36)

a=-% (Aa/,f) Aoy +1Aak_1 (4.37)

e A (Kf'fk ‘) 1 (4.38)
Acji_1 ) Aoi + Aoy

f=Huj +—= 5§ /2 (4.39)

= Hoj) + = 53, vl /2 (4.40)

It should be pointed out that the vertical eddy viscosity coefficients in a, b,
and ¢, at the new time level, are approximated by the ones, at the previous
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time level. Then a tri-diagonal set of equations for the velocity components « and v
can be obtained and solved, using the Thomas algorithm (Wu and Tsanis, 1995a).
The depth-averaged velocities can be obtained from the calculated multi-layered
velocities:

k=kKmax—1

U= Y iAo (4.41)
k=1
ke=kmax—1

V= > iAo (4.42)
k=1

The vertical velocity component in ¢ coordinates can be calculated from

Aoy -
ol = o == (0 u( ) + 6,(H'D) (4.43)

4.1.6  Numerical Scheme for the Temperature Equation

The propagation of surface gravity waves is excluded in the temperature equation.
Therefore, the constraints on the time step are related only to advection and
diffusion, especially the vertical diffusion terms. Similar to the hydrodynamic model
scheme, the fractional step method is employed. For the first step, an explicit
scheme is used (Wu and Tsanis, 1995a):

0,TH = =6,u’TH — 6,0’ TH — 06,T + 11 (4.44)

A similar implicit scheme for the momentum is applied to the vertical diffusivity
term:

HT;;.;l HTj;’,§+—(5J o+ f,T;;,jl)/z (4.45)

Figure 4.3 summarizes the order of operations for the multi-layered 3D
circulation model.

4.2 AN EXTERNAL INTERNAL 3D MODEL (PRINCETON MODEL)

Blumberg and Mellor (1987) developed a 3D circulation model for coastal waters
known as the “Princeton Model.”” Its unique feature is an imbedded turbulence
closure sub-model. Model development begins by noting that the equations
governing the dynamics of coastal circulation contain propagation of fast-moving
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Initialization
Grid Parameters Wind
depth options initial field

Advection step
Increment time
Calculate horizontal velocities
Apply boundary conditions

Vertical diffusion step
Upgrade velocities
Predict water elevation
Get viscosity & baroclinic term

Model output as required

Output time series & fields

i

Fig. 4.3. Order of operations for the multi-layered 3D model (Wu, 1993).

external gravity waves and slow-moving internal gravity waves. Blumberg and
Mellor (1987) separate out vertically integrated equations (external mode) from the
vertical structure equations (internal mode) using a mode splitting technique which
permits the calculation of the free surface elevation, with little sacrifice in
computational time, by solving the volume transport separately from the vertical
velocity shear.

The volume transport, external mode equations are obtained by integrating the
internal mode equations over the depth. The equation for the surface elevation is

o ouH OtH
o out  OvH _ 4.46
atax T oy (4.46)
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and the momentum equations are (after vertical integration):

ouH oirH ouvH d .
ui (OOl O gt g & - HE, = —wi0)
ot ox oy ox

Hu*> O0Huv  gH* 0
+wu(—1)—au OHWY g ax//pdada

oy
H o0H 0
+92 / / pdada (4.47)
po Ox
ovH ouvH o°H o¢ _
uH + gH— — HF, = —wii
ar + pe + o +fuH +g¢g 2 ) wit(0)
T,/ 7/ 17,02 2
+ﬂ/5(_1)_aHﬂ_@_ﬂi/ / pdo'do
ox po O
HOH 0 0
4910 / / P iods (4.43)
po O da’

The vertically integrated velocities are:

0
(u,v) = /_ ] (u,v)do (4.49)

The wind stress components are —wu(0) and —wu(0), and the bottom stress
components are —wiu(1) and —wu(1). The terms in Egs. (4.47) and (4.48), involving
u?, u'v', and v, represent vertical averages of the cross-products of the velocity
departures from the vertically integrated (average) velocity, and are often referred

to as the dispersion terms. Hence,
o 0
w2, 02 uv) = / W, 02, u'v)do (4.50)
-1

where (i/,v') = (u — ii,v — ¥). The quantities F, and F |, are vertical integrals of the
horizontal momentum diffusion and are defined as

- 0 ouH 0 ouH ouH
HE =5 (2Kha—x) oK (W*W) (%30)

- 0 ovH 0 ovH OvH
HF,=—|(2K;,—— — K| —+—— 4.52
) ay( ’ay>+ax ’(ay+ax> (452

For the fast-moving external gravity waves, which are governed by the shallow
water wave Eqs. (4.46), (4.47), and (4.48), a short-time step must be used to get
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stable solutions. On the other hand, for the slow-moving internal gravity waves, a

longer time step can be used to decreasetotal computational time. Ther efore, the

computational procedure is as follows:

(1) Solve the Egs. (4.46), (4.47), and (4.48) for the external mode by fixing the terms
on the right-hand side of the Eqs. (4.47) and (4.48) in time.

(2) Solve the internal mode equations by inserting the 6(/0x and 6(/dy obtained
from the external mode after a large number of time steps, usually of the order
of 100.

(3) Update the right-hand side of Egs. (4.47) and (4.48) after the vertical structure
has been determined.

(4) Start another external mode by using the new advective and diffusive terms in
Eqgs. (4.47) and (4.48) supplied by the internal mode.

Because the truncation errors for external and internal modes are different, there
may be a slow tendency for the internal mode velocities to differ from the external
mode velocities. In order to minimize the accumulated mismatch, it is suggested the
vertical mean of the internal velocity be replaced by the external mode velocity at
every time step (Blumberg and Mellor, 1987).

4.3 AN OPERATOR-SPLITTING 3D MODEL

The operator-splitting method discussed in this section splits the momentum
equations into several simple equations in accordance with the characteristics of the
terms involved. This is done by dividing one time step into some fractional steps.
For lake flows, the most important terms in the momentum equations are the
pressure terms. The terms which often give rise to instability in calculations are the
pressure terms and advective terms. Therefore, it is reasonable to deal with the
pressure and advective fractional steps. The horizontal eddy viscosity terms, though
usually contributing little to flows, play a great role in the stability of a calculation.
Therefore, they are dealt with in the same fractional step as the advective terms.
Moreover, since the velocity gradient in the vertical direction is much larger than
that in the horizontal plane, and, the wind shear stresses and bottom friction
stresses act on the water surface and bottom as the boundary conditions, the
vertical eddy viscosity term is treated in another fractional step, along with the
Coriolis term. A time step is divided into three fractional steps. According to these
fractional steps, momentum equations are split into three parts and the best suitable
scheme is applied for each part (Shen, 1988):

oX X" X X - X* Xt X"
— = 4.53
o1 A T A M (*33)
where X expresses any dependent variable; (n+ 1) and n are the quantities at time
(n+1) At and nAt respectively; superscripts =~ and ~ indicate the intermediate
quantities. In the following, only the x-wise momentum equation and temperature
equation are illustrated.
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4.3.1 First Fractional Step
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All the advective terms and horizontal eddy viscosity terms of the momentum
equations, and all the advective terms and eddy diffusive terms of the temperature
equation are calculated in this fractional step. The Adams—Bashforth scheme is

adopted for the temporal difference.

Momentum equation

where

Fu" ou" o(uw)"  o(vu)"  o(wu)"
F' = K,—+K — av
/Av{h8x2+ "oy (6x T T )}

Temperature equation

Tn+1 - T 3 1

where

e / {(8(uT)" Lowr) | & WT)”>
AV

ox oY oz
oT" FT" 8 oT"
Ny——+Np——+—( Ny— ) Y dV
+ h8x2+ hayz +az( vaz)}

(4.54)

(4.55)

(4.56)

The Doner-cell scheme, with second-order accuracy, and the center difference
scheme are applied to advective terms and eddy viscosity terms respectively, and
thus the above equations are discretized into the following difference equations:

Momentum equation

k+1/2% . k+1/2,n
ij+1/2 /2 A k2 3 erian 1 /2=
Ar 12 =32 T

Temperature equation

Tk+1/2,n+l _ rk+1/2n 3 1
i+1/2,j+1/2 i+1/2,j+1/2 AVk+1/2,n k+1/2.n Lo gkt1/2n—1

At i+1/2j41/2 = 3 M1/ 41/2 7 5 Mit1/2,+1/2

(4.57)

(4.58)
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where
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m= l+3/2

k+1/2,n k+1/2,n
i+1/2J+1/2) AyAzi i

k+1/2,n
ij+1/2

T

k+1/2,n
H/2,j+1/2) AyAz

k+1/2,n
AXAZ 5 i

i+1/2,j—1/2 1+1/2/
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1 k—1/2.n k+1/2,n
+ N”{ Jen (Ti+l/2J+1/2 - Ti+1/2,j+1/2)
Zik1/2j+1/2

1 k+1/2.n k+3/2.n
T AL (TH—I J2+1/2 T J2,j+1 /2) AxAy
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k+1/2.0 kbl /2n , \M=it3/2 k12
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1720 Dm0 ) ij+1/2

ka1 20 ket 2 J+3/2 CALKF/2
i+1/2,j4+1° % it 1)2m0 Vh mjt1/2 i+1/2,j+1

k1/20 rkt1/2 m=j+1/2 k+1/2
+1/2.n TJr/,n Oh) AXAZJr/,n

i+1/2) 2 7 i+1/2,4+1/2,° m=j—1/2 i+1/2,)
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k+1,n mn m=k+1/2
+ i+1/2j+1/2° Ti+l/2,1'+1/2’ v

w AxAy (4.60)

|

m=k+3/2

4.3.2 Second Fractional Step

In this fractional step, the vertical eddy viscosity terms and Coriolis terms are
included. As mentioned before, the vertical eddy viscosity terms greatly influence
lake flows, and the boundary conditions at the free surface and lake bottom are
aggregated into these terms. Therefore, the Crank—Nicholson scheme is used in this
step; that is,

U —u* 1[0 ou** 0 ou* .

The Crank—Nicholson scheme is unconditionally stable and has second-order
accuracy in space. Two tri-diagonal matrices are deduced from the preceding two
equations and can be easily solved by the double-sweep method. Discretizing Eq.
(4.61), the following equation is obtained:

k+1/2,5% k+1/2% k43 /2,50 k+1/2 5%

P12 T Y1 AVkJrl/Z,n_l KKt Uijr12 ~ Hijyip
At ki+1/2 = 9 vij+1/2 AZk-H,n
ij+1/2
k412,50 k—1/2,%%
ke W12 ij+1/2
 Puij1/2 Azk,n

ij+1/2
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k+3/2% k+1/2%
I G e VB Vua
vij+1/2 AZk-H,n
ij+1/2
k+1/2,% k—1/2%

u;, —u,,
: J+1/2 J+1/2
— Kk Bt/ Wt/ AxAy

viyj+1/2 k,n
! Azijp
Kt 1/25 5 1 k+1/2n
Tt AV i) (4.62)
where
k+1/2% _  k+1/2% k+1/2,% k+1/2,% k+1/2,%
P12 = (”i+1/2,;' F Vi Ty T Ui—l/2J+1)/4 (4.63)

By rearranging the preceding equation, the following Poisson equation is obtained:

k—1/2,5%% k—+1/2,%% k+3/2,%%
—Akt1/2 ”i,/'+1//2 + Biy1)2 ”k,;-/l/z = Ciy1p2 ”i;rl//z = Diy1p2 (4.64)
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k.n
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2AZ:‘,/11/2
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KuiJ+1/2AXAyA[

k+1,n
2Azi,i+1 /2

_ k120 k+1/2%
Di1jo = AxAyAz ;105 vy )5

Ci+1/2 =

k+3/2,% k+1/2,% k+1/2,% k—1/2%
u —Uu u —Uu
+1 k1720 Yijr1 )2 W2 ek ij+1)2 ij+1/2
) viyj+1/2 k+1n vij+1/2 Jen
2 AZ Az
ij+1/2 ij+1/2
S ks1j2s | k124 Kb1/2% k12 k+1/2n
T (”i+1/z,j T 0 g U U ) A s AL (4.65)

Because of Richtmyer and Morton’s sufficient condition, which makes the round-
off error small (Roache, 1972),

A12>0
Biy12>0 (4.66)
Cry12>0 '

Biy12>0 A1 + Crpa2

Equation (4.66) is satisfied and Eq. (4.64) can be solved by the double-sweep
method.
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Eq. (4.64) can be expressed as:

k+1/2,%% k—1/2,%x%
i,;f;,_]//z = Ek+l/2 ”,-},'_‘_1//2 + Fk+1/2 (4.67)
where
A1
Eporn = (4.68)
k172 Biy12 — Crr1pEr—12
Diy12+ Cry12F 12
Fiprjp = 2T 2021 (4.69)

Biy12 — Cry10Er—1)2

In order to solve Eq. (4.67), Ex11 and Fy, i, are first calculated from the
water surface to the bottom, using Egs. (4.68) and (4.69) (it is given that
Eii12 = Fixi12 =0 at the water surface). Then, uf;rll//zz** is calculated from the

bottom to the water surface with the aid of the equation uf‘;rll’;; = 0 at the bottom.

4.3.3  Third Fractional Step

In this fractional step, the continuity equation and the pressure terms of momentum
equations are calculated; that is,

ou ov ow 0

T ta (4.70)
un+1A_l w _pio(% @)
“"Hai;”** __ piog%’c 4.72)

0= —g— %% (4.73)

Because the water stage ( is very small, the hydrostatic pressure distribution can be
linearized as

0 A[) 0
p=ni—g [ Apds—ghpi = pogz(l —p—) —o [ apd: @
z 0 z

Because the barotropic mode has a much larger propagation speed than that of the
baroclinic mode, the former is treated implicitly, in order to get a larger time step,
and the latter is calculated explicitly.
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For the continuity equation, integrated from the bottom to the water surface,

o ‘rou v
== —+—d 4.75
ot /41 (6)( + 8y) g (4.75)
If the Crank—Nicholson scheme is used, the following equation can be obtained:
észrl _ é/n 1/«: Aun+l Au" AUVH—I AV
A SRS d. 4.76
Al 2/ Ay Tax Ay Tay ) (4.76)

By differentiating Eqgs. (4.71) and (4.72) about x and y respectively, the following
equations are obtained:

out! ou** B g ¢ 82]7

— 4.77
ox ox  poJ_pox? “.77)

aanrl ov** g 4 82}7

o W potno?

(4.78)

Substituting Eqs. (4.77) and (4.78) into Eq. (4.76), the following equation yields

n+1 n 4
_ 1 S a** 8** 8}1 6}1
uz__/ (u Lo +L+L>dz

At 2 J_n\ Ox oy Ox Oy
At [F[& &
— —+—|d 4.79
"o, L (ax2+ay2> : @7

where the { at time nA¢ is used for the upper limit of the integration. By the use of
Eq. (4.74),

4 aZP aZP 4 Apn+l 52€n+1 82€n+1
et Ty — 1 — sur
/_h (ax2 " 6y2> * /_h Po ( Po ) ( o oy )dz
14 82 62 0 "
— —+— Ap"d |d. 4.80
g/h((axz - ayz) dz P ) : (450
yields and Eq. (4.79) can be presented as
_rn n+1 4 2 en+1 2 en+1
Cn+1 C _gq I_Apsur / aC +8C dz
At 2 Po _n\ 0x? 0y?

1 [ fou  ov™*  out o
—= — +— |dz — Ap! 481
2/,l(ax T Tt ay) F = At (45D
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where

n+1 gAt ¢ aZd 62 0 n+1
Apm}t =2—p0 _h{(ﬁ_‘_a—yz i Ap+ d dZ (482)

Because 6°("*!/ox? and &*¢""'/6y* are independent of the water depth z, the
following formula holds:

4 aZgl’H—l 62 gl’l-H 62€n+1 62{’!-0-1 .,
/_/1 <W + oy )dZ = (W + >(C +h) (4.83)

Therefore, Eq. (4.81) can be represented in the following form:

€n+1 _ gn At Ap'f;?l . 2Cn+1 62Cn+1
A7 59 11— o0 " +h + 22

= ; <AA;* + AA";* + AAL;: A;;) Az — Aplf! (4.84)
If the next expressions are used,
A= Aztg<l A‘f’l)@" +h) (4.85)
pret = L ]'; (A”** avr | AAL)‘: AA“Q Az — Apit! (4.86)
Equation (4.84) can be rewritten as
) e

Equation (4.87) is a Poisson equation and can be solved by various methods. In this
section, the resulting Poisson ratio of { is split into two equations and solved by the
double-sweep method:

¥ __wn 2 #n+1
(-& ,0¢
At 0x?

=0 (4.88)

e ~ AaZCn+l

_ n+1
v = FF (4.89)
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Equations (4.88) and (4.89) are discretized into the following difference equations:

Civ1y241/2 — C?+1/2J+1/2 4 {5i+3/2,;+1/2 - Zi+1/2,}'+1/2
— Aiv172j+1)2

At (Axy®
L — §i+1/2,1‘+1/2 _0 (4.90)
(Ax)
~ 1 1
§i+1/21/.+1/2n+1 — C,-+1/2,,'+1/2 A s C?:l/z,j+3/2 - (2?1/2,/‘4—1/2
At B (Ayy

Cn+l _ Cnfl
_ i+1/2,j+1/2 2i+1/2,/—1/2 :FF”+1 (491)
(Ay)

C?Ll/z 41/ is calculated from the discussed Poisson equations by the same double-
sweep method used in the second fractional step. By using C?j_’ll/z Jj+1/2» the pressure p
is calculated from Eq. (4.74).

Moreover, the following equations can be obtained by discretizing Eqs. (4.71)
and (4.72).

k124l kbl A2 {(pk,n-H 4 pht ] )AyAZk+l/2’”

ij+1/2 =W T 2_/)0 i+1/2,j+1/2 i+1/2,j+1/2 i+1/2,j+1/2
k1 et Lt 1 k+1/2.n k+1/2,n
- (Pi—1/2,7+1/2 - pi—l/2J+l/2)AyAZi—1/2J+1/2}AVi,/'+l/2 (4.92)
k12l k120 DAL (1 gnp ket Lt 1 k+1/2.0
/2 T Vg2 T g { (pi+l/2J+l/2 +pi+1/2,/‘+1/2>AXAZi+1/2,j+l/2
kon+1 k+1,n+1 k+1/2,n k+1/2,n
- (Pf+n1/2,/—1/2 - pi+1/;,/—1/2) AXAZ i }A Viii (4.93)

ufﬁl//zz’"ﬂ and vﬁll//z}”l are calculated from Egs. (4.92) and (4.93).
Finally, the continuity equation is discretized into the following difference

equation:

k+l/2,n+1A k+1/2,n+1 k+l/2,n+1A k+1/2,n+1

B T e B M2 B2 T M Zij+1/2
ir1/2j41/2 = Wit1/2j+1/2 Ax
Kt 1/241 A K+ 1/2001 k12041 5 k4172041
CUiijagn Mg T Uiy Az (4.94)
Ay '
wfjll/’;'ﬂl ) is calculated from the bottom to the water surface by the use of the

boundary condition w|poiom = 0 at the bottom.
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4.4 CONTROL VOLUME 3D MODEL (IDOR)

In this section, the following 3D numerical methods are discussed. In the
momentum equations and temperature equation, the Adams-Bashforth scheme and
leap-frog scheme for the temporal difference, and the Donor-cell scheme and
QUICK (Quadratic Upstream Interpolation for Convection Kinematics) scheme
for the advective terms are applied respectively. The pressure term is split into the
barotropic and baroclinic modes by using the hydrostatic approximation, in which
the baroclinic mode is calculated explicitly and the barotropic mode is computed by
both explicit and implicit formulas, respectively. For the convenience of discussion,
the control volume (Ax x Ay x water depth) is called column, and the control
volume (Ax x Ay x Az) is called cell. Only the difference equations of the x-wise
momentum equation, the temperature equation, and the continuity equation are
illustrated in detail, and the y-wise momentum equation is omitted because of the
symmetry (Kinoshita, 1989).

The x-wise momentum equation and temperature equation can be represented in
the following way, after integrating them over the control volume (cell):

ou
/A EdV = Uady + Up + Udiff T Uco (4.95)
v
OAT
WdV = T4+ Taav + Taier (4.96)
Ap

where AV is the volume of the cell. When the x-wise momentum equation is
discretized, the control volume (cell) should be shifted by Ax/2 in the x-direction,
while the density deficit equation is discretized on the control volume without shift
(see Fig. 4.4).

temperature equation

i { 4 J C 1 i
E—1 J Control volume of x-wise
§§ ! & momentum equation
% g\ N ] i 7/’ Control volume of
VA

E
-

-

k+2 ! 7z,

i—1 1 i+1 i+2

—tom

0 X

Fig. 4.4. Control volumes for momentum equations and temperature equation (Shen, 1991).
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4.4.1 Momentum Equation

Temporal difference

The leap-frog scheme is a widely used scheme, with conditional stability and
second-order accuracy concerning time. Because it produces numerical oscillation
with a period of 2A¢, it is necessary to improve this scheme in order to avoid the
numerical oscillation (e.g., introduce a so-called Matsuno’s scheme (Matsuno,
1966)). In this study, Matsuno’s scheme is introduced at every 6 steps for the leap-
frog scheme. The details on Matsuno’s scheme are referred to in Iwasa and Inoue
(1985) and Iwasa et al. (1983).

n+2 _ .n

u o u AVnJrl — F(n+l,n) (497)
Tn+2 _ T
TAVHJH — G(n+l,n) (498)

where F and G include the terms on the right—hand side of Eqgs. (4.95) and (4.96)
respectively.

On the other hand, the Adams-—Bashforth scheme also has second-order
accuracy in time, and has been proven to have a little weak dispersion by the
Neumann’s stability analysis (Roache, 1972), in case only advective terms exist. If
diffusive terms are involved, this scheme will be stable.

un+1 —u"
TAV" = 1.5F"' —0.5F" (4.99)
Tn+1 _T"
TAV” =1.5¢"" - 0.5¢" (4.100)

Spatial difference

The spatial difference schemes in the leap-frog scheme and the Adams—Bashforth
scheme are different. Only the spatial difference schemes of the Adams—Bashforth
method are illustrated in the following, and those of the leap-frog method are
referred to in Iwasa et al. (1983).

Advective terms. Advective terms are non-linear terms which often give rise to
many numerical stability problems. According to Neumann’s stability analysis, the
non-linear stability criterion that follows must be satisfied if advective terms are
treated explicitly:

1 1 1

maxAly [+ 5+ <
Vi) |35+ 557+ 37 S

(4.101)

where V. 1s the maximal velocity of lake flow. Donor-cell and QUICK schemes
are employed for advective terms.



4.4 Control Volume 3D Model (IDOR) 71

(i) Donor-cell scheme
The Donor-cell scheme is a second-order upstream scheme that deals with space.
The formula which expresses upwind difference is defined as

0
(at, Oy O, =5 = w2+ S il (07 = v141) (4.102)

where 0 is the parameter of upstream difference. When 0 =1, the formula
is ordinary upwind difference; if 0 =0, it becomes center difference. The
advective terms are discretized into the following formula by the use of a Donor-
cell scheme:
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v
k+/

(i1) QUICK scheme

The QUICK scheme is a third-order upwind scheme about space which evaluates
the advective terms by interpolation between three points. Compared to the Donor-
cell scheme, it not only has higher accuracy but also is more available to flows with
high Reynolds numbers. The advective terms are discretized by means of the
QUICK scheme as

i+1/2j+1/2° it 1/2,j+1/2 i+1/2,j+1/2
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As an example, only the O(uu)/0x term is illustrated in the following:
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b R 2 k)

o (2l ) ) (4109
( f:ll//zz,}i o ”ﬁll//zz,}i 1/2) _ ”ﬁllﬁf /22Jr “ZTI//ZZH

(L (G ) = L - b, 1)

+ 21_4 (“ffll,ﬁ’;/z = 2+ 2)

+ % (ufdjrll//zz’" — 2uff+11//22’n + ”ﬁ;fl/ /22,}1) } (4.106)

Pressure term. Because pressure terms are the most important in momentum
equations for lake flows, they must be carefully treated. Pressure p can be
represented as follows:

{ 4
p= [ pd=pac-21-g [ & i (4.107)
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where { is the water stage. The first part of Eq. (4.107) is the component due to the
variation in water stage that is, the barotropic component, and the second
component is due to the density variation (the baroclinic component). The term
pogz in Eq. (4.107) is independent of both x and y and does not contribute to dp/ox
and Op/ox at all. Therefore, it can be removed from the preceding equation so that
the pressure can be simplified to the following equation:

{
p=ri=g [ sp d: (4.108)

If { is treated explicitly, the calculating formula is very simple, but the Courant
stability criterion must be satisfied:

1 1 1
V 9H maxAt m‘f‘ A—y2+ A2 <1 (4.109)

where H,,., is the maximal water depth. It means a very small time step is required
and the computational time will become longer. If an implicit scheme about { is
used, it need not satisfy Eq. (4.109) so that a larger Az can be chosen. But it does
become necessary to carry out iterative calculations in order to solve the Poisson
equation concerning {, and the variations of flows with short periods cannot be
reproduced. In this section, both explicit and implicit schemes are applied.

(1) Implicit scheme

The water stage ( is represented as follows by use of weight parameter 0:

{=(1—-0)" + 00! (4.110)

and Eq. (4.108) can be discretized by substituting { into it.
& 12 12
~k > m+ N/ m+ N
p[+1/2,/+l/2 = Pogé’ - Z gApi+1/2J+1/2AZi+l/2J+l (4111)
m—1
The pressure term is expressed as:

.. 1 (1
up(l,J—i-/l,k—i- 1/2) = _[)_0{5 (P§+1/2J+1/2 +Pi$ll/21i+l/2)

k+1/n, 1

k k1 k+1/2,
AyAyzi | i — B) ( i—1/2,j+1/2 +pi—+1/2,/+1/2)AyAZi_l/zJZ—l/z} (4.112)

Equation (4.111) can be divided into explicit and implicit parts:

~k rk+1 n+1
Pivip2j+12 =P i:l/2J+1/2 + pogOC,-L/m]/z (4.113)
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where the explicit part is

1k n
Pivipjr12 = pog(l — 9)~fi+1/2J+1/2
1

k rit-1 k+1/2,n
T { (P/m 24172 TP k12,11 /z) AYAZL g2
1 k4172,
3 (I’ i—1/2j+1/2 +Pz 1/2,;+1/2) AyAz;_ 1/2,;1/2} (4.114)

The continuity equation integrated from the bottom to the water surface can be
expressed by the following equation:

. |
o @.115)

where 4, and 4, are the areas of cells in the yz plane and xz plane. @ and ¥ are
defined by the next equations.

i=(1— 0"+ ut! (4.116)

5= (1 — 0" + ! (4.117)

By using Leibnitz’s rule, Eq. (4.115) can be rewritten in the following form.

n—1 n
Ci+1/2,/+1/2 - Ci+l/2,j+l/2 ~+1/2 AZKF1/2m A
At - Z Uit1)2+1)2 1+1/2,1'+1/2/ X

~k+1/2 k+l/2n

+ Z 1,/+1/2 1,/+1/2 /A
~k+1/2 k+1/2n

- Z z+1/2,;+1 14-1/2,/+1/A

SH1/2 A K12,
+Z Vit1/2 l+1/2/n/A (4.118)

In the preceding equation, the unknown components of velocity at (n+ 1)A¢ time:
(""" and v""') are included, and they can be expressed by rewriting Eq. (4.99) as

K+1/241 skl 05 At ( A2
2

12 T Mg T i+1/2,+1/25i+1/2,j+1/2
k+1/2,n 1 k+1/2,n
— Az~ 1/2,]+1/2C7+1/2,/‘+l/2>Azz,]Jrl/Z (4.119)
where
k+1/2 k+1/2n m m—1 k+1/2.n
“zj+1/2 =) + (1.5G™ — 0.5G )At/AUi,/H/z (4.120)
and

G" = +ueo(i,j+ 1/2,k +1/2) + thaqy(i,j + 1/2,k + 1/2)
+ ugi(i,j+ 1/2,k+1/2) + u;,(i,j +1/2,k+1/2) (4.121)
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Substituting Egs. (4.119) and (4.120) into Eq. (4.118), the following Poisson
equation concerning the water stage { results:

0Ar\*
n+1 n n+1
Ciirl/z,m/z = C;‘k+l/2,j+1/2 +9 <Ax> {(’71‘+1,u+1/2 + §f+3/2,/+1/2)5i:3/2J+1/2

1
+ ijrip + C?—1/2,/+1/2)C;1I3/21j+1/2

1
~(Migrje12 + Mijrp + 2C?+1/2J+1/2)§?:1/2,;+1/2}

0Ar\* ) .
+9 Ay {(’71‘+1/2J+1 + Gi1/243/2)8041 /2432
n n+1
+ (ipryoy + Ca oy )0 21
_(”Ii+1/2J+1 + ni+1/2,i + 2C;’+1/2J+1/Z)C;?Ill/zzj-',—l/z} (4122)

where

% At k+1/2,n
Giryagtyn = Gajogrn — AxAy [AJ’ZAZI‘HJH/z

k+1/2,n xk+1/2
X{(l = Ol 3 n + 9”i+1,j+1/2}

k+1/2, k+1/2,
_ AyZAZW/;{(l —0)+AxY Az
x{(l B 6)0k+1/2,n n 00*k+1/2 }}

i+1/2,j+1 i+1/2,j+1
k+1/2, k+1/2, w412
S A AL Qo] @)

and 7 is the term resulting from the difference of > Az between columns. When the
lake bed is uneven, in order to avoid calculating the unreal flow between the cell in
the shallower column, which has reduced the lake bed, and the cell in the deeper
column which has not, 5 is introduced and defined as

Nijer = min(H; 125012, Hiv1/241/2) (4.124)

where H;_5 ;412 is the water depth from the reference plane, whose centerline is
located at {(i — 1/2)Ax, (j + 1/2)Ay}.

(i1) Explicit scheme

If the weight parameter 0 is given to be zero, { = (" is obtained from Eq. (4.110).
Therefore, the explicit scheme can be considered as one case of the implicit scheme.
Equation (4.111) can be represented, as follows, by substituting { = £" into it:

k=1
k _ n m+1/2,n m+1/2,n
Piv12j+1/2 = p09ci+1/2,j+1/2 - Z gApH—l/2J+l/2AZi+1/2J+1/2 (4.125)

m=0
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and the velocity component due to the pressure term is

u,(i,j +1/2,k +1/2)
LT 5 k+1 k+1/2,
== 2 {5 @iv12j+1/2 +pi:1/2,/+1/2)AyAZi+l/2,j’-1ﬁ-l/2
1 k k k+1/2,n
) (Pi1jajsrjn t+ pi—Jrll/2J+l/2AyAZi71/2J+1/2 (4.126)

In contrast to Eq. (4.112), all quantities in the preceding equation are already
known, so that u, can be calculated directly.

Coriolis and Diffusive Terms

The Coriolis term and diffusive terms are

.. 1 k N k N
Ueo(t,j +1/2,k +1/2) = I (Uiill//Zz,j + Ui;rll//zz,m
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m( i71/2J+1/2 - i71/21j+1/2

! k+1/2n K43 /2
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i—1/2,j+1/2

4.4.2 Equation of Temperature

As there is no pressure term in the temperature equation, the advective terms play
greater roles than those in the momentum equations and need to be carefully treated.
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Advective terms
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(4.129)

(4.130)

(4.131)



78 Three-Dimensional Circulation Models

4.4.3 Continuity Equation

The continuity equation is discretized in the control volume without shift.

uk+1/2,n+1 Azk+ 1/2,n+1
kLl |kt i Lj41/2 TR L+1/2
i+1/2j+1/2 = Wit1/2,j+1/2 Az
fe+1/2,n41 AZk+1 /2041 Dk+1 /2,41 Azk+1 /2,141
/241 TR 1/2,41 i+1/2,j i+1/2, (4.132)

k+1/27n+1A k+1/2,n
ij+1/2 Zij+1/2

w

Ay

4.4.4 Calculation Procedures

According to the treatment of the barotropic component of pressure terms, the
calculation procedures for the implicit and explicit schemes are illustrated in the
following.

Implicit scheme

1. The advective terms, diffusive terms, Coriolis terms, and the components of
pressure terms, which are not related to the water stage " ! are calculated from
the hydraulic quantities of time nAt.

2. The water stage ("' is obtained by Successive Over Relaxation (SOR) method

from Eq. (4.122).

The velocity «” "' is calculated in Eq. (4.119) and v" * ! is calculated in the same way.

4. The vertical velocity w""' is calculated in Eq. (4.132) by substituting the
obtained velocities #” "' and v""' into this equation. One of the boundary
conditions w" " ! at the bottom is given to be zero.

5. The temperature 7" ! is calculated in Eq. (4.100).

(98]

Explicit scheme

1. Because the water stage is evaluated only by the hydraulic quantities of time nAt,
the pressure terms are known. Therefore, the velocity «"*! can be calculated
from Eq. (4.119) directly and v" "' is calculated in the same way.

2. The vertical velocity w" " ! is calculated in Eq. (4.132) by using "' and v""".

3. The water stage ("' is obtained from the vertically integrated continuity
equation.

4. The temperature 7" "' is obtained from Eq. (4.100).

4.4.5 Numerical Experiments with the IDOR 3D Model

Because the flows induced by wind on a lake depend strongly on the bathymetry of
the basin and stratification, several enclosed water basins with different shapes are
adopted and the flows in non-stratified and stratified cases are analyzed separately.

Non-stratified cases
In non-stratified lakes, the horizontal circulation and vertical circulation induced by
wind are considered as the main large-scaled flows. In order to investigate these two
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flows, the numerical simulations are made in the following simplified water basins. To
reproduce the horizontal circulation, the first one has the stair distribution of water
depth in both the x-direction (longitudinal direction) and the y-direction (traverse
direction), as shown in Figure 4.5, and is called basin A. The second one, basin B,
has the stair distribution of water depth in the x-direction and uniform depth in the
y-direction (shown in Fig. 4.6) for investigating the vertical circulation (Shen, 1991).

B
B-B section
A A
L | _+1O km
-8
-~ 20km ——>
€
A-A section 0
=
Te]
~
Fig. 4.5. Sketch of simplified water basin A (Shen, 1991).
|—>B
A A T
L 4 10 km
/3
T 111
0 2 4
|_> Distance
B
20 km —>|
A-A section B-B section

Fig. 4.6. Sketch of simplified water basin B (Shen, 1991).
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Computational conditions. Water basins A and B are both divided by the grid net
whose mesh intervals are 1 km in both the x- and y-directions and 1.5 m in the vertical
direction. The parameters used in the computations are given as follows: the Coriolis
parameter f= 8.34 x 107°; the air density p, = 1.2kg/m?; the water density at 4°C
po = 1000 kg/m?; the drag coefficient at the water surface Cp, = 1.3 x 107%; the drag
coefficient at the bottom Cgz = 2.6 x 107>; the parameters of the upstream schemes
0, = 0,=0.7; and the eddy viscosity and diffusivity coefficients in the neutral state
k,=10m?/s, ko =2 x 10> m?/s, N, = 30m2/s, and N,y = 1x 10~*m?. A uniform
wind with a velocity of Sm/s is assumed to blow along the x-direction for 5 h from the
still state. The time increment is chosen as 120 s and the computational period is 24 h.
The calculations of the two cases are made by the operator-splitting method
described earlier.

Simulation results and discussions. Figure 4.7 illustrates the velocity distributions
in the surface layer of water basin A. At the onset of blowing wind, the current
along the wind direction occurs in the shore areas, whereas no current of
predominant direction could be observed in the central area (see Figure 4.7a). When
the wind continues to blow, the current along the wind direction in the shore areas
gradually develops and the current in the opposite direction appears in the central
area, that is, horizontal circulation occurs (see Fig. 4.7b). The mechanism of this
phenomena can be explained as follows. At the onset of the wind, the water surface
is set up by the wind. In the shore areas, the wind shear stress is larger than the
pressure gradient due to the set-up of the water surface and therefore the current
along the wind direction is observed but as the water depth in the central area is
large and the pressure gradient is very close to the wind shear stress, the current
with predominant direction cannot be observed. If the wind continues to blow, the
wind shear stress is still larger than the pressure gradient in the shore areas and
therefore, the leeward current becomes gradually stronger, whereas the pressure
gradient in the central area is larger than the wind stress, and thus the windward
current occurs.

It is known from Figures 4.7¢c and 4.7d that the attenuation of velocity is faster in
the shore areas after the wind calms. The reason for this is the wind shear stresses
balance with the sum of the pressure gradient and bottom friction after the velocity
becomes large (steady state). If the pressure gradient along the shore areas is small,
the influence of bottom friction in the shore areas is large.

Figure 4.8 shows the velocity distributions in the central longitudinal section of
water basin A. In this figure, it can be seen that the velocity in the opposite direction
to the wind is small near the water surface while the wind is blowing, and the
velocities of all layers become gradually uniform after the wind stops. However, the
vertical circulation in the longitudinal section cannot be observed. It is because the
wind shear stresses act on the water surface while the wind blows, the current in the
opposite direction to the wind makes the surface layer small.

Figures 4.9 and 4.10 illustrate the velocity distributions in the surface layer and
longitudinal section of the water basin B, respectively. It is known from these
figures that horizontal circulation does not occur in water basin B and only vertical
circulation appears. This is because the cross-section is a rectangle and the pressure
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(a) 1 hour after wind blew

N — -
P ——
1 v /7 e e ———y g
L O A A |
LI ) L T O T 2 S T I
trrtt T s s oo s 22 " " "1 (b) 3 hours after wind blew
Y omem B e o wh e e M e WA
P I I S R A LY S U U 1
I L T L T T L [ U |
T e e e i et it i Yt i ]
>N T —:4

L g s S

P v o o e e~ g

A T B Y Y]
L T T T . P v S e = = a
trYT s s s s s s e o= %t (0) 2 hours after wind stopped
P U U S U O T |
T S Y T
6 % 2 5 8 8 % 2 mom e a4 s oe vl
- -+ VA |
B e Tt e A ———
A A I T T S I N
- . . 1 . . . - - . - - e e e - L .
. L T P L A
W % % e 4 4 e e e = = = « s = s v oa} (d)7hours after wind stopped
* e e s s s s s 80w CRC R U B ]
L . A I e |
- - m® m m o S e s e Sa S s as - v L
s o e e s s s G M e ww S A W - +} 10cm/s
—_—

Fig. 4.7. Velocity distributions in the surface layer of water basin A (a) 1h after wind blew;
(b) 3h after wind blew; (c) 2h after wind stopped; (d) 7h after wind stopped (Shen, 1991).

gradient is uniform in the same cross section; therefore, the amplitude and direction
of the velocity in the horizontal plane are almost the same. Moreover, because the
wind stress is larger than the pressure gradient in the upper layers, current along the
wind direction occurs. Whereas the wind stress is small in the lower layers, the
pressure gradient is larger than the wind stress, thus, the backward current appears.
Therefore, on the basis of this discussion it can be concluded that large-scaled flows
in lakes without stratification are strongly dependent on the shapes of the lakes.
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10 hours after wind stopped

Fig. 4.8. Velocity distributions in the central longitudinal section of water basin A (Shen,
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Fig. 4.9. Velocity distributions in the surface layer of water basin B (Shen, 1991).

Stratified cases

In stratified lakes, the periodic variations of temperature near the metalimnion,
which are called internal waves, are caused by the variations of wind or air pressure.
In internal waves, various modes with periods from several minutes to several days
are included. The periods of internal waves are determined by the shape, scale, and
metalimnion’s position in the lake, and their amplitudes depend mainly on the wind
shear stress and blowing time. In order to investigate internal waves, which are
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Fig. 4.10. Velocity distributions in the longitudinal section of water basin B (Shen, 1991).
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Fig. 4.11. Sketch of simplified water basin C (Shen, 1991).

presented by the temperature variations of the metalimnion, considerable water
depth is required. Moreover, since the periods of internal waves possibly coincide
with the period of the topographic wave and are difficult to separate, a water basin
with a uniform distribution of water depth is to be adopted to remove the
topographic wave. This water basin is assumed to be square and 40 m in water
depth, as shown in Figure 4.11, and is later called water basin C.

Computational conditions. Water basin C is divided by a grid system whose mesh
intervals are 1.5 km in both the x- and y-directions and 2 m in the vertical direction.
It is assumed that uniform west wind with a velocity of Sm/s blows for 12h from
the still state and a continuously varying temperature distribution (whose
metalimnion is located at the water depth 15m at the initial state) is given.

The time increment given is 60 s and the computational period is 120 h. The other
parameters are the same as in water basins A and B and the operator-splitting
method is adopted (Shen, 1991).

Simulation results and discussions. Figure 4.12 illustrates the longitudinal (x-
direction) distribution of the water stage and the isotherm near the metalimnion. It
is observed from this figure that the water surface is set up by the wind, and the
water stage rises at the leeward side, whereas the metalimnion rises at the windward
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Fig. 4.12. Longitudinal distributions of the water stage and the isotherms near the
metalimnion (dotted line: water stage, solid line: isothermal line) (Shen, 1991).
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Fig. 4.13. Temporal variations of the temperature near the metalimnion (Shen, 1991).

side. Also in this figure, the amplitude of the metalimnion variation amounts to 3 m,
whereas the oscillation amplitude of the water surface is less than 1 cm. Figure 4.13
shows the temporal variations of temperature near the metalimnion of points S1,
S2, S3, and S4 which are located in the shore area (as shown in Fig. 4.11). In this



4.4 Control Volume 3D Model (IDOR) 85

figure, it is observed that a large rise of temperature happens due to wind stoppage
at the right side of the wind blowing direction, and this water front of high
temperature propagates counterclockwise with time around the water basin. Again,
from the horizontal plane distributions of temperature near the metalimnion,
shown in Figure 4.14, it is verified that the portion with high temperature (the light
tone in the figure) rotates counterclockwise along the shore areas. The propagation
period of the large internal wave in the shore areas due to the stopping of wind is
estimated to be about 80 h from these figures.

According to the internal Kelvin wave theory, which uses the two-layer model by
Csanady (1967, 1975), the internal Rossby radius R, of the water basin and the

Fig. 4.14. Horizontal plane distributions of temperature near the metalimnion (Shen, 1991).
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speed of internal Kelvin wave ¢ are given by the following formulas:

1 py—p ghila
Ry =~ 4.133
TS Py hi+h ( )
P2 —p1 ghih
Py hi+h ( )

where p; and p, are the densities of the upper layer and lower layer, respectively,
and /1; and /i, are the water depths of the upper layer and lower layer, respectively.
From the distribution of water temperature obtained by this calculation, if the
values p; = 998.234kg/m> (corresponding to 20°C), p, = 999.848 kg/m> (corre-
sponding to 8°C), h;=15m, and /h, =25m are given, R, =4.61km and
¢ = 0.385m/s are calculated. Furthermore, the equivalent radius is

ro = 122239 1693 (k) (4.135)
T

Because R, < <r,, the internal Kelvin wave may appear obvious, and its period is
calculated as:

2nr, 271 x 16.93 x 10°
T = e T IVET T = 76.8 (hours) (4.136)

Since the period of the internal Kelvin wave is almost the same as the period of the
internal wave obtained in the aforementioned calculation, the internal wave along
the shore areas observed in Figure 4.14 can be considered as the internal Kelvin
wave.

Figure 4.15 shows the temporal variations of the velocities at the surface layer
and metalimnion near the shore area. From this figure, it is known that the velocity
of the surface layer in the shore area due to the internal Kelvin wave is large, while

Velocity (cm/s)

0 24 48 72 96 120
Time (hour)

Fig. 4.15. Temporal variations of the velocity component u at the surface layer and
metalimnion at point S1 (solid line: velocity at the surface layer, dotted line: velocity at the
metalimnion (Shen, 1991)).
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Fig. 4.17. Vertical distribution of the velocity along the shore at S1 (Shen, 1991).
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the velocity below the metalimnion is small. This large velocity at the surface layer
appears only in shore areas and is widely known as coastal jet flow. It can be
observed in Figure 4.16 that the coastal jet flow along the shore rotates

counterclockwise with the internal Kelvin wave.

Figure 4.17 is the vertical distribution of the velocity along the shore at the point
S1. It can be seen from this figure that the velocity of the lower layers is in the
opposite direction to that of the upper layers.
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Fig. 4.18. Temporal variations of the water temperature near the metalimnion in the central
area [dotted line: water stage, solid line: temperature (Shen, 1991)].

Figure 4.18 illustrates the temporal variation of the water temperature near the
metalimnion in the central area of the water basin. It is known from this figure that
the variation with a period of 17h is included in the water temperature variation,
which is a little shorter than the inertia period T, = 2p/f = 20.88 h. According to
the Poincaré wave theory using the two-layer model (Csanady, 1967), the frequency
of the internal Poincaré wave, which is predominant in the central area, is given by

n*nc?

=1+ 7 n=13,...) (4.137)

where b is the width of the water basin and ¢ is the same as the speed of the internal
Kelvin wave. The basic mode is presented in the following formula by setting n = 1
in Eq. (4.137):

2.2
=1 (4.138)

If » =30km and ¢ = 0.383 m/s are substituted into the preceding formula,
o1 =9.28 x 107" (I/sec)

is calculated and the period of internal Poincaré wave’s basic mode is,

T = 2 = 18.8 (hours)
g

Because this value is approximately in agreement with the period of water
temperature variation observed in Figure 4.18, the variation of temperature in the
figure can be considered to result from the internal Poincaré wave. Furthermore,
Figure 4.16 shows that the flow direction in the central area is rotating clockwise.
Therefore, it is concluded that this rotating flow, like the variation of water
temperature, results from the internal Poincaré wave. Figure 4.19, which shows the
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Fig. 4.19. Velocity component, u, at the surface layer and metalimnion in the control area
(dotted line: velocity near the metalimnion; solid line: velocity at the surface layer (Shen, 1991)).

velocity distributions at the surface layer and metalimnion in the central area, also
verifies this conclusion.

Figure 4.20 is the velocity distribution of the surface layer while the wind is
blowing. Reviewing this figure, it is known that the flow direction at the surface
layer in the central area is gradually rotating clockwise as the wind blows. If the
wind continues to blow, the flow tends to arrive at a steady state and the direction
of the flow is almost at right angles to the wind direction. The Coriolis force acting
on the flow parallel to the wind and the pressure gradient perpendicular to the wind
arrives at the geostrophic balance, and the pressure gradient perpendicular to the
wind in the central area is nearly zero. Therefore, the current along the wind
direction barely occurs. The Coriolis force acting on the flow perpendicular to the
wind is balanced by the sum of the pressure gradient parallel to the wind and the
wind stress, and since the pressure gradient in the central area is small, a large
flow perpendicular to the wind occurs. As a result, it is concluded that the wind
stresses are in balance with the Ekman transport in the central area. Moreover,
this flow is attenuating gradually while rotating clockwise after the wind has
stopped (see Fig. 4.16).

Figure 4.21 is the velocity distribution of the surface layer, in case there is no
stratification and the other conditions are the same as the previous case. In this case,
when the wind continues to blow, the flow in the central area will rotate
approximately 45° right to the leeward direction as explained by the Ekman spiral
and eventually arrive at a steady state. However, it never rotates over 45° as in the
stratification case. Therefore, it is interesting that the characteristics of the Ekman
spiral are obviously different depending on the existence of stratification.
Furthermore, the velocity direction begins to rotate clockwise after the wind has
stopped, just like in the case of stratification. Its rotating period is much longer,
however, than the stratification case. It can be verified by Eq. (4.137) that ¢ = /gH
is the speed of the barotropic wave. If H = 40 m is given, obviously,

n?n?c?

- > f?
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Fig. 4.22. Velocity distributions of the surface layer without the Coriolis force (Shen, 1991).

Therefore, the Coriolis force gives little influence to the period of seiche in the case
of non-stratification. Moreover, by comparing Figures 4.16 and 4.21, it is known
that the velocity of the surface layer in the case of stratification is larger than that in
the case of non-stratification, and the velocity of attenuation in the former is later
than that in the latter after the wind has stopped. This verifies that the internal wave
is predominant in the case of stratification.

When the Coriolis factor, f, is assumed to be zero, in other words, the influence
of the earth’s rotation is not taken into account, the velocity distributions are
illustrated in Figure 4.22. Obviously, the rotation of flow cannot be observed and
the velocity direction turns over regularly due to seiche. The turning period is longer
than that of the case considering the Coriolis force as shown in Eq. (4.137).
Therefore, it is concluded from the earlier discussions that the internal Kelvin wave
and Poincaré wave results from Coriolis force.

4.5 FULLY THREE-DIMENSIONAL MODEL

For the large-scale flows in most lakes and reservoirs, the vertical accelerations
are usually much smaller than the horizontal ones because of the extreme
discrepancy in scale between the vertical and horizontal directions. Therefore, the
approximation of hydrostatic pressure is available for the numerical analysis of lake
or reservoir flows. It is possible, however, that vertical acceleration has a value of
the same order as horizontal ones locally. For instance, destratification of lake
water in the winter, upwelling and downwelling of metalimnion in lakes, and
aeration or the intake of water from deep layers in reservoirs are examples when
such a situation arises. In these cases, the approximation of hydrostatic pressure
loses its applicability and it becomes necessary to solve the momentum equation of
vertical direction. The purpose of this section is to develop a fully 3D model, which
does not use the approximation of hydrostatic pressure, and test a numerical
simulation in a simplified water basin.
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4.5.1 Approximation of Hydrostatic Pressure

In the previous models, the approximation of hydrostatic pressure was used. As
mentioned earlier, this approximation is conditionally appropriate and its
availability is investigated by the analysis of order magnitude as follows.

If the pressure p is divided into two parts, one of which is the hydrostatic
pressure p; and another is the dynamic pressure p,; (p = p,+ pa), the momentum
equation of vertical direction can be represented as:

ow  o(uw) o(vw) n olww) 1 %

ot oy oy oz p 0z
0 ow 0 ow 0 ow
— | K, =— — | K,— — [ K.— 4.1
+6x< 6x>+8y( y@y)+6z( '62) (4.139)

Moreover, it is assumed that the representative scale of the flows in the horizontal
plane is L, the representative scale in the depth-wise direction is H and the
representative velocity in the horizontal plane is U. The next formula results from
the continuity equation.

that is,

H?*dU
Ap, ~ O —— 4.14
Dy 0( 17 dt) (4.140)

If L > H, Ap;— 0, which implies that the approximation of hydrostatic pressure is
appropriate. Since the flows of different scales have different values of L and H, and
the scales of the large-scaled flows in a lake are of the same order as the scale of the
lake basin (L > H), the approximation of hydrostatic pressure is applicable to the
large-scaled flows in lakes. On the other hand, for the smaller scale flows or local
flows, the values of L are not necessarily much larger than H, therefore the
availability of the hydrostatic approximation is questionable and it becomes
necessary to solve the vertical momentum equation in these cases.

4.5.2  Procedure of Numerical Calculation

By using the Boussinesq approximation and assuming that density is a function of
temperature only, the governing equations of the fully 3D model, which include the
continuity equation, momentum equations of horizontal plane, temperature
equation, and the momentum equation of vertical direction are obtained.

Substituting the formula p = p,+ p  into the momentum equations, the following
equations yield:

Wt —ut 1 dpy

= 4.141
At po Ox ( )
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(4.142)

(4.143)

(4.144)

(4.145)

(4.146)

By substituting p = p,;/p, into Eqs. (4.144)—(4.146) and discretizing them, the
following difference equations are obtained:

KH1/201 k20l k120l k1204
Uirjr12 ~ Ui Vivi2ja1 ~ Vir1/2
+
Ax Ay
kn+l k+1 a+1
Wir1/2j4172 = Wir1/2j+1)2
+ /24 1{ o /2j+1/ -0
AZ + / n
i+1/2,j+1/2
Sk 1/204] k1 /2]
uk+1/2,n+1 _ uk+1/2,* _ PiA3/2j+41/2 i+1/2,j+1/2 At
it1j+1/2 = Uit )2 Ax
~k+1/2n+1  ~k+1/2n+1
k1201 _ 120 Pivippesn T P
ir1/2j41 = Vig1/2,41 Ay
Sk—1/2041  kt1/2n41
o] _ ok Poliv12412 7 Pi1j2jt1)2 Af
/2412 T Witt /202 77, A

i+1/2j41)2

(4.147)

(4.148)

(4.149)

(4.150)
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Although substituting Eqs. (4.148), (4.149) and (4.150) into Eq. (4.147), Eq. (4.147)
may not be satisfactory, if the residual is defined as:

k+1/2,n+1 k+1/2,n+1 k+1/2,n+1 k+1/2,n+1

Uitrjr12 ~ Ui Vit1/2j+1 — Vit1/24
R= +
Ax Ay
k,n+1 _ Wk+],n+]
i+1/2,j+1/2 i+1/2,j+1/2
A k+1/2,n
i+1/2j+1/2

w

n (4.151)

R can be made to approach zero by adjusting the dynamic pressure p for all cells. The
problem is that if the pressure of one cell is adjusted, the pressures of others will change
(Hirt and Cook, 1972). Therefore, it is necessary to carry out iterative calculations over
all the cells in order to make all of them satisfy Eq. (4.147). The following Poisson
equation can be obtained by substituting Eqs. (4.148)+(4.150) into Eq. (4.147):

k+1/2%  k+1/2% k+1/2%  k+1/2% k% kL
itjt/2 T Mgt Vot T Vi) +Wi+1/2,/+1/2 Wit1/2,j+1/2
Ax Ay Azk+l/2,n
i+1/2,j+1/2
_ AL o Ll 2kl el 2]
T (A \Di3241)2 Piv1/2j+172 T Pit1/2j+41)2

At [ 12041 12l kb2
+ (Ay)? (pi+3/2J+1/2 = 2D a2 +1’1’+1/2J71/2)

Po At i’ﬁ_ 11//22,}ﬁ>2 —p fj 11//22,}“;;}2
P Azﬁll//zz,}il /2 Az [2j+1/2

P At ﬁﬁ— 11//22,}1%2 - ﬁﬁf/jﬁg}z
p Azﬁll/zz,}il/z Az

(4.152)

The preceding equation can be represented as:

~k+1/2,n+1 ~k+1/2,n+1 ~k+1/2,n+1

Ak+1/2pi+3/2,/+1/2 + Ak+1/2pi—l/2,j+l/2 + Bk+1/2pi+1/2,/+3/2
kt1/2041 k—1/2,141

+ Biv1)2Pi1 212+ Crr12Di1 njr )2

K3/2nk] k1241
+ Dk+1/2pif1//211+1:/2 _Pijl//z,/lr;/z ~ Epy1p =0 (4.153)

where

At
A2 = (AT)Q/F/(-H/z

At
By = W/Fk+l/2

At

Po
k+1/2,n k+1,n
P Azi+1/2,/'+1/2AZi+1/2,/‘+1/2

Cig1p = /Fii1)2 (4.154a)
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At

Po
Diyr)2 = o AT A /Fri1p2
Zir1/2j41/25% i1 /25412
k+1/2,% k+1/2% k+1/2,% k+1/2,%
E ) Y T Wi Vi T Vi
k+1/2 = A k+1/2,n + Ay
Ziv1/2,+1/2
kx k+1,%
Witty2je172 ~ Wirt/2,41)2
+ k+1/2n /Fk+1/2
Az, J2j+1/2
2At 2At
F =|ll+—+—-
e ( Ax? Ay
0 2At
+-o— ey > (4.154b)
P Azi+l/2,j+l/2AZi+l/2,j+1/2

This Poisson equation is solved by the SOR method. In solving the equation, the
gradient of dynamic pressure p, is given as zero at the bottom, shore and water
surface of the water basin. After ﬁfﬁl/zz‘/’ﬂlz is calculated, velocities " !, v" ™! and
w" "1 can be obtained from Egs. (4.148), (4.149), and (4.150). If an explicit scheme
about water stage { is used, ( is calculated from the vertically integrated continuity
equation. In order to carry out this calculation, it is necessary to solve ™, v*, and
w* in advance. As in the plane multi-layer model, the Adams-Bashforth scheme is
adopted for the temporal difference, the Donor-cell scheme for the advective terms,
the central difference scheme for the diffusive terms, and the explicit and implicit
schemes for the hydrostatic pressure (concerning water state {). The discretizations
of the continuity equation, momentum equations of horizontal plane, and the
temperature equation, will not be described here, and are referred to in the plane
multi-layer model. Only the discretization of the vertical momentum equation is
illustrated here.

When discretizing the vertical momentum equation, the control volume is shifted
by Az/2 along the z-direction, and w™ is calculated in the following equation:

k, _ kn k.n
Wi+*l/2,j+l = Wil (—Wadv + Wayr)At/A Vi+1/2,j+1/2 (4.155)

Define the following formula:

m=i

i 0
(1, Wiy, O)"=F = UWiy2 + 5 [ul(w; — wit1) (4.156)

The advective terms are then discretized into the following equation by the use of
the Donor-cell scheme:

M/El.dv(i + 1/29] + 1/25 k)

__( k+1/2.n k+1/2n )"1:”3/2 k+1/2,n P

S w AyAz T
i+1,+1/2> Wmj1/20 Vh meit1/2 YAZii1j+1)2
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= (e Wi n0) T Apcl 2
m=i+3/2

+ (i o)
()

S G ) M T

S G ) M T
G h>"i;jiili§ w2
(R o) axadd

=120 L \mke3

( Vir1/25+1720 Wiki/2,+1/2> v>m:k+1/2 xAy

(W e W o e)z_z:j j AxAy (4.157)

The diffusive terms are discretized in the following difference equation:
wairr(i +1/2,j + 1/2,k)
=K [ALX { (Wﬁr_;//zz}il 2T WZ_ 11//22j11 /2) AJ’AZ;:ll,/‘/er,ln /2/ 2
+ (Wﬁsl//z%}'nﬂ/z - Wﬁll//zz,}il /2)A Aszllfff/z/ 2

k—1/2, k—1/2, k—1/2,
— (14)i+1/2,/.r_'~_1/2—w. " )A Az /2

i+1/2,j+1/2 iji/2
k+1/2, k+1/2, k+1/2.n
- (Wi+1/2,1‘11/2 - Wi—l/2,jil/2)AyAZi,j+1/2 /2} (4.158a)
1 k—1/2n k—1/2.n k=1/2.n
+ Ay { <Wi+l/2J+3/2 - Wi+1/2,/'+1/2) AXAZH—I/Z,/—H/z
k+1/2, k+1,n k+1/2,
+ (Wi+l/2,ii3/2 - Wi+1/2,j+l/2)AXAZerl/Z,/il/z
k—1/2,n k—1/2,n k—1/2,n
- (Wi+1/2,j+1/2 - Wi+1/2,,>1/2)A Ay /2

i+1/2,—1/2 k+1/2.n k+1/2.n
_(Wi+1/2:;+1/2 - Wi1/2,]'71/2)A ALYy /2}]

Kv k—1, k,
+ PN <Wi+1 /ZJ+1 2 wil J2j+1 /2>AxAy
i1/2,)41)2
K,

k+1/2n k+1n
AZerl 12j+1/2%ik1/2,j41/2

AxAy (4.158b)
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Obviously, w in the surface cells cannot be obtained from the earlier formulas. They
are calculated in the continuity equation,

x+1/2,n+1AZs+l/2,n _ u‘v+l/2,n+]AZ‘v+l/2,n

WS_»,_]’,,_;,_] _ WS’n_H _ i+1,j+1/2 i+1,j+1/2 ij+1/2 ij+1/2
i+1/2+1/2 = Wit1/2,j+1)2 Ax

s+l/2,n+lA s+1/2,n+1

it1/2j41 BZir1/2,j+1

Ay

s+1/2,n41 4 _s+1/2n
172 ATy (4.159)

where s denotes variables of the surface cells.

Therefore, the procedure for fully 3D calculation can be summarized as follows

(Shen et al., 1990b):

1. u* and v* are calculated by the same procedure as in the plane multi-layer
model.

2. The vertical velocity w* is obtained from Eq. (4.155).

3. The Poisson equation concerning the dynamic pressure, Eq. (4.152), is solved by
the SOR method. The velocities «"*', v"*! and w""' are obtained by
substituting the calculated value of p into Egs. (4.148)—(4.150) and w""' of
surface cells is calculated in Eq. (4.159).

4. In the explicit scheme case concerning the barotropic component, the water stage
{ is calculated from the vertically integrated continuity equation. The procedure
is slightly modified for the implicit scheme case.

5. The temperature is calculated in the equation of temperature.

4.5.3  Numerical Example

As described in the last subsection, the fully 3D model needs to not only solve the
momentum equation of vertical direction, but also carry out iterative calculations
about the cell, in order to make all cells satisfy the continuity equation. Therefore,
longer computational time and larger computer memory capacity are required in
comparison to the plane multi-layer model. For this reason, it is neither economical
nor necessary to apply the fully 3D model to some lakes. Usually, the model is only
used in the subdomain of a lake, where the water movements in the vertical direction
are predominant and the hydrostatic approximation is not available. Naturally,
there is a problem specifying the open boundary conditions if only a portion of a
lake is treated. Since the objective of this section is not to discuss the treatment of
open boundary conditions, but to develop a fully 3D model, a simple, small water
basin is assumed and the whole water basin is adopted as the computational domain.

For this example, an enclosed water basin with a vertical non-uniform
temperature distribution is chosen. By drawing the water from deep layers through
a pipe, by pumps, the warm water from the surface layer is pulled down to the lower
layers and a vertical circulation is created in order to improve the water quality of
the basin (see Fig. 4.23). A square water basin with uniform water depth is assumed,
and its side length and water depth are given as 20 and 10 m, respectively. The pipe
is assumed to be a square one. A square pipe may be rare, in which case, a
cylindrical coordinate system is recommended. Another assumption is that the
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Fig. 4.23. Mechanism sketch (Shen, 1991).
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Fig. 4.24. Initial distribution of the temperature (Shen, 1991).

water drawn up by the pipe is not brought back into the basin. This is to take into
account the withdrawal of water which remains a difficult problem.

The computational domain is divided by the grid system, with the mesh intervals
Ax = Ay = Az = 1 m so that 400 columns and 4000 cells are generated. The initial
condition, shown in Figure 4.24 is a still state (the initial pressure distribution is the
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Fig. 4.25. Drawing discharge through the pipe (Shen, 1991).

hydrostatic pressure distribution) with a linear stratification. The drawing discharge
of the pipe is shown in Figure 4.25. The time increment is chosen as 0.05s for the
explicit scheme and 0.5s for the implicit scheme, and the computational period is
3 min. The turbulence closure conditions are specified in the same way as in Chapter
3 and the eddy viscosity coefficients and eddy diffusivity coefficients of three
directions are given as K, = K,, = 0.05 m?/s, K.o = 0.01 m?/s, N, = Ny = 0.03m?/s,
N_.o = 0.00l m/s, in consideration of the mesh sizes. Because the computational
domain is small, the Coriolis terms can be ignored. The other parameters used are
mentioned in the last section.

Figure 4.26 illustrates the velocity vector distributions of the A—A vertical section.
This figure shows that the velocity of water movement gradually becomes larger with
time and finally arrives at a steady state. Moreover, the water of the upper layers
moves to the lower layers, due to withdrawal, and a vertical circulation occurs.
Because the drawing discharge is very small compared to the water volume of the
whole water basin, only the velocity near the mouth of the drawing pipe is large, and a
large water circulation covering the whole water basin does not appear. If the
discharge of drawing increases, a larger vertical circulation is expected to occur. The
problem is that because the water withdrawn through the pipe is not moved back into
the water basin, a large drawing discharge will result in rapid drop of the water surface
and, therefore, a computation for long periods cannot be carried out. Figure 4.27
shows the temperature distribution of the A—A cross section. In this figure, the
temperature near the drawing mouth is lower than that of the surroundings, which
means that the cooler water in the deep layer is withdrawn by the pipe.

Figure 4.28 expresses the temporal variations of u# and w at the point near the
pipe mouth. In this figure, u and w increase gradually with the increase in drawing
discharge (Fig. 4.25) and reach steady state at some time #;. However, the time #; to
reach steady state is a little later than that of the drawing discharge. Although the
water stage is gradually falling down because the water is being withdrawn, the
water volume of the basin is large, and therefore, the falling of the stage is very
small during the computational period. That is to say, the falling of the water stage
will greatly influence the flows in the water basin, and thus the flows can reach a
steady state if the computational period is not too long.
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Fig. 4.26. Velocity distributions in A—A section (Shen, 1991).
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Fig. 4.27. Temperature distribution in A—A section (Shen, 1991).

Figure 4.29 shows the vertical distributions of the dynamic pressure p, near the
drawing pipe at different times. This figure shows that the dynamic pressure near
the drawing mouth gradually decreases with time. Because the pressures near the
drawing mouth are lower than those of the surroundings, the surrounding water is
absorbed into the pipe. Figure 4.30 shows the contour lines of dynamic pressure p,
in the A—A section, in which the decrease in pressure near the drawing mouth can be
verified. In the approximation of hydrostatic pressure, the pressure falling near the
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Fig. 4.28. Temporal variations of the velocities near the pipe mouth (Shen, 1991).
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Fig. 4.29. Vertical distributions of the p, near the pipe (Shen, 1991).

Fig. 4.30. Contour lines of the p; in A—A section (Shen, 1991).
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drawing mouth cannot be calculated, and hence the water being concentrated near
the drawing mouth cannot be reproduced. On the other hand, in view of the
numerical calculation, the vertical velocities are calculated from the continuity
equation by assuming the vertical velocity at the bottom to be zero. Therefore, the
velocity at the drawing mouth becomes an excess boundary condition and the
continuity equation in the cell close to the drawing mouth is not satisfied by the
plane multi-layer model. Therefore, it is almost impossible to treat this kind of flow
by using the plane multi-layer model which includes the approximation of
hydrostatic pressure.

In the fully 3D model, the treatment of the barotropic component is the most
important factor in the stability of calculation, as in the plane multi-layer model.
Even if an implicit scheme is adopted for the barotropic component, the time
increment At is limited by the stability condition wAt/Az<1 due to the vertical
advective term. Furthermore, because the vertical momentum equation has to be
solved in the fully 3D model and the iterative calculation must be made on all the
cells instead of the columns, the CPU time of the fully 3D model is much larger than
that of the plane multi-layer model.

4.6 LARGE EDDY SIMULATION MODEL
4.6.1 An Application of the LES Model

In this section, Lake Biwa is employed as the computational domain, with the aim
of evaluating the applicability of the Large Eddy Simulation Model (LES) model to
an actual lake (Iwasa and Inoue, 1989). The whole lake is divided into mesh
intervals Ax =Ay = 1km in the horizontal plane and Az =2.5m at depths
shallower than 50m and Az = 10m at depths deeper than 50m in the vertical
direction. For simplicity, no inflow or outflow rivers are taken into account and the
heat exchanges at the water surface are also ignored. At the initial condition, the
lake is assumed to be in a still state, and a metalimnion with a temperature
difference of 7°C is located at a depth of 15m. A constant southwestern wind with
the velocity of 5m/s is assumed to blow for 12h. The results obtained by the
numerical simulation are those under a calm condition after the wind has stopped.
Reference point B and section A—A in Lake Biwa are illustrated in Figure 4.31.

4.6.2 Comparison of LES and Non-LES Analysis

Figure 4.32 illustrates the velocity distributions in the surface layer at different
times calculated from LES and non-LES analysis, respectively. From these figures,
it can be seen that there is almost no difference between the velocities obtained from
the two analyses. The LES analysis gives slightly faster flows and the difference in
velocity gradually becomes large with passing time.

This small difference can be explained as follows: When the wind is blowing, the
wind shear stresses act on the water surface and the mean flow component induced
by the wind stress is much larger than the turbulence component, thus the eddy



4.6 Large Eddy Simulation Model 103

Fig. 4.31. Point B and section A—A in Lake Biwa (Shen, 1991).

viscosity contributes very little. Hence, there is no significant difference between the
results of the two analyses, which are different in the treatment of eddy viscosity.
On the other hand, after the wind has calmed, the mean flow component gradually
attenuates and the weight of the turbulence component increases relatively.
Therefore, the difference between the results of these two analyses diminishes.

The values of eddy viscosity coefficients used in the non-LES analysis are 30 m?/s
in the horizontal plane and 0.01 m? in the depth-wise direction. These values are
commonly adopted in the numerical simulations of Lake Biwa, and are
considerably larger than those used in the LES analysis. Therefore, non-LES
analysis shows faster momentum transfer than LES analysis. However, very little
difference between these two analyses gives less significance in viscous actions to the
numerical simulation. Furthermore, as the wind blows, the current along the wind
direction gradually becomes stronger, and, finally, arrives at a steady state in the
results of both analyses. After the wind has stopped, the current in the central area
of the north basin rotates clockwise with time. The rotation shown in Figure 4.32
results from the inertia oscillations.

Figure 4.33 shows the velocity distributions at 20-m depths below the
metalimnion. General hydraulic characteristics obtained in both analyses are similar
to those at the lake surface, with not much difference between the two analyses due
to the small velocities. The directions of current in this layer are approximately
opposite to those in the surface layer. Moreover, after the wind calms, an area of
large velocity appears in the north edge, and it rotates counterclockwise along the
west shore with time, possibly as a result of the internal Kelvin wave.
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Fig. 4.32. Velocity distributions in the surface layer at different times (Shen, 1991).

The distributions of the velocity and temperature in section A—A are shown in
Figure 4.34. No great difference between the LES analysis and the non-LES
analysis can be observed in this figure. A circulation in the vertical plane induced by
the wind can be seen, which gradually decreases with time, after calming. The
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inclined metalimnion at 10 h is reversed in phase compared with that at 48 h, which
does not result from the x-wise internal seiche in the A—A section but from the
rotational Kelvin wave.

Figure 4.35 illustrates the temperature distributions of the eighth layer. In this
figure, no significant difference can be observed, and the light tone expresses the

48 hours
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Fig. 4.35. Temperature distributions in the eighth layer (Shen, 1991).
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area of high water temperature where the metalimnion is falling down. It can be
seen that the metalimnion oscillates while rotating counterclockwise after the wind
calms down.

Figure 4.36 is the vertical eddy viscosity v,” in the third layer (5.0—7.5m in depth)
at point B. It is obvious that the vertical eddy viscosity v, increases with the
initiation of wind blowing and conversely decreases with the disappearing of the
lake flows after calming. Being in the order of 10~*m?/s, the value of v,” is relatively
small compared to the vertical eddy viscosity used in the non-LES analysis. This is
the reason why the velocity calculated in the LES analysis is slightly smaller than
that of the non-LES analysis.

The depth-wise distribution of the water temperature, v,* and v,” (R;) (modified
v, by the Richardson number) at the same point B obtained from the LES analysis,
is illustrated in Figure 4.37. At the initial onset of the wind blowing, the values of v,”
and v,"(R;) at the water surface are large. As the wind continues to blow, the v,” and
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Fig. 4.36. Temporal variations of v} in the third layer at point B (Shen, 1991).
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Fig. 4.37. Depth-wise distributions of the water temperature, v! and v} (R;) at point B (Shen,
1991).
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v,'(R)) in deep areas become gradually large. This is because a large velocity
gradient in the vertical direction occurs near the water surface and gradually
transmits to deeper areas. The value of v,” near the depth of 15m in the metalimnion
is large because of the large depth-wise gradient of velocity. The value of v,°(R)) is
very small. However, because the depth-wise gradient of water temperature is large
and the velocity gradient near the metalimnion, large Richardson numbers are
calculated. The values of v,” and v,"(R;) at the water depth below 50 m are relatively
large. The reason is that the thickness of the mesh at the water depth below 50 m is
10m, which is four times the mesh thickness at depths shallower than 50m;
therefore, large v,’ are calculated. From this figure, it is also observed that the
vertical eddy viscosity v,” is in the order of 10~*m?/s and decreases with time.
Finally, it is also observed from the vertical distribution of water temperature in
Figure 4.37 that the stratification is gradually smoothed because of the internal heat
exchanges.

Although the large-scaled flows in lakes could be reproduced by the use of a LES
model, there are several problems with the application of a LES model to lakes.

Firstly, it is not obvious whether the approximation of hydrostatic pressure is
valid or not for the large eddy components of flows dealt within LES analysis.
Although Bedford (1981) discussed this by making the governing equations
dimensionless, the influences of depth-wise accelerations are not disclosed. Another
problem with the approximation of hydrostatic pressure is that it is not clear as to
how much influence it gives to the modelling of the sub-grid scale component. The
only solution to the problem is to clarify the significance of making Eq. (2.53)
dimensionless and approximating Eq. (2.53) by Eq. (2.54).

Secondly, in modelling the sub-grid scale component, the filter width is expressed
by the mesh sizes as in Egs. (2.55) and (2.58). When using LES, the filter width must
correspond to the spatial scales of turbulence possibly expressed by Egs. (2.50) and
(2.51). In other words, the mesh sizes must be equal to the scales of turbulence and
the LES analysis is expected to provide the physical evidence for the selection of the
mesh size. A similar conclusion can be obtained for the temporal difference
increment. However, this calculation is not referred to in the discussion. A review of
the results obtained by LES analysis must be made in view of turbulent theory. In
this study, the mesh sizes are taken as 1km in the horizontal plane, which is too
large for a LES model; in other words, if a too large mesh size is chosen, the LES
model will lose its applicability in a strict sense. But small mesh sizes will result in
enormous computations, which is one of the difficulties with the application of LES
models to lakes. Moreover, it is also necessary to examine in terms of LES theory,
the validity of the extreme difference of the mesh sizes between the horizontal plane
and the depth-wise direction.

Finally, the sub-grid scale component is modelled by using eddy viscosity in LES
analysis. This coefficient, defined as a variable dependent on the flow field, is
calculated as a function of time and space in the computation process. Therefore,
the difference between LES analysis and non-LES analysis is only connected to the
difference in values of eddy viscosity between the two models (if only reviewing the
computational results). Further discussion about the basic characteristics of LES
analysis are required.



4.6 Large Eddy Simulation Model 109

For the large-scaled components of flows in lakes, no significant difference
between the results of a LES model and a non-LES model was observed; whereas,
there were some differences for the small scale components. Moreover, several
prominent flows in Lake Biwa, which have been verified by non-LES models, were
also reproduced by the LES model. Therefore, it is possible to simulate the flows in
lakes by a LES model as well as a non-LES model. The CPU time consumed in the
LES analysis was only 1.1-1.2 times than that in the non-LES analysis (constant
eddy viscosity/diffusivity model) under the same computational conditions. In this
sense, the LES model is more favourable than other turbulence models whose CPU
times become much longer due to the increase in the number of equations.
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Chapter 5

QUASI-THREE-DIMENSIONAL CIRCULATION MODELS

The depth-averaged 2D model, which is obtained by integrating the 3D model
equations over the depth, has been extensively used for simulating storm surges,
long-term circulation, and pollutant transport in lakes and estuaries. It is relatively
easy to use and may provide reasonable results when the detailed flow in the third
dimension is relatively unimportant.

Problems were noticed by many researchers when conventional 2D models were
used for simulating wind-induced circulation (Wang and O’Connor, 1975;
Ramming and Kowalik, 1980; Koutitas and Gousidou-Koutita, 1986; Simons
and Schertzer, 1989b; Schwab et al., 1989). Simons and Schertzer (1989a, b) pointed
out that the conventional 2D circulation models underestimated the observed
current speeds and wind-induced water set-up. From a practical viewpoint, the
simulation results may be adjusted by increasing the wind-drag coefficient or
decreasing the bottom friction coefficient. From a physical viewpoint, however, the
underestimation is highly significant. The researchers have acknowledged the
physically unrealistic formulation of bottom friction terms in the 2D model.
However, no solution to this problem has been proposed in their work. Efforts have
been undertaken to improve the formulation of bottom friction stress and depth-
averaged advective terms by introducing momentum dispersion into advective
terms, and relating the bottom friction stress to the wind shear stress (Wang and
O’Connor, 1975; Ramming and Kowalik, 1980). The results are not entirely
satisfactory, because of the lack of a sound physical mechanism. Koutitas and
Gousidou-Koutita (1986) pointed out that velocity profiles develop in an entirely
different way for the two cases of tidal and wind-induced circulation. They
developed the “quasi-depth-varying” (Q3D) model to account for the variation in
horizontal velocity in the vertical. Then, the bottom shear stress was properly
evaluated, using the given velocity profile. However, the parabolic profile used in
the model is only consistent with a laminar type flow, and is not adequate for
turbulent shear-induced flow (Tsanis, 1986).

Fully 3D models (Sheng, 1983; Swanson, 1986; Lynch and Werner, 1991; Shen,
1991; Wu, 1993) can be employed to solve these problems. However, the
conventional depth-averaged circulation model is still used either as an external
model in external-internal mode-splitting 3D models (Simons, 1980; Sheng, 1983,
1990; Swanson, 1986), or as the first module in vertical/horizontal splitting (VHS)
3D models (Lardner and Cekirge, 1988; Al-Rabeh and Gunay, 1992). As a result, a
new 2D model or an efficient 3D model needs to be developed.

An efficient 3D wind-induced model (VHI3D) was developed by Wu and Tsanis
(1995b). The model was based on previous theoretical analysis, and validated with
field and laboratory measurements of turbulent shear-induced flows. In contrast to
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the VHS approach, which was developed in recent years (Lardner and Cekirge,
1988), the vertical/horizontal integrating (VHI) approach integrates the depth-
averaged velocity and vertical-velocity structure. To evaluate the VHI3D model, the
analytical solutions and laboratory data (Tsuruya et al., 1985) of wind-induced
countercurrent flow was used. The model was compared with the depth-averaged
2D, the quasi-three-dimensional model (Q3D) developed by Koutitas and
Gousidou-Koutita (1986), and the multi-layered 3D model by Wu (1993).

51 Q3D MODEL*

In order to incorporate the effects of non-uniform velocity in the vertical plane,
Koutitas and Gousidou-Koutita (1986) developed a Q3D wind-driven circulation
model. This model is presented here with some modifications. A parabolic velocity
distribution in the z-direction is assumed:

u(z) = o>+ fz+7y (5.1)

where z is measured upward from the lake bottom for the convenience of model
derivation. The wind shear stress at the free water surface, no-slip condition at the
bottom, and the definition of depth-averaged velocities are all used to determine the
coefficients o, f5, y, Then the velocity profiles are obtained as a function of depth-
mean velocity and wind shear stress:

3 REF N2 1t h z 3 Ty h
(4=l O 52
“ ( 2U+4pK)<h) +pKUh+<2 4K> (52)

_ 3 3ty W\ /2\2 1y hz 3 Ty h
”‘( 2V+4pK><h) +pKUh+<2V+p4KU (53)

In order to be consistent with the parabolic velocity distribution, a constant
viscosity in the vertical direction is assumed. The depth-averaged advective terms
are evaluated through Egs. (5.2) and (5.3). For example,

1 ["ou oU o\ OU
=U— 2 ALNE Bt 4
h ox dz==U 0x * (0 U+ 40pKv) 0x (54

The bottom friction shear stresses are evaluated as

Toe = 37 \/rﬂ osﬁ (5.5)

“Sections in this Chapter are reproduced from Wu and Tsanis (1995b), copyright with
permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5
1GB, UK.
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Ty/p — 0.5 (5.6)

Thy = 3) ph

h

Finally, the 2D model, improved with respect to horizontal momentum dispersion
and bottom friction for wind-driven circulation, becomes

oU o \ oU b\ U
—+(U+O.2U+ Lo >—+(V+O.2V+ = )—
.

ot 40pK, /) O0x 40pK,) oy
aC — Thx
oV Toxh 8V Toh \ OV
— 2 2 J —_—
81+<U+0 U+40K>a (V—I—O V+4OpK>6y
6{ — Thy
U g5+ (58)

o, OHU oHV

5.9
6t+ ox T oy =0 (59

The model also permits the computation of current patterns at different depths. The
surface velocity is calculated through Egs. (5.2) and (5.3) by setting z = 0:

Toch sy Tyh

=1.5U
t +4pKU ’ 4pK,

(5.10)

5.2 VERTICAL EDDY VISCOSITY DISTRIBUTION

For a typical lake with a horizontal length scale of 10°m and a velocity length
scale of 10~ m/s, the Reynolds number is in the order of 10°. As a result, the flow in
lakes and coastal waters is predominantly turbulent. Compared to various models
such as the mixing length hypothesis model (Reid, 1957), the K—e model (Svensson,
1978), the K—L model (Koutitas and O’Connor, 1980), and the eddy viscosity
model (Pearce and Cooper, 1981; Tsanis, 1986), a simple parabolic distribution of
eddy viscosity can produce a velocity profile close to that predicted by the
sophisticated closure models discussed. The use of a parabolic distribution of eddy
viscosity results in a double-logarithmic velocity distribution in the vertical plane
(Spillane and Hess, 1978; Tsuruya et al., 1985; Tsanis, 1989). Including the viscous
sub-layer thickness, the eddy viscosity distribution can be expressed as (Tsanis,
1989):

K, :AZS (z 4 2p)(zs + I — 2) (5.11)
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Fig. 5.1. Distributions of vertical eddy viscosity used in the VHI3D model and one in the
coastal 3D circulation models (Reprinted from Wu and Tsanis (1995b), copyright with kind
permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5
1GB,UK).

In the preceding equation, A is a constant to characterize the intensity of the
turbulence and is a function of the Reynolds number based on the surface velocity.
By matching the experimental profiles with the theoretical predictions, and taking
into account the variation of the surface velocity ratio, it was found that, for
R, = 10° to 10°, / varies from 0.2 to 0.5 and the average value is about 0.35 (Tsanis,
1989). z, and z, are characteristic lengths determined at the bottom z = 0 and at the
surface z = & (h is the water depth), respectively. They are a relative measure of the
thickness of the viscous sublayers. It was found by Van Dorn (1953) that the
bottom characteristic length z,;, = z,/h is of the order of 107°—10~*, while Reid
(1957) determined that z, = z/h has a value around 1/3000. From experimental
data, Tsanis (1989) found that the characteristic lengths zy, and z,;, have values of
2.2x 107* and 0.6 x 10~*. u* is the surface shear velocity which can be evaluated
from the wind stress. A systematic study on the sensitivities of the parameters A, z,
and z,, on velocity profile can be found in Tsanis (1989).

As shown in Figure 5.1, the parabolic distribution of the vertical eddy viscosity is
very similar to that widely used in coastal 3D circulation models (Davies, 1980a, b;
Heaps, 1987; Al-Rabeh and Gunay, 1992). The latter has a top layer of depth 4, in
which viscosity N increases from N, to Ny, and a bottom layer of depth /,, in which
N decreases from N; to N,. In between the two layers, /N is uniform over the depth.
Detailed values of &, h,, Ny, and N, can be found in Davies (1980a, b).

5.3 VERTICAL-HORIZONTAL INTEGRATING (VHI) 3D MODEL

5.3.1 Model Development

Considering only the u-component equation, it is recognized from a number of
experimental results that the velocity profile for a wind-driven countercurrent flow
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is well approximated by a double-logarithmic structure: one for the surface region
and one for the bottom part of the return flow (Spillane and Hess, 1978; Tsuruya et
al., 1985; Tsanis, 1989). In general, the profile can be described as (Wu and Tsanis,
1995b):

u=a1n<1+5)+b1n(1— : >+c (5.12)
Zg zp+h

For the convenience of model derivation, the vertical coordinates are taken in
such a way that the bottom is zero. The following conditions are used to determine
the above coefficients a, b, c.

Condition 1
At the free surface (z = h), the shear stress is evaluated by the wind velocity:

ou

VA ]::/1 = Ty, Ty = PaCD W| W| (513)
oz

Condition 2
At the bottom (z = 0)

Ul._g =0 (5.14)

Condition 3
The depth-averaged velocity definition

1 H
ﬁ/o udz=U (5.15)

These three conditions form an algebraic system involving the three coefficients in
Eq. (5.12). The solution is

c=0 (5.16)
a=a U+ au? (5.17)
b=b U+ byt (5.18)

In the preceding solution, the following notation is introduced in order to simplify
the expressions:
a1 =—py/(P1g — q1P2)s @2 = 4/ (P14 — q1P2),

(5.19)
by =pi /(P19 — q1p2), by = —q,/(P19> — 41P2)
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where,
D1 = Az (5.20)
P2 = AZsn/Zbh (5.21)
¢y = (1 +zg)[In(1 + 1/zg) — 1] + zg (5.22)
q> = —zpn[In(zpn) — In(1 + zp) — 1] = (1 + zpp) (5.23)

Therefore, the velocities at any depth can be expressed in terms of the depth-
averaged velocity and the wind stress acting on the surface.

u=(ayU+ ax)n (1 n f) + (b1 U + byu*)ln (1 - ZL) (5.24)
K b

+h

Ay

Suppose that the wind shear stress at the surface can be divided into two
components in the x and y directions, such that

Toe = pCoWar\ /| Wit W5 1y = p,CoW [ Wi+ W, 1=/} +13, (525)

Define
Ty = Tox/Ts, Ty = Tsy/Ts (5.26)

Then, the general profiles for both velocity components # and v are written as

u=(a1U + arty)ln (1 n Z> 4+ (B U + brt)ln <1 - Z) (5.27)
Zg zy+h
z z

v=(V+ azry)ln<1 + Z_\> + BV + bz‘cy)ln(l — . h) (5.28)

The bottom shear stress can then be evaluated using these velocity profiles:

ou
0z z=0

= 21/ pzen(zon + D@1 U + axty) [z — b1 U + bot) [(zon + D] (5.29)

e = K,

@
0z z=0

=T/ P zoi(zan + D@1V + a2ty) /2y — (D1 V 4 baty) [(zon + 1] (5.30)

Thy = KU
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Substituting the discussed velocity profiles into the advective terms and then depth
averaging leads to

2 oy
ﬁ u— dz_(XlU—i-erY)— (5.3
oy
H/ v— dz—(X1V+er})— (5.32)
H
H/ u@ dz—(XlU—i—erg)—V (5.33)
D)
H/ v— dz = (X1V+X2‘cy) (5.34)
where
X = a1, +2a1bi 1, + b5 (5.35)
Xo = aarIy + (axby + a1by)I, + bi1bo I3 (5.36)
and
5 1 1
IL=(+zgp)|In“(14+— | =2In{1+— ] +2| —2zy (5.37)
Zsh Zsh
1 1 1 3,
12 = E anSh + E \/1(1n Zsh + 1) +- Zsh (538)
_ 2 Zbh _ Zbh
I3 = —z (1n T2, 2 ln1 7 + 2) +2 (5.39)

Based on these expressions, the new 2D circulation model for wind-driven flows
is described by the following (Wu and Tsanis, 1995b):

%—U+(X1U+Xzfx)—+(X1V+X2T}) (ZZTIZJ-F(?;TZ])
—fV - gag ; o (5.40)
%-i-(XlU—i-er\) +(X1V+er})6V+Ah(82V+82V>
ot Oy oxr 0y
—fU — gg—i pHT”y (5.41)

o ©oHU oHV

— 42
8t+ ox T oy =0 (542)
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5.3.2  Characteristics of the VHI3D Model

When one first glances at the model equations, the VHI3D model seems to be

lengthy and complicated. But, in fact, the model equations only involve a handful of

constants and coefficients, and their forms do not differ significantly from the 2D
model. The calculation procedure is as follows (Wu and Tsanis, 1995b):

(1) Specify the viscous sub-layer thicknesses z,,, zp;, and A in the eddy viscosity
distribution. Input the wind velocity components and depth data and all the
model parameters, such as wind-drag coefficient, time step, grid size, Coriolis
parameters, etc.

(2) Calculate py, p», q1 and ¢», ay, a», by, and b, to determine the profile and bottom
shear stress terms, and I}, I, Iz, X, and X, to evaluate the advective terms.

(3) Employ a finite difference scheme (Wu, 1993) to numerically solve the model
equations in a staggered-grid system. The predicted variables are two depth-
averaged velocity components U, V, and the water elevation {. The scheme is
stable under the Courant-Friedrichs-Levy (CFL) condition.

(4) Calculate the horizontal velocities at any depth by simply employing the
velocity profile, Eqgs. (5.27) and (5.28), and by using the depth-averaged
velocity, wind shear stress and ay, a», by, and b,. If needed, the vertical velocity
component w can be calculated from the original continuity equation. It is
significant that the 3D current structure can easily be calculated at almost no
additional computer cost.

5.3.3  Model Verifications with Analytical and Laboratory Data

Comparisons with analytical solutions

The shear-induced countercurrent flow is a steady wind-driven flow in a closed
channel, subjected to a uniform longitudinal wind stress. The wind acting on the
water body surface causes a drift in the direction it is blowing, while there is a
bottom return flow in the opposite direction, resulting in a zero mass flux. Because
this simple problem includes the turbulent mixing mechanism for geophysical wind-
driven flows, it has been widely studied in field studies, laboratory experiments, and
numerical models.

In this example, the channel is 9100 m long and 10 m deep. The horizontal grid
size is 1 m and the vertical grid is (of) 0.1 m. The time step of 1s is used. In the fully
3D model, 9 layers are used in the vertical for laminar type flow, while 15 uneven
layers (enhanced both near the surface and the bottom, in order to simulate the
sharp velocity gradient close to the interface) are used for turbulent flow. The
horizontal eddy viscosity K}, of 0.1 m?/s is used in all models. For the vertical eddy
viscosity, the constant A for the Q3D model is taken as 0.04; and A for the VHI3D
model is 0.35. zy, and z;;, are 0.00022 and 0.00014, respectively.

The simulated results from the Q3D and 3D models, using the same constant
vertical viscosity coefficient, are in good agreement with the analytical solutions, as
shown in Figure 5.2(a). Figure 5.2(b) shows the predictions by the 3D and VHI3D
models in the case of turbulent flow, together with the analytical solutions. It is
observed that the model predictions are in good agreement with the analytical
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Fig. 5.2. Comparison of simulations with analytical solutions: (a) for laminar flow by the 3D
and Q3D models; (b) for turbulent flow by the 3D and VHI3D models (Reprinted from Wu
and Tsanis (1995b), copyright with kind permission from Elsevier Science Ltd., The
Boulevard, Langford Lane, Kidlington OX5 1GB, UK).

solutions, and the VHI3D model is as capable as the 3D model in simulating the
vertical current structure.

Verification with laboratory data

The experimental results of Tsuruya et al. (1985) are used for comparisons between
the 3D and VHI3D models. As shown in Figure 5.3, the channel depth is 0.15m and
the length is 22m long. The wind velocity is taken as 6.8 m/s, which is between the
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Fig. 5.3. Normalized velocity profile—calibration of the VHI3D, Q3D, and 3D models with
the experimental data by Tsuruya et al. (1985) (Reprinted from Wu and Tsanis (1995b),
copyright with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK).

Table 5.1. Experimental results (Tsuruya et al., 1985) and simulations by 3D and VHI3D
models (Wu and Tsanis, 1995b).

Quantity Test 1 Test 2 3D VHI3D
Depth H (m) 0.15 0.15 0.15 0.15
Wind velocity W (m/s) 6.73 6.90 6.80 6.80
Surface shear velocity U*, (cm/s) 0.815 0.835 0.823 0.823
Surface velocity ug (cm/s) 10.7 12.15 11.79 11.55
Reynolds number Ry=ush/v 16050 18225 17685 17325
Normalized surface ug/u* 12.74 14.55 14.32 14.32
Velocity Z,,, (mm) 0.25 0.36 0.31 0.33

Absolute roughness

two wind conditions (6.73 and 6.90 m/s) in the experiments. The surface velocity (u,),
normalized surface velocity, and absolute roughness, both from the experiments and
model simulations by the VHI3D and 3D models, are presented in Table 5.1. The
simulated velocity profiles by the 3D and VHI3D models, normalized by the surface
shear velocity (u*,), are presented in Figure 5.3, together with the experimental results
and the prediction of the Q3D model. It is observed that the model simulations are
close to the experiment’s range, indicating a good agreement between the model and
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experimental results. The logarithmic structure is found near both the surface and the
bottom, reflecting the impact of boundary layers.

A better representation of the velocity profile uses the terms of the coordinates of
the “smooth” inner law of velocity distribution, relative to either the surface or the
bottom (Tsanis, 1986; Andreasson, 1991). In Figure 5.4(a), curve (A) represents the
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Fig. 5.4. “Smooth” inner law of velocity distribution of the experimental data by Tsuruya et
al. (1985) and the model predictions by the VHI3D and 3D models: (a) relative to the surface
interface; and (b) relative to the bottom (Reprinted from Wu and Tsanis (1995b), copyright
with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington
OXS5 1GB, UK).
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viscous sub-layer portion of the velocity profile,

us—u _ (h—z)uj

" (5.43)
u v

and curve (B), corresponding to the logarithmic portion of the velocity profile for
hydrodynamically smooth conditions, is described by,

U — U (h — 2)u}

= 5.75 log =+ 6.0 (5.44)

s

The curves labeled C; and C, represent the curves from the experimental results
(Tsuruya et al., 1985) with Reynolds numbers of 16,050 and 18,225, respectively.
These curves, as described by,

Bt 57510g

U

h _ *
=2 L g5 575 10gRy, (5.45)
v

are parallel to curve (B), and lie below curve (B) by an amount equal to the
roughness-induced velocity reduction. This value is proportional to the roughness
Reynolds number, or von Karman number Ry, = u*,Z,,, /v, where v is the water
viscosity and Z,,, is the absolute roughness of the wall (Schlichting, 1968). The
roughness length Z,,, can then be calculated from R,,,. Both data and simulations
are seen to be in very good agreement with the firmly established law for
hydrodynamically “smooth” conditions in fully developed turbulence. The
simulations are in good agreement with the experimental data in both wind
conditions.

Similar presentations for near-bottom currents are plotted in inner law
coordinates relative to the bottom, as shown in Figure 5.4(b). It is found that the
linearity for model results (from the bottom x = z(u*,)/v=0.3 to x =150 in
Figure 5.4(b)) is better than that for experimental data, indicating that well-
developed return currents have been achieved in models.

Sensitivity study of parameters
The choice of parameters is not unique. They need to be calibrated in model
applications. A study is performed to examine the sensitivities of three parameters
in the vertical eddy viscosity distribution on the simulated velocity profile. A 6.8 m/s
wind is applied to the channel used in Tsuruya et al. (1985). The tests are designed
in such a way that in each test only one parameter is changed, with five different
values, while the other two remain the same. For the purpose of comparison, the
experimental data by Tsuruya et al. (1985) are also presented. It is found that the
simulated surface velocity and velocity profile with parameters A = 0.35,
zg, = 0.00022, and z;;, = 0.00014 are in good agreement with the experimental data.
Figure 5.5(a) presents the sensitivity of the results for 4 of 0.20, 0.30, 0.35, 0.40,
and 0.50 (zy, = 0.00022 and z,;, = 0.00014). Because 4 is the constant characterizing
the intensity of the turbulence, it is not surprising that higher velocities (both drift
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Fig. 5.5. Sensitivities of parameters in the vertical eddy viscosity distribution on the
simulated velocity profile. (a) For various /A(set zy, = 0.00022, z,, = 0.00014). The velocities
are normalized by the surface shear velocity u*; (b) For various 4, zy,, and z;,. The velocities
are normalized by the surface velocity u,. Symbols refer to the experimental data by Tsuruya
et al. (1985) (Reprinted from Wu and Tsanis (1995b), copyright with kind permission from
Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, UK).

and return currents) are obtained for a smaller . When eddy viscosity is decreased,
the internal shear stress and, consequently, the turbulence, is decreased. Therefore,
the drift and return flows are increased. When A becomes bigger, the velocities
become smaller.
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Physically, both the surface and bottom characteristic lengths zgy and z,
decrease, or velocity gradients increase with increasing Reynolds number or
increasing A. The surface viscous sub-layer is thinner than the bottom viscous sub-
layer, that is, zy is larger than z,,. However, there is little knowledge on the
relationship between the two characteristic lengths. Tsanis (1989) tested different
relationships and found that the change in the relationship influences mainly the
return portion of the flow. z, and z,, are about the same order of magnitude. Based
on these considerations, another test is undertaken by changing / and zy, and z,
(set zy, = zp,). Figure 5.5(b) shows the simulated velocity profiles for A = 0.60, 0.35,
0.25, 0.175, 0.125 and zy, = z,, = 0.000001, 0.0001, 0.001, 0.01, and 0.02. The
velocities are normalized with respect to the surface velocities to clearly show the
velocity gradients near the surface and bottom. It is observed that a higher velocity
gradient is presented both near the surface and bottom under a smaller zy, and z,
and a larger A. This effect is more significant near the surface than near the bottom.
The effect of these parameters on the current is less significant in the middle region
(out of the surface and bottom boundary layers) than in the boundary layers.

5.3.4 Model Comparison in a Simplified Basin

Computational conditions

A 2D rectangular basin is employed to examine the model response in the presence
of the wind forcing. As shown in Figure 5.6, the basin is square, with a side of
10 km. It is shallow near the north and south shores and gradually increases from 5
to 15m in the central region. The basin is uniform in the west-east direction, which
is suitable for investigating the effect of topography on the circulation pattern. A

—_—

Wind

10 km

a 10 km 5m

Fig. 5.6. A simplified test basin and its topography, used for model comparison. The basin is
uniform along the x-direction and varied in the y-direction (Reprinted from Wu and Tsanis
(1995b), copyright with kind permission from Elsevier Science Ltd., The Boulevard,
Langford Lane, Kidlington OX5 1GB, UK).
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uniform 10 m/s west wind is applied in the test. The grid size of 500 m and time step
of 20 s is used in all models. Twelve layers, with enhanced resolution near both the
surface and bottom are used in the multi-layered, 3D model in order to obtain a
good velocity profile in the vertical plane. A = 0.35, zy;, = z;, = 0.002 are used in the
VHI3D model in the simulations.

Simulated results and model comparison
The steady depth-averaged circulation patterns, as shown in Figure 5.7, predicted
by the 2D, Q3D, VHI3D, and 3D models are similar. The strong current (about
10 cm/s) appears along the wind direction in the shallow shores, while, in the central
deep basin, the current is in the opposite direction. It produces two symmetric gyres
in the basin, one clockwise and another counterclockwise. This is due to the
topography of the basin (Csanady, 1982). The surface drift is important in the study
of surface oil spills and wave—current interactions.

Although it is very difficult to measure the surface drift in lakes or oceans, many
laboratory experiments have been conducted to measure this velocity. The
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Fig. 5.7. Depth-averaged circulation patterns simulated by the 2D, Q3D, 3D, and VHI3D
models. A 10 m/s west wind is applied and steady state of current is presented. (a) 2D (depth-
averaged); (b) Q3D (depth-averaged); (c) 3D (depth-averaged); (d) VHI3D (depth-averaged)
(Reprinted from Wu and Tsanis (1995b), copyright with kind permission from Elsevier
Science Ltd., The Boulevard, Langford Lane, Kidlington 0X5 1GB, UK).
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commonly accepted value of the ratio of water surface velocity to wind velocity is
about 0.3 (Wu, 1975). A 10 m/s wind, according to Wu (1975), produces a surface
drift of 30 cm/s. Figures 5.8(a), (b), and (c), show the surface velocity predicted by
the models. Obviously, no solution can be obtained from the 2D model. The
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Fig. 5.8. The simulated surface and near-bottom circulation patterns simulated by the Q3D,
3D, and VHI3D models. A 10m/s west wind is applied and steady state of current is
presented. (a) Q3D (surace); (b) 3D (surface); (¢) VHI3D (surface); (d) Q3D (near bottom);
(e) 3D (near bottom); (f) VHI3D (near bottom) (Reprinted from Wu and Tsanis (1995b),
copyright with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 1GB, UK).
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currents predicted by the VHI3D and 3D models are almost exactly the same, about
27-30 cm/s in the same direction with the wind. The currents predicted by the Q3D
model are about 15-17 cm/s in the shallow shore, while it is only 1-3cm/s in the
central deep basin. The near bottom velocity becomes very crucial in suspended
solid transport models because the re-suspension rate is largely dependent on
the near bottom shear stress, and, thus, the bottom velocity. The circulation
patterns at the first layer near the bottom (e.g., ¢ =0.02) are illustrated in
Figures 5.8(¢), (f), and (g). The circulation patterns are similar to the Q3D, 3D, and
VHI3D models. However, the magnitude in the Q3D model is smaller than in the
3D and VHI3D models. The bottom current has the same direction as the wind in
the shallow shores, except in the corners. This difference is due to the lateral
boundaries. It has an opposite direction to the wind in the central deep basin.
The vertical current structure is illustrated in Figure 5.9. The velocity
components u and v at two locations, A and B (see Fig. 5.6), are included. The v
component is uniform because a west wind is applied. In the shallow shores,
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Fig. 5.9. Vertical profiles of horizontal velocity at points A and B simulated by the Q3D, 3D,
and VHI3D models. A 10m/s west wind is applied and steady state of current is presented
(Reprinted from Wu and Tsanis (1995b), copyright with kind permission from Elsevier
Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, UK).
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presented by point A, there is no return flow in the lower layers, and the current is
along the wind direction in the whole depth. In the deep basin, presented by point
B, there is a return flow opposite to the wind. The prediction by the Q3D model is a
parabolic profile, nearly linear and decreasing from the surface to the bottom in the
shallow shore. The prediction of the VHI3D is very close to that of the 3D model;
both have a double-logarithmic profile. The velocity distributions near the surface
and bottom are well simulated. Although both VHI3D and 3D models simulate the
current structure well, a high-resolution grid for the vertical in the 3D model must
be used (Wu, 1993), while there are no layers applied to the VHI3D model. The
current, at any depth and at any location, can be directly calculated with little
computational work. In contrast, the multi-layered 3D model current outputs are
only made at those depths where the vertical layer is assigned.

Figure 5.10 shows the set-up in section a—a (see Fig. 5.6). The water goes down
about 1 cm in the upwind west shore, and rises about 1cm in the downwind east
shore. The set-up predicted by the 2D model is smaller than that of the other three
models. However, the set-up predicted by the Q3D model is larger than that of
the VHI3D and 3D models. From a numerical viewpoint, these differences can be
adjusted. For example, by decreasing the bottom friction coefficients, the
set-up becomes higher. From a physical viewpoint, however, the differences are
highly significant and depend largely on the different formulations of the bottom
shear stress. Supposing that steady state is reached and the Coriolis force and
advective terms are ignored, the set-up between the two locations (A{) can be
calculated by

Al =— (13— 1) (5.46)
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Fig. 5.10. The simulated wind set-up along a—a section (see Fig. 5.5) simulated by the 2D,
Q3D, VHI3D, and 3D models. A 10 m/s west wind is applied and steady state of current is
presented (Reprinted from Wu and Tsanis (1995b), copyright with kind permission from
Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB, UK).
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where H is the effective depth in the set-up line (separated by a length L),
determined by the topography. Therefore, for a given surface stress, which is
determined by the wind velocity and wind drag coefficient, the set-up only depends
on the formulation of bottom shear stress 7,. Underestimation of bottom stress will
result in overestimation of the wind set-up, and vice versa.

In the Q3D and VHI3D models, the bottom shear stress is evaluated using this
formula based on the velocity profile, while, in the 3D model, it is calculated from
the velocity at the first layer from the bottom. The conventional 2D model,
however, computes the bottom stress based on the depth-averaged velocity, by
using either the quadratic law (Leendertse, 1967) or the linear relationship (Simons,
1980, 1985; Schwab, 1983). The direction of the depth-averaged currents is not
always the same as the current near the bottom. The depth-averaged velocity is
usually larger than the bottom velocity. As a result, the bottom shear stresses are
overestimated; then, the set-up is underestimated. In the Q3D model, the bottom
shear stress is underestimated because the steep velocity gradient could not be well
simulated; due to the parabolic velocity profile used. Therefore, the wind set-up
predicted by this model is higher than the one for the VHI3D or 3D models.

Another important observation that should be emphasized is the computational
efficiency of these models. Assuming the computational time (CPU) for the 2D
model (2.1 min for 24 h simulation in SPARC station 10) as one unit, then the times
for the Q3D, VHI3D, and 3D models are 1.5, 1.8, and 12 units, respectively. The
VHI3D model takes the same order of time as the 2D model, while significantly less
time than the fully 3D model.
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Chapter 6

PARTICLE TRAJECTORY MODELS AND POLLUTANT
TRANSPORT MODELS

6.1 PARTICLE TRAJECTORY MODELS

Determining pollutant transport or powerless vessel movement in marine and
lake environments is important in assessing damages, due to oil spills, or in vessel
rescue emergencies. Experiments using drogue and satellite drifters have been
employed recently to determine the current structure in lakes (Murthy et al., 1985;
Wu et al., 1987; Tsanis, 1989; Boyce and Chiocchio, 1991). After the current field
has been obtained by the circulation model, it is a straightforward process to
formulate a particle trajectory prediction model.

6.1.1 A Second-Order Lagrangian Trajectory Model

The equations governing the current-induced particle motions are

19).4 oY

—_— = U D — = V 6.1
S = Ule ) o=y (6.)
where X and Y are the particle’s coordinates, and U and V are the depth-averaged
velocity components. A second-order finite difference scheme can be applied to

numerically integrate the preceding equations (Bennett and Clites, 1987). This
scheme is given by

1
Xn-H - X" + U(Xn, Yn)Al‘i‘EaaU(Xn-H —X”)Al
X
10U
+o— (Y™ — YMAr (6.2)
2 0y

10V
Yn+1 — Yn 4 V(Xn, Yn)At+§a_(Xn+l _ Xn)At
X

+ 16—V(Y”+1 — Y")At (6.3)
2 0y

The values of the velocities U and V and their derivatives at time level n are

computed using a bilinear interpolation scheme, as shown in Figure 6.1. They are

computed in each mesh from the values of u and v at the four corner points of the

grid square in which the particles begin the time step. The slipping factor (resistance
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Fig. 6.1. A bilinear interpolation scheme for the particle trajectory prediction model (Wu,
1993).
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to the water) and/or windage factor (resistance to the wind) may be considered in
the individual application.

6.1.2 A Random-Walk Approach

It is assumed in Figure 6.1 trajectory prediction model that the particle follows the
current and its trajectory is determined uniquely by the current velocity. However,
the particle trajectories are not uniquely defined by the local velocity field calculated
by the numerical model and may be affected by the turbulence and diffusion due to
the sub-grid scale processes, which are not simulated in the circulation model. The
simulated trajectories in the earlier section can be considered the centroid of a
diffusive path or cloud. The dispersion can be simulated by a Monte-Carlo random-
walk approach. The random displacement, evaluated by a random number and
horizontal dispersion coefficients, is added to the movement computed from the
flow field (Leendertse and Liu, 1977; Koutitas and Gousidou-Koutita, 1986).
Assuming that, in lakes, the diffusive field is homogeneous, the trajectory prediction

equations can be modified as

X" = X* 4 r1\/6ALD, (6.4)
Y™ = Y* + r\/6ALD, (6.5)

where X* and Y~ are the predictions from the Lagrangian model (Egs. (6.2) and
(6.3); r; and r, are pseudo-Gaussian random numbers with mean zero, and a
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standard derivation of unity and; D, and D, are dispersion coefficients in the x and
y directions, respectively. According to the drogue-cloud experiments in Lake Tai,
the horizontal dispersion coefficients are approximately 0.1 to 1.0m?/s (Wu et al.,
1987). The values in Lake Erie are about 1—10m?/s (Elzawahry, 1985).

6.2 NUMERICAL SCHEMES FOR THE 2D POLLUTANT TRANSPORT
MODELS

Given a definition of the current field from the hydrodynamic model, and
estimates of the source and sinks, an integration of the pollutant transport and
water quality models can predict the spatial and temporal distributions of pollutant
in the water column. The pollutant transport model is based on the conservation of
the constituent mass equation, expressed in three dimensions as

oc ~oC oC oc 6( 6C) 6( 6C>

T ey T T\ e ) T\ Py
0 oC
+—(D.— ) +S+I[RIC (6.6)
oz oz

where C represents the concentration of the dissolved constituent; u, v, and w are
velocity components in the x, y, and z directions, respectively; Dy, D,, and D. are
turbulent dispersion coefficients (they are usually taken as constants); S represents
sources and sinks of material; and [R] is a reaction matrix. In most cases, a 2D
transport model is used:

2 2
%—i— Ugg—i- V%:DX%—FDJ)%—FS—F[R]C (6.7)
The boundary conditions completing the model are (a) solid boundaries—zero
normal flux, (b) free transmission boundaries—uniform flux, and (c) pollutant
sources—concentration is known.

Equation (6.7) is solved by the finite difference method, and the same staggered
grid as in the circulation model is used (the concentration is set at the centre of the
mesh, see Fig. 6.2). The 2D finite difference representation of concentration can be
written as

C(x, y, 1) = C(iAx, jAy, nAt) = CZ (6.8)
and define
At At
CXU:UUH’ CYg:V,-jA—y (6.9)

as the Courant number, and set

(6.10)
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Fig. 6.2. Variable arrangements in a staggered finite difference grid system for the 30
hydrodynamic model; view of a horizontal grid (Wu, 1993).

The explicit central finite difference scheme

o*C o*C
5D;} = (Dx— +D

ax2 }’A 2 _ch + Cz 1])

)Az_DX(C,HJ

+DY(Ch, —2C5+Cl) (6.11)

ij+1

is used for the diffusion terms. We will examine five numerical schemes which are
typically applied for the advection terms. The source term or simple decay term is
not included in the following scheme, since it can be directly included.

6.2.1 Explicit Scheme

C;+1 = Cn CXU(CH-I/ cr 1)~ CYU(CZ_‘r1 ,/ 1)—i—(SD (6.12)

6.2.2 First-Order Upwind Scheme

Citl = C — CX(Cl — C1_ ) — CY§(Cj — Cj_)) + 0D
for U>0,V>0;
= C}, — CX(Cl .y — Cp) — CY§(Ch — Cp) + 0D,
for U<0,V<0 (6.13)
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6.2.3 McCormack Two-Step Scheme

Citl = Cf — CXy(CYy — Cp) = CYy(C

o " — Cl)+ oD} (6.14)

skkn+1 *1 » sn+1 _ n
Comtl = C - CXy(Ct! —

i—1j

)= CYH(C = Ci ) + 0D} (6.15)

1
CZ»H — 5(CZ + C?;-*"H) (6.16)

6.2.4 Quick Scheme

The quadratic upstream interpolation for convective kinematics (QUICK) is a
third-order upwinding scheme (Leonard, 1979). Figure 6.3 shows a control volume
centered at node (i, j), focusing on the convection across the left face for velocity
U,> 0. The downstream (D), central (C), upstream (U), and transverse (7, B) nodes
in such cases are presented in the figure. For the basic QUICK scheme, the
convected value averaged at the left face is

1 1 1
Cr=35(Cp+Cc) = 5(Cp=2Cc + Cu) +5,(Cr = 2Cc + Cp) (6.17)

which includes the linear interpolation term, the upstream normal curvature term,
and a small term representing the effect of upstream-biased transverse curvature in
computing the face average. A similar formula is used for calculating the convected

.
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Fig. 6.3. 2D control volume showing nodes involved in estimating the left-face value for
U, >0 in QUICK or SHARP schemes (Wu, 1993).
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value C, at the bottom faces. As a result, the left-face fluxes (convective plus
diffusive) are

FLUXL; = CX;C;—DX(Cy— Ci_y)) (6.18)
and bottom-face fluxes

FLUXB; = CY;Cy, — DX(Cj; — Ci_yj) (6.19)
The explicit algorithm is then written as:

Cit! = C+ FLUX Ly — FLUX Liy; + FLUX By — FLUX By (6.20)

6.2.5 Sharp Scheme

The same procedure is used in the Simple High-Accuracy Resolution Program
(SHARP). The normal curvature factor (CF) is a constant in the QUICK algorithm
(1/8 in Eq. (6.17)). According to the range of normalized variable
Ce=(Cc— Cy)/(Cp — Cy), the different approximations (third-order upwind-
ing, quadratic formula, exact exponential upwinding formula) for the factor CF are
employed in the SHARP method (Leonard, 1988).

6.2.6 Comparison of Numerical Schemes

In order to examine the behavior of the already mentioned schemes, a one-
dimensional (1D) advection—diffusion problem was used. The grid size was 1.0 m
and the velocity u was 1.0 m/s. The horizontal dispersion coefficient D, was taken as
0.002, 0.01, 0.1, and 1.0 m?/s, which corresponds to the Peclet number P, of 500,
100, 10, and 1, respectively. The simulations by the Upwind, McCormack, QUICK,
and SHARP schemes were compared with the corresponding exact solutions. The
conclusion can be clearly made from the comparisons in Figure 6.4. For the high
advection case (Fig. 6.4(a), (b)), an oscillational solution is produced by the
McCormack scheme, with slight overshoots by the QUICK scheme. The first
upwind scheme does not produce overshoots, but the artificial (or numerical)
diffusion distorts the results. The SHARP scheme produces good results without
any oscillations or overshoots. When the diffusion is close to the advection, all
schemes produce similar results, as shown in Figures 6.4(c) and (d).

6.3 NUMERICAL SCHEMES FOR THE 3D POLLUTANT TRANSPORT
MODEL

The 3D pollutant transport model is a sub-model of the IDOR 3D
hydrodynamic/pollutant transport model discussed in Chapter 4. In this pollutant
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Fig. 6.4. Comparison of simulations by the Upwind, McCormack, QUICK and SHARP
schemes with analytical solutions under various Peclet numbers (P, = uAx/D,). (a) P, = 500,
(b) P, =100, (c) P, =10; (d) P, =1 (Wu, 1993).

transport model, a temporal second-order Adams—Bashforth scheme is used for the
temporary term, a spatial second-order upwind scheme (Donor-Cell) is used for the
advective terms, and a central scheme is used for the diffusive terms based on the
control volume method.

(1) Temporal term

Ck+l/2,n+1 k+1/2,n
i+1/2,j+1/2 i+l/2,j+l/2AVk+l/2,n -1 52k+1/2,n
At i+1/2j+1/2 = T Fi+1/2,j+1)2
k+1/2,n—1
— O.SZI.Jrl/zJJrl/2 (6.21)
where
k+1/2,n

Ziijgirjp = Zaa(i+1/2,j+1/2,k +1/2,n)
+ Zaiw(@+1/2,j 4+ 1/2,k+1/2,n)

+ Zs(i+1/2,j+ 1/2,k +1/2,n) (6.22)
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(2) Advective terms
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(3) Diffusive terms
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Chapter 7

NUMERICAL ANALYSIS OF COARSE-FINE GRID MODEL

7.1 AN APPROACH TO MODELLING NEARSHORE AREAS’

Recently, a 2D circulation model was developed to simulate the Toronto
Waterfront of Lake Ontario (MOE, 1989) and Collingwood Harbour of Lake
Huron (MOE, 1992), using in-situ measured currents as open boundary conditions.
There are a number of problems with this model. Field observations are expensive.
A coarse current meter array fails to provide the detailed structure in the open
boundary, which is complicated and dependent on wind conditions to the extent
that no interpolation can follow such changes. Measurements cannot provide the
water elevations at all grid points along the open boundary; this causes a violation
of the mass conservation law within the calculation domain. Finally, this technique
cannot predict circulation and transport, which is an important aspect of the
application. This is because the model is driven by the measured current at the open
boundary, and these data are not available.

Numerically, two approaches can be employed. The first approach is to
formulate a radiation boundary condition, which will allow disturbances to
“radiate” out of the modelled domain with a minimum of boundary reflection.
Descriptions of such boundary conditions can be found in Roed and Cooper (1986),
Blumberg and Kantha (1985), Miller and Thorpe (1981), and Krestenitis (1987).
The most widely used type of condition is the Sommerfeld condition and its
modified forms. Krestenitis (1987) presented five different open boundary
conditions constructed from free radiation, Neuman and Sommerfeld conditions.
They were developed for the open-sea boundary of a coastal area and were
investigated through an application to the Thermaikos Gulf in the Aegray Sea. The
results, in terms of free surface contours and current circulation patterns, were not
always realistic, particularly the water clevations. It was also not possible to
evaluate the model’s results. The second approach is the so-called grid-nesting
method, whereby a much larger domain, such as the whole lake or harbor, is first
modelled using a coarser grid model, and the evolving fields are used to determine
the sub-boundary conditions. This technique is well documented in the
meteorological literature. Murthy et al. (1986) applied this method in the dynamic
and transport modelling of the Niagara River plume in Lake Ontario. However,
there were no detailed descriptions of schemes. For ocean coastal modelling, the
first approach is necessary to determine the open boundary conditions for large

*Materials in Sections 7.1-7.3 are reproduced from Tsanis and Wu (1995), copyright with
permission.
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areas. The tide elevation is given by the observation data (Blumberg and Kantha,
1985). The second approach is appropriate for modelling a specific bay or smaller
nearshore area (Crean et al., 1988). However, it is more feasible to employ a nested-
grid modelling approach for the nearshore areas in lakes, since the whole lake can
first be modelled with a coarse grid.

7.2 ALGORITHM FOR COUPLING THE COARSE AND FINE GRIDS

A nested-grid system consists of small, fine-grid domains embedded in larger
coarse-grid domains. The depths for the fine-grid model can be re-schematized from
hydrographic charts for a better representation of topography and various
engineering designs. In order to remain unaffected by local changes in depth, the
open boundaries for the coarse-grid model should be located away from the region
of interest. Also, it is better to keep the same depth along the open boundaries in the
fine-grid model to ensure conservation of transport.

Open boundary conditions can be obtained for the fine-grid model from the
coarse-grid model. The water elevations and velocities at the open boundaries in the
coarse-grid model are stored at certain time intervals, such as 15min or 1h. The
time step used in the fine-grid model is usually smaller than the one used in the
coarse-grid model. Therefore, a temporal interpolation scheme is needed to provide
the corresponding values in the open boundary for the fine-grid model at each step.
The velocities and elevations along the open boundaries for the fine-grid model are
prescribed using spatial interpolation on the coarse-grid model. Simple interpola-
tion can be used. The errors introduced are few because the interpolation is within
one grid. Only the elevation and one velocity component need such an interpolation
(u component at southern and northern boundaries, and v component at western
and eastern boundaries), while another component can be directly prescribed from
the coarse grid. A typical interpolation for a western open boundary, using a
nested-grid system that is one-quarter of the size, is shown in Figure 7.1(a), along
with the variable arrangement. The spatial interpolation schemes are

wy =y = u3 = uy = Uy (1.1)

o =V (1.2)

vy =3 = vg = SI(Vy, Vijs1) (1.3)
G=0=0G==04=S8I(,) (7.4)

where SI(V;, V>) refers to a linear interpolation between two variables V; and 7, A
more accurate scheme for Egs. (7.3) and (7.4) may include values from additional
neighboring grids.
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Fig. 7.1. Open boundary conditions in the nested-grid modelling: (a) the detailed variable
arrangement and spatial interpolation diagram at a west open boundary mesh in both the
coarse-grid and fine-grid system. The implementation of open boundary conditions for: (b)
west; (c) east; (d) south; and (e) north open boundary in the fine grid system (Tsanis and Wu,
1995).

There are two methods to prescribe the open boundary conditions: (a) prescribe
only the u and v velocity components, and (b) prescribe both the velocities and the
elevations. Eventually, method (b) is used because both velocity and elevation along
an open boundary can be derived from the coarse-grid model. The arrangement of
velocity components for the different open boundaries, that is, north, south, east,
and west, are different, as shown in Figures 7.1(b), (¢), (d), and 7.1(e), respectively.
This arrangement results in additional complexity in the calculation program, yet
mass continuity is satisfied.
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7.3 APPLICATIONS OF THE COARSE-FINE GRID MODEL TO
HAMILTON HARBOUR

7.3.1 Introduction

There are 50 recommendations under the Remedial Action Plan (RAP) for
Hamilton Harbour (MOE, 1992b). In order to protect the shoreline; promote fish
and waterfowl habitat, public access, fishing and wildlife appreciation; new artificial
islands will be built in three nearshore areas (see Fig. 7.2) in Hamilton Harbour by
the Fish and Wildlife Restoration Committee (FWRC, 1992).

Before any of these projects can proceed, the federal government environmental
review process will screen the implications of the projects on the natural and social
environment. It is therefore necessary to know (a) the existing state of current
movement within the Harbour under various wind and environmental conditions;
(b) the effect of islands on currents; and (c) the effect of islands on pollutant
transport and dispersion. It is very difficult to reproduce the field condition in the
physical model for the above task, due to scale effects on pollutant transport
(Tsanis et al., 1990). Therefore, there is a need to develop a numerical
hydrodynamic/pollutant transport model as an evaluative tool for the assessment
of various options. There are two circulation models applied to Hamilton Harbour
in a coarse-grid of 300 m: a 2D model by Rasmussen and Badr (MOE, 1974) and a
3D model by James and Eid (1978). However, these models are only applicable to

A Nested-Grid Model of Hamilton Harbour

Coarse-Grid Model (grid size = 100 m) —s  the whole Harbour

I Western Basin
II  LaSalle Park Waterfront
I Northeastern Shoreline

Fine-Grid Model (grid size = 25 m) —_—

Fig. 7.2. A nested-grid modelling system for Hamilton Harbour and three nearshore areas,
that is, Western Basin (I), LaSalle Park Waterfront (II), and Northeastern Shoreline (I1I).
The grid size is 100 m for the coarse-grid model and 25m for the fine-grid model (Tsanis and
Wu, 1995).
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the whole harbour. It is necessary to employ a high resolution, or fine-grid model,
to better represent the complicated shoreline, in/outflows and sewage sources, and
the details of engineering structures. It is impractical to employ such fine-grid
models for the whole lake or harbor (a 25 m grid discretization for the whole harbor
results in a larger matrix that requires very long computational time), thus an
appropriate method is required.

The modified 2D depth-averaged circulation model Q3D (Koutitas 1988; Wu
and Tsanis 1991), is employed to simulate depth-averaged circulation patterns and
provide the current field for the pollutant transport model of Hamilton Harbour.
Basically, the Q3D model is similar to the conventional 2D depth-averaged
circulation model. The vertical velocity variation is included in the evaluation of
bottom friction terms and depth-averaged advection terms. For a detailed model
formulation, readers can refer to Koutitas (1988) and Wu (1993). The circulation
model outputs are the depth-averaged velocity components (U in the east—west
directions and V in the north—south directions), and water elevations (height above
the mean water level). The vertical current structure which can be obtained from the
model is not considered in this study. The model equations were solved in a
staggered-grid system (see Fig. 7.1), where the water elevation is calculated at the
center of the grid, U at the left and right faces, and V at the top and bottom faces of
the grid.

The 2D transport equation (see Eq. (6.7)) for a conservative constituent is used.
A central difference scheme is applied for the diffusion terms. For the advection
terms, the third-order up-winding Simple High-Accuracy Resolution Program
(SHARP) (Leonard, 1988) is applied. The numerical diffusion and dispersion are
minimized, resulting in a very accurate scheme (Leonard, 1988; Wu, 1993).

First, the hydraulic flow was calculated, by the circulation model, to examine the
impact of (a) exchange flow between Hamilton Harbour and Lake Ontario through
the Burlington Canal, and (b) other inflows. The inflow from Cootes Paradise was
taken as 3.8 and 2.2m?/s from CSO’s, 2.4 and 3.6m%/s from the Burlington and
Hamilton STP’s respectively. The outflow through the Burlington Canal was taken
as 12.0m’/s (C.0.A, 1992). The simulated hydraulic flows were very weak, only
about 0.1-1.0 cm/s. This is due to the large size of the Harbour and small amount of
in/outflows.

In the simulation of wind-induced circulation, the total kinetic energy under
various wind speeds reaches a steady-state condition in a very short period because
the lake is shallow, and, because of bottom friction, the damping is large. For
example, it only takes 2 h to reach 90% of the steady-state value for a 10 m/s (west)
wind. A test result for a variable wind event indicates that the harbor’s water
responds very quickly to wind changes. To obtain the wind-induced circulation
pattern, an idealized 10 m/s wind with direction from four compass points (at 90°
intervals) was applied to Hamilton Harbour. The simulated results for east, south,
west, and north winds are presented in Figures 7.3(a)-7.3(d). The depth-averaged
currents follow the wind close to the shore (aligned in a way that is parallel to the
shore) and are against the wind in the deeper middle part of the Harbour. Three-to-
four smaller eddies are the major features of the depth-averaged current patterns.
The first large eddy occupies the northeastern Harbour and has clockwise rotation
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Fig. 7.3. The simulated depth-averaged circulation patterns under a 10m/s wind with the
direction of (a) east, (b) south, (¢) west, and (d) north (Tsanis and Wu, 1995).

for north and west winds, and a counterclockwise rotation for south and east winds.
For the cases of northwest and southwest winds, the large eddy splits into two large
counterclockwise eddies (Wu, 1993). The second eddy occupies the south central
Harbour and has a clockwise rotation for east and north winds, and a
counterclockwise rotation for west and south winds. The size of these eddies
changes with the wind direction. For example, the western end of the Harbour is
dominated by southerly and south-westerly winds. Also, the size of these eddies
changes with the wind direction. The western end of the Harbour is dominated by a
counterclockwise eddy under north winds. It has a clockwise eddy for a south wind,
and two counter-rotating eddies for west and east winds. Tests were performed
using different wind speeds: 7, 15, and 20m/s. The circulation features are very
similar for all wind speeds, with the only difference being the current speed (the
depth-averaged current is higher in the shallower parts of the Harbour when
compared to the current in the deeper parts for increasing winds).

7.3.2 Horizontal Mixing Times in Hamilton Harbour

In the study of the interlocking of physical and bio-geochemical processes, an
important time scale is the horizontal mixing time of the basin. It can be defined as
the time taken, on average, for an amount of a conservative contaminant,
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introduced at a point within the basin to be mixed uniformly throughout the basin.
A test can then be designed for Hamilton Harbour to determine this horizontal
mixing time, with the aid of the circulation/pollutant transport model used in this
section.

A 100 ppm pollutant was introduced at four typical locations: A (western basin),
B (south shore), C (southeastern corner), and D (northeastern corner) as identified
in Figure 7.4(a). A 10m/s wind from four directions (N, S, E, W) was applied
uniformly to the Harbour and produced different flow patterns. The maximum
concentration (Cp.x) was recorded and the simulation was stopped when Cipax
reached 1 ppm. At this time, the initial plug of the pollutant was considered to be
fully mixed under the ambient current. As an example, Figure 7.4 shows the
concentration contour of a pollutant at a fully mixed state at four locations under
the west wind condition. It clearly presents the extent and outline of the pollutant
released at these locations. For locations B and D, the current was highly advective.
Consequently, the pollutant mainly stayed around A4 and C after being released, due
to the existing weak current and well-mixed eddy around these locations.
Figures 7.5(a), (b), (c), and (d) show the curves of Cp.x as a function of time,
and Figure 7.5(d) also shows the mixing time at 4, B, C and D under the four wind
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Fig. 7.4. Numerical experiment on the horizontal mixing time scale in Hamilton Harbour:
concentration contours when blocks of 100 ppm pollutant released from various locations are
fully mixed under a 10 m/s west wind at (a) location 4 (west basin), (b) location B (south
basin), (c) location C (southeastern shore), and (d) location D (northeastern corner) (Tsanis
and Wu, 1995).
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Fig. 7.5. Numerical experiment on the horizontal mixing time scale in Hamilton Harbour:
time series of maximum concentration under a 10m/s wind with four typical four wind
directions (W, E, N, S) at (a) location A, (b) location B, (c) location C, (d) location D, (e)
horizontal mixing time at A, B, C, and D under the four wind conditions. The time taken for
a plug of 100 ppm pollutant to be fully mixed to level of 1 ppm (Tsanis and Wu, 1995).

conditions. In general, the horizontal mixing time in Hamilton Harbour is about
one-to-two days, and, in some wind directions and locations (west wind at C and
south wind at A), over three days. It should be pointed out that the mixing time may
become longer for lower wind speeds. It also depends on the horizontal dispersion
coefficient. In the simulation, a typical value of 0.5m?/s (McCorquodale et al.,
1986) was used.

7.3.3 A Nested-Grid Model of Hamilton Harbour

A nested-grid system for Hamilton Harbour and three nearshore areas—including
Western Basin, LaSalle Park Waterfront, and Northeastern Shorelines—is
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Table 7.1. Parameters in the nested-grid model of Hamilton Harbour.

Name Area  Model grid  Grid size (m) IMAX JMAX  Open B.C.
Hamilton Coarse 100 79 57

Harbour 1 Fine 25 75 79 1
Western Basin 11 Fine 25 63 43 3
LaSalle Park 111 Fine 25 35 67 2
Waterfront

Northeastern

Shoreline

presented in Figure 7.2 and Table 7.1. A coarse grid of 100m x 100 m is used for the
whole Harbour, and a fine grid of 25m x 25m for the three areas. The coarse-grid
model for the Harbour is rotated 23.4° clockwise from the north for better
representation of the eastern and northern shorelines. Likewise, the fine-grid model
for the three nearshore areas is also rotated in the same manner. The shorelines and
topography in the fine-grid models are modified to include detailed variations which
cannot be represented in the coarse-grid model for the whole Harbour. It is
expected that such modifications will have little effect on the simulation.

7.3.4  Circulation Modelling in the Three Nearshore Areas

To justify the nested-grid modelling technique, the circulation and water elevations
from the fine-grid model should generally be similar to those from the coarse-grid
model for the area. The simulated circulation patterns from the coarse-grid model
and from the fine-grid model under a 10 m/s west wind for LaSalle Park Waterfront
are presented in Figure 7.6. Because the shorelines are mostly straight, strong flow
belts parallel to the shorelines have always existed close to the shorelines: west to
east for the western and southern winds, and east to west for the eastern and
northern winds. In the case of the west and east winds, the belts are stronger
because the wind direction is parallel to the shorelines. Weak eddies exist in the
open water areas. Compared to the result from the coarse grid, the fine-grid model
keeps conformity and, at the same time, reveals a more detailed resolution of the
velocity field. As in the case of north and west winds, the weak gyre in the central
area becomes more detailed in the fine-grid model. In the case of a south wind, two
gyres are evident in the fine-grid model which are not clear in the coarse-grid model.
Detailed currents are also provided close to the shoreline, where the coarse grids do
not exhibit detailed features.

For comparative purposes, a total kinetic energy (KE) in the simulation at each
time step is computed from the sum

i=imax j=j max
KE = 3 3 (U 4+ ULy + (V4 Vi )y + C)AxAy/8 (15)
2. 2

i=1
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Fig. 7.6. The simulated depth-averaged circulation pattern in LaSalle Park Waterfront for a
10m/s west wind from (a) the overall (coarse-grid) model, and (b) the fine-grid model (Tsanis
and Wu, 1995).

It can also be used as a steady criterion in the simulation, that is, the steady state is
reached when the ratio |[KE""'—KE"|/KE"*" becomes less than a test convergence
value (107°). The kinetic energy for a 10m/s west wind in both the overall grid and
fine-grid models for the LaSalle Park waterfront is illustrated in Figure 7.7. The
curves are very close, indicating the fine-grid model’s success. The small difference is
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Fig. 7.7. The kinematic energy process in the simulations from both the overall and fine-grid
model of LaSalle Park Waterfront, for a 10 m/s east wind (Tsanis and Wu, 1995).

expected, due to a slight change in bathymetry. The whole lake seiche (oscillation)
may have some effect on this local area in the coarse-grid model. Because of that,
the realistic water elevation field in a nearshore area largely depends on the relative
location in the whole lake.

The model using direct open boundary conditions, such as free radiation or the
Sommerfeld open boundary conditions, has difficulty reflecting the effect of the
relative location. Therefore, it is not surprising that the water elevation field is very
difficult to simulate when using the direct open boundary conditions as tested by
Krestenitis (1987). As a result, mass continuity is not satisfied. However, using the
nested-grid modelling technique proposed in this study, the water elevation field is
dramatically well recovered. The contours clearly display the distribution of water
elevations for various wind conditions. Figure 7.8 presents the contours of wind-
induced elevation at the LaSalle Park Waterfront under a 10 m/s west wind. The
elevations from the fine-grid model agree well with the ones from the overall grid
model. Contours for other conditions, again, are in good agreement.

7.3.5 Remedial Measures

A coupled hydrodynamic/pollutant transport and dispersion model is used to
examine the effects of islands on current and pollutant transport. It was decided, for
economic and other reasons, that no islands will be in the immediate plan for the
western area. Here, only the feasibility studies in the Northeastern Shorelines is
presented.
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Fig. 7.8. The water elevation fields in LaSalle Park Waterfront for a 10 m/s west wind from
(a) the overall (coarse-grid) model, and (b) the fine-grid model (Tsanis and Wu, 1995).

In the Northeastern Shoreline, three alternative island configurations, including
about eight small islands along the eastern shorelines, have been preliminarily
proposed and numerically studied. As a result, the final proposal is shown in
Figure 7.9(b). Figure 7.9(a) presents the simulated depth-averaged circulation
pattern from the fine-grid model in the Northeastern Shoreline: (a) without islands,
and (b) with islands (a 10m/s north wind was applied). It can be seen that a
clockwise circulation, parallel to the shoreline, exists in the case of north-to-west
wind conditions, while counterclockwise patterns exist for south-to-east wind
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Fig. 7.9. The simulated depth-averaged circulation pattern from the fine-grid model in
Northeastern Shoreline. (a) Without islands, (b) With islands, and (c) With islands and
rougher bottom around islands. A 10 m/s west wind was applied. The final design of artificial
islands is presented in (b), where dashed marks stand for half-depth islands (Tsanis and Wu,
1995).

conditions. The construction of new islands may increase the bottom roughness
around the islands. If so, the current pattern will be changed, and in turn affect the
pollution transport. Figure 7.9(c) gives the pattern with islands and a rougher
bottom (the bottom friction is reduced by half) around the islands. The reduction in
current magnitude is obvious. There are two major pollutant sources (COA, 1992):
one from Indian Creek, and another from the outfall of Burlington’s STP, in the
middle of the basin (see Fig. 7.10). The most significant impact of the islands is
expected under north-west wind. As an example, the north wind case is presented.
Figure 7.10 shows the equal concentration of pollutants at 2 and 5h, with and
without islands. The concentration curves at 10 locations of concern, for cases with
and without islands, as well as the case with the islands and a rougher bottom, are
presented in Figure 7.11. The features of concentration time history under a 10 m/s
north wind is listed in Table 7.2. It is observed that the impact of the islands is
small. The rougher bottom may reduce the peak concentration, while having longer
retention time around the islands.

The general features of depth-averaged circulation patterns under various wind
conditions have been revealed from the simulation results by the hydrodynamic
model. The depth-averaged currents follow the wind close to the shore (aligned
parallel to the shore), and are against the wind in the middle and deeper part of the
harbor. The major features of the depth-averaged current patterns are: (a) two large
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Fig. 7.10. The contours of pollutant concentration in Northeastern Shoreline from the fine-
grid model without, and with islands, under a 10 m/s north wind, 2 and 5 h after the cessation
of 2h emission of pollutant from two sources (Tsanis and Wu, 1995).

eddies with opposite rotation covering almost half of the harbor’s area, and (b)
three-to-four smaller eddies. The model reaches steady state in less than 2 h, which
indicates that, under any wind change, the circulation will be established in a
shorter time. The hydraulically induced current, due to the inflow/outflow, is much
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Fig. 7.11. Time series of pollutant concentration at 10 locations of concern in Northeastern
Shoreline islands, under a 10 m/s north wind (Tsanis and Wu, 1995).
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Table 7.2. Features of concentration time histories (10 m/s N; Northeastern Shoreline).

Point Cimax (ppm) Cmax (ppm) Ti (h) T (h) AI/A
Cl 16.35 16.28 23.83 23.17 1.00
C2 1.92 1.94 21.50 20.83 1.01
C3 10.99 10.86 23.50 23.33 1.02
C4 6.15 7.43 22.50 20.83 0.96
C5 8.71 8.86 22.83 23.00 1.00
Co6 8.10 8.20 22.00 22.33 0.98
C7 6.80 7.74 22.00 22.17 1.06
C8 9.47 9.41 23.33 21.67 1.07
Cc9 7.64 7.87 21.50 21.67 0.97
C10 6.55 7.47 21.50 21.50 1.05

Cmax, Maximum concentration (without islands); Cjn.x, maximum concentration (with islands); 7,
duration of pollutants with concentration above zero (without islands); 77, duration of pollutants with
concentration above zero (with islands); 4, area under the concentration curve (without islands); and 4;,
area under the concentration curve (with islands).

Source: Tsanis and Wu (1995).

weaker than the wind-induced current, because of the large size of the harbor and
small inflow/outflow.

A case simulation clearly demonstrates that the pollutant transport model,
coupled with the circulation model, is capable of simulating the temporal and
spatial distribution of pollutants emitted from multiple sources. With the aid of this
modelling system, the so-called horizontal mixing time in Hamilton Harbour is
revealed for the first time. In general, the time scale under a 10 m/s wind is about
one-to-two days, depending on the location and wind condition.

A nested-grid modelling technique has been developed in which a coarse-grid
model is first applied for the whole Harbour, and the velocities and water elevations
along the open boundaries are provided for the fine-grid model in the nearshore
area. The model simulation in three nearshore areas in Hamilton Harbour clearly
indicate that the model can predict, in detail, the current structure, while mass
conservation is satisfied. The impact of artificial islands was examined by studying
changes in current patterns, pollutant peaks, exposure, and flushing time in
different locations of concern. The final design of the proposed islands will require
model verifications by field studies, and detailed analysis of sediment transport and
wave effect on the islands.

7.4 TORONTO WATERFRONT®
A nested model was developed based on the 3D IDOR hydrodynamic model to

simulate the currents along the Metropolitan Toronto waterfront. The nested
model consists of a coarse-grid model and a fine-grid model. First, the coarse-grid

®Material in Section 7.4 is reproduced from Shen et al. (1995), copyright with permission
from the International Association of Great Lakes Research.
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Fig. 7.12. Currents in Toronto waterfront obtained by coarse—fine grid models (Shen et al.,
1995).

R\

model was run over the whole of Lake Ontario, and the results (including velocity
and water surface elevation) at the open boundaries were stored. The fine-grid
model was then run over the nearshore area by interpolating the calculated results
from the coarse-grid model at the open boundaries. Since the same vertical spatial
grid and time step were used for both the coarse-grid and fine-grid models, the
velocities and water elevations at the open boundaries only needed to be
interpolated in the horizontal plane. For details on the interpolation of the open
boundary, refer to Tsanis and Shen (1994c).

The IDOR 3D nested model was used to predict circulation patterns across the
Metropolitan Toronto waterfront (see Fig. 7.12). A coarse (2 km?)-grid model was
used for the whole of Lake Ontario, and a fine (500 m?)-grid model was used for the
Metropolitan Toronto waterfront. The grid used for discretizing Lake Ontario was
rotated 45° clockwise, in order to align it with the Toronto waterfront shoreline.
The grid extended west of Etobicoke Creek and to the east of the Rouge River. A
60s time step was used for both models. Horizontal eddy viscosities of 40 and
10m?/s were assumed for Lake Ontario and the Metropolitan Toronto waterfront,
respectively.

7.4.1 Coarse-Grid and Fine-Grid Model Comparisons

An error analysis applied to the nested model included comparisons of the total
kinetic energies and the water elevations at a given point, between the coarse-grid
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Fig. 7.13. (a) Total kinetic energy of Toronto waterfront area. (b) Water elevation at point C
(Shen et al., 1995).

and fine-grid models. For the convenience of comparison, a constant 10m/s west
wind was applied evenly over the lake surface under isothermal conditions.
Figure 7.13(a) presents time series of the total kinetic energy for the two models,
and the total kinetic energy in the two models is similar. However, the slightly
higher kinetic energy measured in the fine-grid model can be explained by the
modification made for the higher resolution of the shore geometry and bottom
topography. A comparison of the water elevation time series at point C (identified
point in Fig. 7.12), obtained by the two models, is presented in Figure 7.13(b). The
water elevation time series obtained by the two models are almost identical. It can
therefore be concluded that the nested-model approach does not introduce any
instability problems, and the truncation error along the open boundary is
suppressed if the values at the open boundary are interpolated correctly.

7.5 LAKE BIWA

Lake Biwa is the largest lake in Japan, with 674 km? in area, 27.5 x 10°m’ in
storage capacity, and 3848 km? in catchment area. As shown in Figure 7.14, the lake
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consists of the north and south basins, located on the north and south sides of Lake
Biwa Bridge, respectively. Having 620 km? in area, the north basin makes up more
than 90% of the whole lake. The water is deeper in the west side, with an average
depth of 43 m and a maximum depth of 104 m. On the other hand, the south basin
has only 54 km? in area and its average depth is ~4m. There are 120 main rivers
pouring into the lake, and only 2 rivers flowing out of the lake: the Seta River and
Sosui River. In this example, several local dominant flows are simulated by the
coarse—fine grid method. The first computational example is the density current
occurring near Lake Biwa Bridge during the cooling period from autumn to winter.
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Table 7.3. Comparison of the numbers of column and cell.

Domain Column Cell
Coarse Fine Total Coarse Fine Total
Uniform grid method 662 - 662 9975 - 9975
Nesting method (Biwa Bridge) 567 1569 2136 8717 9811 18,528
Nesting method (Ane River) 614 725 1339 8778 8467 17,245

The second example is the vertical mixing and diffusion phenomena at the inflow
estuaries, because of the difference in water temperature between the lake and
inflow rivers. The mesh sizes of the coarse and fine grids should be determined
not only according to the scale of the concerned flows and topography conditions,
but also by the memory capacity of the computer and CPU time. The grid system
is divided as shown in Figure 7.14, where the coarse-grid intervals are
Ax; = Ay, = 1km and the fine grid intervals are Ax, = Ay, =250m. In the
vertical direction, a uniform grid system is used, which is Az; = Az, = 2.5m in the
area shallower than 50 m, and Az; = Az, = 10m in the area deeper than 50 m. The
cell and column numbers of the coarse-fine grid system are listed in Table 7.3
(Hirose, 1990).

7.5.1 A Comparison with a Uniform Grid Model

In order to check whether any numerical oscillation due to the employment of the
coarse-fine grid model occurs, a uniform grid model, which covers the whole
domain only by coarse-grid net, is also used. In the coarse—fine grid model, the area
near Lake Biwa Bridge is subdivided as shown in Figure 7.14. In the case of a
uniform grid system with Ax = Ay = 1 km, it has been learnt from experience that
stable solutions can be obtained if the time step Atz is chosen as 300s. Because the
mesh sizes of the fine grid used in this study are Ax, = Ay, = 250 m, At is chosen as
60s, in consideration of the earlier mentioned.

For the initial conditions, it is assumed that the water surface of the whole lake
coincides with the reference water surface in the still state, and the initial
distribution of temperature is given with the thermocline existing at 20 m below the
water surface. The southwestern wind, with a velocity of 2.5m/s, is continuously
blowing for 4 h.

Figure 7.15 illustrates the velocity distributions in the surface layer at 4h and 8 h
after the computation started, and Figure 7.16 shows the velocity distributions in
the eighth layer, near the metalimnion, at the same times. Although no significant
difference between the results of the two models can be observed, the velocity at the
coarse—fine grid boundary, in the coarse—fine grid model, appears to be a little
smaller.

Figure 7.17 shows the temporal variations of the water stages at various points.
The solid line represents the results of the coarse—fine grid model and the dotted line
expresses the results of the uniform grid model. Figures 7.17(a) and (b) show the
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Fig. 7.15. Velocity distributions in the surface layer (Shen, 1991).
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Fig. 7.16. Velocity distributions in the eighth layer (Shen, 1991).

water stages at the fine-grid side and coarse-grid side of the coarse—fine grid
boundary, respectively. Figure 7.17(c) shows the water stages near Lake Biwa
Bridge which are located at the inner area of the fine grid sub-domain. As seen in
these figures, the coarse—fine grid model gives rise to a small oscillation in the fine
grid sub-domain. Though this oscillation does not coincide with the results of the
uniform grid model in both amplitude and phase, the response to the wind is
similar. In the view of mathematics, the oscillation of water stage or discontinuity of
velocity results from the different truncation errors of the coarse and fine grids.
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Fig. 7.17. Temporal variations of water stages at various points: (a) uniform-grid side of the
boundary; (b) coarse-grid side of the boundary; (c) boundary near Lake Biwa Bridge (Shen,
1991).
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Since the truncation error of a difference scheme with second-order accuracy is
O(Ax®) and Ax,/Ax; = 1/4 is chosen in this study, the difference of truncation
errors between the coarse and fine grids becomes O(Ax3)/O(Ax}) =1/64.
Physically, the staggered scheme used in this study may also give rise to momentum
discontinuity at the coarse—fine grid boundary. For example, the x-wise momentum
is evaluated at the open circle O point for the control volume of the coarse grid piled
up on the fine grid, but this momentum is not continuous with that seen at the
control volume of the fine grid.

Another problem in calculation is the evaluation of water stage. When the water
stage is calculated from the continuity equation and integrated over a column by
using the Successive Over Relaxation (SOR) method, the water stages of
neighboring coarse grids are adopted to express those of the fine grids. Therefore,
the Poisson equation for the water stage is not solved correctly in the strictest sense,
and it is necessary to treat the boundary of a coarse—fine grid more strictly in order
to simulate the variation of water surface in detail. In this study, the most important
thing is not to simulate rigorously the movements of water surface, but rather the
flows induced by wind or density difference. Moreover, the numerical oscillation of
water stage produced by the coarse—fine grid model is very small in amplitude
compared to actual water stage and therefore, will not greatly influence the flows.
Figure 7.18 illustrates the temporal variation of a water temperature at the
boundary of a coarse—fine grid model near the metalimnion. The solid line expresses
the results of a coarse—fine grid model and the dotted line, the results of the uniform
grid model. The temperature difference between the two models is nearly 0.1°C at
8 h after the computation starts, and no numerical oscillation of internal model can
be observed in either of the model.

Since the control volumes of the coarse grid are stacked on the fine grid side on
the boundary of the coarse—fine grid, the water depths of all fine grids which one
coarse grid covers (16 fine grids in this study) should be the same. In this example,
though the same time step (Af = 605s) is used for the fine and coarse grids, the time
step of the coarse grid can be taken as longer than that of the fine grid in terms of
the grid intervals from the stability condition. However, if different time steps are
chosen for coarse and fine grids, the combination of different time steps must be
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Q 4q 8
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Fig. 7.18. Temporal variation of temperature at the boundary of coarse—fine grid near the
metalimnion (Shen, 1991).
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considered, as well as the combination of coarse and fine grids. Therefore, the
treatments of boundary will become much more complicated. Moreover, since the
column ratio of coarse to fine grids is 1:3 and the cell ratio is approximately 1:1,
near Lake Biwa Bridge (Table 7.3), there is little advantage in choosing different
time steps. Despite the fact that the number of control volumes in the coarse—fine
grid model is only twice that seen in the uniform grid model, more than three times
the CPU time is required for the coarse—fine grid model. This probably results from
the treatment of the coarse—fine grid boundary and the large number of iterative
calculations by the SOR method.
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Chapter 8

MODEL VERIFICATIONS WITH ANALYTICAL SOLUTIONS
AND LABORATORY DATA

8.1 POLLUTANT TRANSPORT AND RESIDENCE TIME IN A MODEL
BASIN’

Shallow basins are often used for treatment processes such as sedimentation,
waste stabilization and cooling (Thackston et al., 1987). In order to study the
dynamics of these basins, data collection from the prototype basin is most desirable.
However, this is expensive, time consuming, and sometimes impossible (in the case
of new basin designs). As a result, a physical model or numerical model is often
employed, aside from direct measurements in the prototype.

A physical model is a scaled-down version of the prototype; on the other hand, a
numerical model is a set of equations which are thought to represent the
characteristics of the process being studied. Physical models have a long tradition,
and are appealing because the results can easily be visualized. The models may be
expensive to build, but, once constructed, may be used for a variety of studies.
Numerical models became more popular with the development of modern
computers. A numerical model has several advantages over a physical model. For
instance, it may be quicker to apply and less costly, if less expensive computers are
used. Coriolis forces and heat exchanges may be more easily incorporated in the
numerical model than in the physical model (Rumer and Hooper, 1970; Li et al.,
1975; Nydegger, 1979). Extreme conditions, such as very large wind, inflow, and
impacts of various engineering designs on the water body can be studied at a lower
cost. However, for a numerical model, certain numerical methods have to be
employed which may introduce numerical errors. Boundary conditions and model
parameters must be properly specified in order to provide acceptable simulations.
As a result, measurements from the prototype or physical model are required and
model calibration must be performed.

A number of numerical models have been developed in the last decade to
simulate large-scale circulation. Calibrating numerical models is imperative and
good calibration with physical models is rare, mainly due to a lack of well-designed
physical experiments and the failure to integrate both models. The flow
visualization and pollutant transport experiments in the physical model of the
Windermere Basin provide a unique opportunity to bridge such a gap. This section
will focus on calibrating a hydrodynamic model and will study pollutant transport

"Materials in Section 8.1 are reproduced from Wu and Tsanis (1994), copyright with kind
permission from the JAHR, Delft, The Netherlands.
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and residence time in the physical model, with the aid of a pollutant transport
model.

8.1.1 A Physical Model of Windermere Basin

The Windermere Basin lies at the southeast corner of Hamilton Harbour, which is
at the western end of Lake Ontario. It receives inflows from creeks, sewage
treatment plants, and several sewer overflows. Contaminations in this basin have
become serious, and a cleanup of the basin is to be undertaken by dredging a
portion of the basin. The physical model study was conducted at the National
Water Research Institute (NWRI) of the Canadian Centre for Inland Waters
(CCIW) to determine the hydraulic properties of the proposed basin design. Many
basin configurations and flowrates have been tested (Engel, 1988) and only the
standard case is presented in this study. The physical model, as shown in
Figure 8.1(a), is a fixed bed model (horizontal scale ratio of 1:60 and a vertical scale
ratio of 1:15). The depth is 175 mm, with a central trap of 350 mm and a flowrate of
11.4 L/s. In this distorted scale model, it is necessary to make the model bed surface
rougher in order to simulate the flow conditions in the prototype. In the prototype,
the Manning’s 7 is 0.009 and according to the laws of similitude it is 0.0115 for the
physical model. A value of n = 0.0115 represents the surface roughness of mortar or
concrete (Chow, 1959). Therefore, a natural mortar surface was chosen as the bed
surface of the model (Engel, 1988). Flow patterns were visualized by using
potassium permanganate. In addition to the pollutant, 22 weighted ping-pong balls
were released at the entrance of the basin at various times as an additional aid in
visualizing flow paths, and in calculating the surface velocities in the model basin.
Several flow conditioning schemes were examined, including the effects of spur
dikes, a weir at the outflow of the basin, a flow deflector at the entrance of the basin,
and a sediment trap.

8.1.2  Numerical Modelling of Circulation Pattern

Numerical models were applied to model the circulation in the physical model of
the Windermere Basin (Blaisdell, 1990; Tsanis et al., 1990; Blaisdell et al., 1991). It
was demonstrated that the non-linear advective terms and horizontal viscosity
terms in the 2D circulation model are necessary to predict the zones of re-
circulation observed in the physical model. These studies were limited to the
modelling of hydraulically induced currents. Therefore, further studies are required
on the effect of flow patterns (wind and/or hydraulically induced) on residence time
and pollutant transport.

The pollutant transport is accomplished by two distinct physical mechanisms—
advection and diffusion. The first mechanism re-distributes mass through the
displacement of fluid parcels that follow the flow. The second mechanism re-
distributes mass through actual exchange between adjacent parcels. Mass exchange
is set in a way that tends to smooth out existing gradients.

The 2D depth-averaged hydrodynamic model (2DH) is used to simulate the
hydraulic circulation in the physical model of the Windermere Basin. A 44 x 47
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Grid Size =20cm

Fig. 8.1. Model of Windermere Basin: (a) the physical model at the NWRI of the Canadian
Centre for Inland Waters (CCIW) during testing, as shown by VHS tape (1 m squared grid is
shown, in which the white spots are ping-pong balls), (b) the mathematical model (the grid is
square with sides of 20 cm and is rotated counterclockwise by 45°) (Reprinted from Wu and
Tsanis (1994), copyright with kind permission from the IAHR, Delft, The Netherlands).

square grid system with the grid size of Ax=0.2m is used, as shown in
Figure 8.1(b). The grid is rotated 45° counterclockwise from the north, to represent
the north shoreline better. Points P1-P9 indicate the locations where pollutant
concentration will be displayed. Using an inflow Q = 0.0114m’/s, and a Manning
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coefficient n = 0.0115, as in the standard case of the physical model of the
Windermere Basin, the equations of motion are solved for a time step of Az = 0.04s
(the Courant—Friedriches—Lewy (CFL) stability condition is satisfied), and a value
of smoothing factor 7, =0.995 (eddy viscosity Kj, = 0.00125m?/s). The inlet
Reynolds number is R; = Uj/v = 1.415 x 10%, where U is the velocity at the inlet, i
the depth at the inlet, and v the kinematic viscosity of water. The inlet Froude
number is given as Fr; = U;/\/gh = 6.21 x 102, The resulting hydraulic circula-
tion of this simulation is shown in Figure 8.2, where the black arrows show the
velocity vectors for the standard case derived from the drifter results in the
experiments (Blaisdell et al., 1991). The magnitude and direction of the velocity
vectors and the size of the recirculation zones from the simulation are in good
agreement with those determined experimentally.

The simulation clearly indicates three zones of recirculation, including the left-
hand eddy at the inlet, the central eddy, and the dead zone at the top of the basin.
The advective flow is deflected toward the left upon leaving the inlet areas. This is
due to the squeezing of the advective flow between the two opposing eddies. As the
central eddy develops, it forces the flow to the left, which results in deflection and
squeezing of the flow. At the top left side of the basin, a weak counterclockwise
eddy is present. Although none of the ping-pong balls were recirculated in this eddy,
some of them showed signs of being affected by it. For instance, the velocity of the
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Fig. 8.2. The simulated depth-averaged circulation pattern in the physical model of
Windermere Basin by the numerical model in the standard case (Wu and Tsanis, 1994). The
black arrows show the velocities for the standard case, derived from the drifter experimental
results (Blaisdell et al., 1991) (Reprinted from Wu and Tsanis (1994), copyright with kind
permission from the JAHR, Delft, The Netherlands).
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ping-pong ball would drop suddenly in this region, or would be deflected to the
right or left. In addition, the advective path avoided the top of the basin, as if it
were deflected by a weak eddy.

The bottom friction coefficient, or Manning’s coefficient, and the horizontal
eddy viscosity coefficient, or smoothing factor are the two important parameters in
the numerical model. Horizontal eddy viscosity terms have been ignored in most
numerical hydrodynamic models, based on the assumption that they are very small
compared with other terms. However, recent studies of the Windermere Basin
(Blaisdell, 1990) and Lake Ontario (Wu and Tsanis, 1991) have revealed that the
horizontal eddy viscosity terms cannot be ignored, especially for the hydraulically
induced flow cases. Their effects on the flow pattern are significant and there have
been no direct measurements on the horizontal eddy viscosity coefficient. In the
present 2DH model, they are included through a spatial smoothing scheme. The
eddy viscosity coefficient is then calculated from the corresponding smoothing
factor, along with the time step and grid size. Figure 8.3 shows the circulation
patterns for eddy viscosity coefficients of 0.005, 0.0025, and 0.00125m?/s. It is
clearly indicated that a smaller size of eddy is obtained for larger coefficients: a plug
flow (no eddies) forms for the larger eddy viscosity. The simulation with a value
of 0.00125m?/s (smoothing factor 7, = 0.995) gives the closest result to the one
measured. The Manning’s coefficient » has a similar effect on the flow simulation.
Figure 8.4 shows the circulation patterns for Manning’s coefficient n = 0.1150
(C,=0.01680, 7 =0.175m), 0.0345 (C, =0.01512), and 0.0115 (C, = 0.00168).
The smaller size of eddy is presented for a larger Manning’s coefficient, which
corresponds to a rougher bottom and a higher resistance to the flow. A plug type
flow appears for a value of 0.115. A value of n = 0.0115 gives the closest result to
the one measured.

8.1.3 Numerical Modelling of Dye Transport

The hydraulically induced circulation pattern (see Fig. 8.2) was used as an input in
the 2D advection—diffusion model to simulate the transport of a continuously
injected pollutant in the basin. The location of the pollutant injection was in a
channel, a few meters upstream from the inlet. The pollutant was fully mixed, both
in the vertical and horizontal planes, as it was entering the basin.

A test was performed for a continuous pollutant released into the basin,
using different values of the dispersion coefficient, that is, 0.1, 0.01, 0.001, and
0.0005 mz/s. The inlet Peclet numbers had values of 0.16, 1.6, 16, and 80
respectively. Figure 8.5 shows the equal pollutant concentration contours at
6 min after the pollutant release. In Figure 8.5(a) the pollutant entering the basin is
diffused faster than it is advected, resulting in the pollutant front covering the whole
basin while moving toward the basin’s outlet. In Figures 8.5(c) and (d), the
advection dominates the diffusion. The effects of the left-side eddy at the inlet, the
central eddy, and the dead zone are evident. The diffusion in both cases is
insignificant (advection dominated flow). As we know, the dispersion coefficient
varies with the plume width, as denoted by L (m). A formula with the power 4/3 of
L has been recommended by Lam et al. (1984). To avoid the non-linear problem, as
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Fig. 8.3. Effect of horizontal eddy viscosity K, on the simulated circulation pattern in the
physical model of the Windermere Basin: (a) K;, = 50.0 cm?/s (#, = 0.98), (b) K, = 25.0 cm?/s
(t, = 0.99), and (c) K, = 12.5cm?/s (¢, = 0.995) (Reprinted from Wu and Tsanis (1994),
copyright with kind permission from the IAHR, Delft, The Netherlands).

well as the difficulty in implicitly determining the dispersion coefficient, a variable
but explicit coefficient is used, that is, D = 0.001 L“? (m?/s), where L is measured
from the simulation results in Figure 8.5(c). The concentration field for the variable
coefficient is shown in Figure 8.5(¢). As observed from Figures 8.5(c) and (e), the
concentration fields are similar, with no significant differences. When the pollutant
tends to be fully mixed in the basin, it is reasonable to use a constant coefficient in
the numerical model.

Comparison of the foregoing results with those of the experimental, reveals
that the best agreement between the simulations and the experiments will be
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Fig. 8.4. Effect of Manning’s coefficient n or bottom friction coefficient C, on the simulated
circulation pattern in the Windermere Basin: (a) n = 0.1150 (C, = 0.01680), (b) n = 0.0345
(Cp =0.01512), and (c) n =0.0115 (Cp, = 0.00168) (Reprinted from Wu and Tsanis (1994),
copyright with kind permission from the IAHR, Delft, The Netherlands).

achieved by using a value of dispersion coefficient around 0.0015m?/s, which
is of the same order as the eddy viscosity (K, =0.00125m?/s) used in the
hydrodynamic model. This conclusion is consistent with the assumption by
Blumberg (1986); that is, the ratio of kinematic eddy viscosity to turbulent matter
diffusivity is ~0.7-1.0.

Using the dispersion coefficient of 0.0015m?/s, a simulation in the standard case
for a continuous pollutant release was undertaken. These simulations were then
compared with the corresponding images reproduced from the VHS video tape of
the experiment (Engel, 1988). Figures 8.6(a)—(c) present the simulated contours for
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Fig. 8.5. Simulated pollutant concentration flooded contours 6 min after the pollutant release,
with dispersion coefficients of (a) D = 0.1m?/s, (b) D = 0.001 m%/s, (c) D = 0.001 m?/s, (d)
D = 0.0005m?/s, and (e) D = 0.001 L® m?/s (continuous pollutant release case) (Reprinted
from Wu and Tsanis (1994), copyright with kind permission from the IAHR, Delft, The
Netherlands).
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Fig. 8.6. Simulated equal pollutant concentration contours in the physical model of the
Windermere Basin for a 1.5min release of pollutant at: (a) 3min, (b) 6 min, and (c¢) 9 min.
Images from the pollutant experiment in the laboratory model at: (d) 3 min, (¢) 6 min, and (f)
9min after a continuous emission of pollutant into the basin (continuous pollutant release
case) (Reprinted from Wu and Tsanis (1994), copyright with kind permission from the
IAHR, Delft, The Netherlands).
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the cases under consideration, that 3, 6, and 9min after the pollutant release.
Figures 8.6(d)—(f) show the images from the experiment at the same time intervals.
It is observed that the fronts and outlines in the simulation are close to those in the
experiment (the images from the experiment are slightly distorted in brightness
when they are copied). No attempt was made to compare pollutant concentration
distribution inside the visual outline, because of the lack of laboratory
measurements.

Typical flow patterns that occur in a shallow sedimentation basin, as given by
Thackston et al. (1987), include the advective, mixed, and dead zones. The advective
zone is the regime where currents are highly advective and advance directly from
inlet to outlet. The dead zone is the regime where velocities are very small, and very
weak re-circulation currents exist. The mixed zone consists of large strong gyres,
where the exchange between the mixed zone and the main advective flow zone is
higher than the dead zone. The effect of zone distribution on the trace movement
has been discussed (Thackston et al., 1987; Engel, 1988). However, no examples are
available so far to clearly demonstrate such an effect.

By using the numerical model, an excellent numerical experiment can be
designed to demonstrate the effect of zones of circulation on the pollutant transport
and distribution in a large, shallow sedimentation basin such as the Windermere
Basin. In this test, a pollutant with a concentration of 100 ppm was continuously
released for 1.5 min. The standard circulation case (see Fig. 8.2) with the calibrated
set of parameters (K, = 12.5m?/s, n = 0.0115, and 0.0015m?/s) was employed in
the experiment. Figures 8.7(a) through (f) show the simulated flooding contours of
pollutant concentration at 1, 3, 5, 9, 30, and 90 min after the initial emission of the
pollutant, respectively.

The pollutant reaches the outlet at about 4.5min, but before arriving, the
pollutant follows the strong current in the main advective flow zone. Part of the
pollutant enters the small counterclockwise eddy on the left-hand side of the inlet.
No pollutant enters the dead zone at the top of the basin and the central large
eddy. After the pollutant front arrives at the outlet (5-9 min), part of the pollutant
leaves the basin, part of the pollutant follows the return flow entering the central
large clockwise eddy (mixed zone), and part of the pollutant enters the dead zone at
the top. The pollutant does not reach the center of the central mixed zone at this
stage. Then, in the advective zone, the strong currents cause the pollutant to leave
this zone very quickly. The pollutant that entered the mixed zone on the left-hand
side of the inlet eventually leaves this area because the size of this eddy is small
and the exchange between this zone and the main advective flow zone is high
(see Fig. 8.2). The pollutant stays in the dead zone in the top of the basin for a
much longer time than in other areas, due to the slow exchange with the main
advective flow zone (1ppm pollutant remains in the zone even at 1h). It is
interesting to observe the pollutant distribution in the central mixed zone. The
pollutant accumulates gradually in the central area of the eddy in less than 30 min,
then leaves this zone from the outer regime to the inner regime through the
exchange with the main advective flow. Even after 1.5h, about 0.1 ppm pollutant
remains at the center of the zone (see Fig. 8.7(f)) and finally, all the pollutant leaves
the basin within 2 h.
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physical model of the

Windermere Basin for a 1.5 min release of pollutant at: (a) 1, (b) 3, (c) 5, (d) 9, (e) 30, and (f)
90 min after the pollutant is introduced to the basin (Reprinted from Wu and Tsanis (1994),

copyright with kind permission from the IAHR, Delft, The Netherlands).

8.1.4 Numerical Study of Residence Time

In an ideal sedimentation basin, every part of the fluid entering the basin is
evenly distributed in the vertical cross-section of the entrance, and the flow
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advances at a uniform and constant velocity to the outlet. In such a case, the
flow regime consists of a plug flow only, and each part resides in the system
for a period equal to the theoretical residence time, given as 7, = V,/Q, where
T, is the theoretical residence time, ¥V, the volume of water in the basin, and
Q the inflow. However, in a real basin, the flow pattern deviates from the plug
flow due to the existence of dead zones, lateral dispersion, and mixing. The
more a basin deviates from the ideal, the lower the trapping efficiency will be
(Thackston et al., 1987). The hydraulic efficiency Ej is defined as E, =1/T,,
where 7 is the actual mean residence time. For the standard case of the Windermere
Basin model, the theoretical residence time is 0.2414h (Q = 0.0114m?/s, V, = 9.907
m3). The effect of various zones such as the dead, mixed, and advective flow zones
on the mass transport and on the residence time has been clearly demonstrated in
the preceding section. For a sedimentation basin such as the Windermere Basin
model, the degree of treatment depends in some ways on the actual residence time
and as a result, the estimation of mean residence time and its distribution is
important.

8.1.5 Numerical Tracer Test

The flow regime and residence time for a sedimentation basin are usually
determined by a tracer test. The flow curve (trace concentration at outlet as a
function of time) can then be used to determine the hydraulic efficiency. However,
as pointed out by Thackston et al. (1987), the literature contains little information
about the hydraulics of large shallow basins due to the difficulty of performing
tracer tests in remote locations on large facilities with long residence times. It is also
not an easy task to analyze the experimental results from a physical model.
Furthermore, factors cannot be isolated when performing such tests, both in the
field and in physical models. It is feasible and convenient to perform such tests using
a numerical model.

The parameters used in this test are the same as those used in the test described in
Figure 8.7 when the pollutant is released for 4 min, which is the time needed for the
pollutant to first reach the outlet. Figure 8.8 shows the simulated results on the
residence time tracer (pollutant) test. The time series of pollutant concentrations at
nine locations, as labeled in Figure 8.1(b), are presented in Figures 8.8(a) and (b),
where P1-P4 are located in the main advective flow zone, and P5-P9 in the mixed
and dead zones. The pollutant arrives at points in the advective zone in a very short
time, for example, at P3 in 0.157, and at P4 in 0.287, (T, =0.2414h is the
theoretical residence time for the basin).

The delay of the arrival of peak concentration is obvious, and the peak
concentrations are decreased with the increase in distance from the inlet (95 ppm at
P2, 45ppm at P3, and 40 ppm at P4). The short-circuiting exists for the advective
flow zone, in which the large portion of pollutant exits the basin in much less time
than T, (< 0.57,). In contrast, the pollutant leaves these points at mixed zones and
dead zones after a much longer than 7, (~2T, to 47,). A useful index A (%) can be
constructed according to the pollutant occupying (> 1 ppm concentration) volume
relative to the whole volume. As shown in Figure 8.8(c), about 55% of the whole
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Fig. 8.8. Study of the residence time in the physical model of the Windermere Basin: (a) the
pollutant concentrations at points in advective flow zone, (b) the pollutant concentrations at
points in mixing and dead zone, (c) the effective volume as a function of relative time, (d) the
ratio of accumulated pollutant quantity at outlet to the total emissioned pollutant quantity,
and (e) the pollutant curve from the physical model of Windermere Basin, and (f) the
theoretical curve from a completely mixed basin as a function of the time normalized by the
theoretical residence time (Reprinted from Wu and Tsanis (1994), copyright with kind
permission from the ITAHR, Delft, The Netherlands).

volume was occupied when the pollutant first arrived at the outlet, and 95% was
occupied within the residence time 7.

The features of zones can also be reflected when one examines the pollutant
history at the outlet. Figure 8.8(d) shows the accumulated pollutant mass at the
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outlet, normalized by the total mass emitted from the inlet, as the function of time
normalized by the theoretical residence time. Figure 8.8(¢) shows the transient
pollutant mass at the outlet. It is observed that about 70% of the pollutant leaves
the basin within 7, or 0.2414h 99% of the pollutant leaves the basin in 67,.
Figure 8.8(f) shows the pollutant curve in the above test (solid line) and the
theoretical curve from a completely mixed basin (dashed line). The theoretical curve
is obtained from C/C, = ¢ """ (C, is the inlet concentration). The shape of the
curve in the Windermere Basin resembles that of a completely mixed basin, except
that there is a lag time of 0.27,. before the pollutant occurs at the outlet, a slight
peak (C/C, = 1.6) in pollutant concentration at 0.67,, and a decay limb slightly
below the completely mixed curve after 0.87,. In summary, in the physical model of
the Windermere Basin, the advective flow zone results in short-circuiting for a large
portion of the pollutant, and the mixed zone and dead zones result in a very long
flow through time for a small portion of the pollutant.

8.1.6 Methods of Increasing Residence Time

Hydraulic residence time is directly influenced by such physical variables as depth,
shape, side slope, and shoaling, as well as hydraulic characteristics such as the
degree of mixing, stratification, and flow-zone distribution. Increasing the residence
time implies an increase in the hydraulic efficiency of the settling basin. No attempt
is made in this study to examine all factors affecting the residence time. It is
assumed that the depth and basin configuration remain unchangeable. For the
Windermere Basin, the standard case is implied. The objective of increasing
residence time is to increase the path length of the advective flow, and the area of
the dead zone or weak mixed zone.

The first test is to examine the wind effect on the residence time distribution,
which is very difficult to study in the field and with the physical model. In the test,
the pollutant is continuously emitted for 4min. The depth-averaged circulation
patterns under a 10 m/s NE (blowing from outlet to inlet) and a SW wind (blowing
from inlet to outlet) are shown in Figure 8.9, respectively. The northeast (NE) wind
causes a decrease in size in the central eddy, and the dead zone at the top of basin,
and the left-hand side eddy at the inlet. The advective flow path is deflected more to
the right when compared with the hydraulic case. The southwest wind causes the
disappearance of the dead zone and the decrease in size of the left side eddy at the
inlet, and splits the central eddy into two counterclockwise and clockwise eddies.
The advective flow path is deflected slightly to the right, parallel to the top shore of
the basin to the outlet. The pollutant quantities at the outlet for these two wind
conditions and for the hydraulic case are also presented in Figure 8.9. The time the
pollutant takes to reach the outlet from the inlet is very close in the three cases,
indicating that the wind does not affect the advective flow path significantly in
terms of pollutant transport. The curve under the NE wind is flatter than the curve
of the southeast (SE) wind and the curve without wind, indicating a larger mean
residence time in the NE wind than in the other two cases. The peak in the NE wind
condition is lower than other cases. These findings are attributable to the two large
central eddies in the NE wind condition. Overall, the wind effect on the residence
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Fig. 8.9. Effect of wind conditions in the physical model of the Windermere Basin. Pollutant
quantity at outlet to the total released pollutant quantity as function of the time normalized
by the theoretical residence time (Reprinted from Wu and Tsanis (1994), copyright with kind
permission from the IAHR, Delft, The Netherlands).

time is small, but it increases the mixing in the basin, resulting in a lower
concentration peak at the outlet. This depends on the shape, depth and, in turn, the
circulation pattern in the basin.

Site conditions, which promote unevenly distributed flow, tend to degrade the
residence time away from ideal plug flow. Spur dikes are by far the most effective
and reliable devices which can be used to increase residence time (Thackston et al.,
1987). Three dike configurations, and other devices, were tested in the physical
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model study of the Windermere Basin. The configuration DIKE #3 was considered
the best case (Engel, 1988). In this configuration, as shown in Figure 8.10(a), two
parallel spur dikes are constructed in the basin, one at the right-hand side of the
inlet, and another at the central basin. The same test condition is used as in the test
of residence time. Figures 8.10(a)—(c) present the simulated circulation patterns
under this dike configuration, equal pollutant concentration contours at 9 min, and

...... indermere basin model Windermere basin model
Circulation pattern A

Outlet

Vector scale = — 10 cm/s|
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Fig. 8.10. Effect of dikes in the physical model of the Windermere Basin: (a) circulation
pattern with a dike, (b) equal pollutant concentration flooded contours at 9 min after the
pollutant was introduced to the basin, and (c) pollutant quantity at the outlet to the total
released pollutant quantity as a function of the time normalized by the theoretical residence
time (Reprinted from Wu and Tsanis (1994), copyright with kind permission from the ITAHR,
Delft, The Netherlands).
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the pollutant quantities at the outlet, with and without dike, respectively. It is
observed from Figure 8.10(a) that the dikes cause the advective flow to meander
through the whole basin, along the dikes and dead zones behind the dikes, which is
also evident in the physical model study (Engel, 1988). This has the effect of
increasing the advective flow path length and breaking up the large eddies. As
expected under such flow patterns, the arriving time is longer and the peak is
slightly higher (reduced mixing), compared with the case without the dike. As a
result, the mean residence time is significantly increased.

In summary, the following conclusions can be drawn from this example: (a)
conventional 2DH was successful in simulating the depth-averaged hydraulically
induced flow. The simulation was calibrated in a physical model of the Windermere
Basin using the experimentally determined circulation pattern derived from drifter
trajectories; (b) the 2D advection—diffusion model was successful in modelling the
transport and dispersion of a pollutant emitted into the basin, and a numerical
experiment was executed to demonstrate how the various zones such as advective
flow, mixed, and dead zones affect the pollutant transport and distribution; (c) the
numerical study of residence time indicated that, for a large portion of flow, a very
short residence time exists, due to the advective flow (short-circuiting). Also, for a
small portion of flow, a much longer time than that for theoretical residence is
needed, due to the presence of eddies and dead zones. Simulations revealed no
significant effect of wind-induced currents on the residence time. Finally, simulation
in the presence of dikes revealed significant increases in the residence time.

8.2 STUDY OF WIND-INDUCED FLOWS?®

Wind-induced flow is the most important type of flow in lakes and oceans, and
the countercurrent flow in a closed channel includes this important mixing
mechanism for geophysical wind-induced flow. As a result, it has been widely
studied by laboratory experiments and numerical models. As shown in Figure 8.11,

surface

[} -

Velocity

\

- MAANAN T
bottom

Fig. 8.11. Schematic representation of a fully developed countercurrent flow (Reprinted from
Wu and Tsanis (1995a), copyright with permission from ASCE).

8Material in Section 8.2 is reproduced from Wu and Tsanis (1995a), copyright with
permission from ASCE.
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for fully developed conditions and 1D shearing, mass conservation requires zero net
flow over the depth, while the shear stress distribution over the depth is linear
(Tsanis and Leutheusser, 1988).

A series of experiments have been conducted for the study of wind-induced
flow by using conventional laboratory air—water tunnels (Baines and Knapp, 1965;
Wu, 1975; Tsuruya et al., 1985), and a volume of air in a moving bottomless
box (Tsanis, 1986). The mean flow and turbulence properties were measured
and analyzed. However, because of the limited length of the channel used
(longitudinal aspect ratio was usually lower than 50) and the effect of side walls, a
precise countercurrent flow with zero net flux was difficult to obtain in the majority
of experiments. This was confirmed from the non-zero mass flux and the
non-linearity of shear stress distributions found in extant experimental data
(Tsanis, 1986, 1989).

The numerical modelling approach shows great potential in the study of shear-
induced countercurrent flows. It is less costly and can be easily controlled and
executed. Some features, such as the set-up and seiche in the channel, are readily
predicted in the numerical model, which is rarely reported in the experiments. A
number of wind-induced circulation models have been developed for oceans, lakes,
and estuaries over the past years, as summarized by Cheng and Smith (1990).
Before applying a model to natural water bodies, one has to examine the model’s
response to the expected forcing mechanism in a numerical sense. One of the most
difficult tasks for wind-induced circulation models is to simulate the vertical current
structure. Model evaluation, that is, comparing simulations with analytical and
experimental results, should be performed. The countercurrent flows have been
employed to calibrate the wind-induced coastal circulation models (Pearce and
Cooper, 1981; Sheng, 1983; Swanson, 1986); however, the features of surface drift
current and return flow near the bottom were not well simulated in these
calibrations.

In this section, a general wind-induced circulation model is employed to study
the wind-induced countercurrent flows. The simulations are first compared with a
newly developed analytical solution, then verified using the experimental results
obtained by Baines and Knapp (1965) and Tsuruya et al. (1985). The sensitivity
study of model parameters, such as eddy viscosity and vertical layer discretization,
is performed.

8.2.1 Model Comparison with Analytical Solutions

The wind-induced flow in a closed basin may be either laminar or turbulent. Exact
solutions exist for steady cases.

Analytical solution for steady laminar flow

Assume that the convective acceleration, Coriolis forces, horizontal diffusivity, and
cross (y-direction) terms are negligible when compared to the vertical shear
gradient. The solution given by Heaps (1984) for the non-slip bottom condition for
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constant vertical eddy viscosity is

u(z) = ﬁz@z —2h) (8.1)

p K,

where u(z) is the velocity at any depth z; & the water depth; K, the vertical eddy
viscosity; 7, the wind stress acting on the surface (1, = p,CpW?, in which p,, is the air
density; Cp the wind drag coefficient; W the wind velocity, and p the water density).
The origin of the z coordinate (z = 0) is located at the bottom and the direction is
upward. This coordinate will also be applied to the analytical solution of turbulent
flow and notably with such an application, the solution is in a simpler form.

A new analytical solution for steady shear-induced turbulent flow

Tsuruya et al. (1985) derived a double-logarithmic solution which depends on z,, z,
(the characteristic lengths determined at the surface and at a bottom, respectively)
and the ratio of bottom to surface shear velocities m = uj}; /u. However, z, and m
are inter-dependent and difficult to solve. Tsanis (1989) derived an analytical
solution which depends on z,, z,, and the ratio of bottom to surface shear stress
n = t}/t" = m?. The solution was obtained under an assumption on the relation
between the characteristic lengths.

A new analytical solution which is independent of m and # could be derived as
follows. The velocity profile takes a double-logarithmic profile. The following
conditions are used to determine the coefficients: (a) at the free surface, the shear-
stress is evaluated by the wind velocity; (b) at the bottom, the velocity is equal to
zero; and (c) the depth-averaged velocity (U) equals zero. Therefore, the velocities
at any depth, normalized by the surface shear velocity, that is, #y(z) = u(z)/uf, can
be obtained by

iio(z) = a ln<l +Zi) b ln(l —Zbih> (8.2)

where (a) and (b) are calculated from Eq. (5.14) and (5.15) with the zero depth-
averaged velocity U.

A constant viscosity leads to a parabolic velocity profile, as in the case of laminar
flow. The simulated result from the 3D model using the same constant vertical
viscosity coefficient is in good agreement with the analytical solution, as shown in
Figure 8.12. The zero velocity occurs at one-third depth, below the water surface.
The horizontal eddy viscosity has some effect on the profile. In the case of turbulent
flow, a parabolic eddy viscosity distribution (zy = 0.00022, z,, = 0.00014, and
A =0.35) is used. Figure 8.13 shows the predictions by the 3D model, along with the
analytical solution, and the model predictions are in excellent agreement with this.

8.2.2  Model Verification with Experimental Data

Baines and Knapp’s experimental apparatus (1965) was a wind channel with a
uniform depth of 0.3048 m. As shown in Table 8.1, two wind conditions were
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Fig. 8.12. Comparisons of the model simulation with the analytical solution for the steady
laminar countercurrent flows (Reprinted from Wu and Tsanis (1995a), copyright with
permission from ASCE).
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Fig. 8.13. Comparison of model simulation with the analytical solution for the steady
turbulent countercurrent flow (Reprinted from Wu and Tsanis (1995a), copyright with
permission from ASCE).

employed, that is, 3.901 and 6.096m/s. Thirty-one velocity measurements were
made at various depths, including the surface, in both cases. The surface shear
velocities were evaluated from the applied wind velocities (Baines and Knapp,
1965). The Reynolds numbers R = uh/v, where u, is the surface velocity, were
32,700 and 46,500, respectively and the same conditions were used in the 3D model.
The parameters in the vertical eddy viscosity distribution are zgy = 0.00022,
zpn = 0.00014, and A = 0.35. The velocity profiles, normalized by the surface shear
velocities obtained by the model, are presented in Figure 8.14, together with the
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Table 8.1. Experimental results (Baines and Knapp, 1965) and simulations by the 3D model.

Quantity Test 1 3D Test 2 3D
Depth h (m) 0.3048 0.3048 0.3048 0.3048
Wind velocity W (m/s) 3.901 3.901 6.096 6.096
Surface shear velocity u*; (cm/s) 0.6233 0.6233 0.9416 0.9416
Surface velocity ug (cm/s) 10.72 10.67 15.25 15.14
Reynolds number R, =ugh/v 32700 32522 46500 46147
Normalized surface velocity u/u* 17.20 17.11 16.20 16.08
Absolute roughness Zy,, (mm) 0.3521 0.3521 0.4795 0.4795
Zero velocity height Zy 0.69 0.68 0.75 0.68

Source: Reprinted from Wu and Tsanis (1995a), copyright with permission from ASCE.
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Fig. 8.14. Normalized velocity profiles—verification of the 3D model with the experimental
data (Baines and Knapp, 1965) (Reprinted from Wu and Tsanis (1995a), copyright with
permission from ASCE).

experimental results. The normalized surface velocities from the model are 17.11
and 16.08 for cases 1 and 2, respectively. These normalized velocities are close to the
experimental data, 17.2 and 16.2, respectively and the velocity was logarithmic near
the surface and the bottom. The return flow in the experiment exhibited a distinct
peak near the bottom, due to the short length of the channel and the presence of the
sloping beach (Baines and Knapp, 1965). The detailed currents had not been
measured close to the bottom (lower than 10% of the whole depth).

A Dbetter presentation of the velocity profile is in terms of the coordinates of the
“smooth” inner law of the velocity distribution, related to either the surface or the
bottom (Tsanis, 1986; Andreasson, 1991). In Figure 8.15(a), curve (A) represents
the viscous sub-layer portion of the velocity profile,

ug—u _ (h—z2u;

(8.3)
uy v



184 Model Verifications with Analytical Solutions and Laboratory Data

25 T T T TTTTT | T T T TTTTT | T T T TTTT || T TTTTTT
- C-l .
i 'C2 ]
20 3 C3 E
C e 2 ]
L C4 4
Lo 15 C — B ]
5 L —A ]
- | =N
= 10 cs
i C4 ]
C Tsanis (1989) {3 B350
L . 5 Baines & Knapp ¢ © Rs-32700
5+ (1965) ' @ Rs= 46500 —
i Goossens, Pagee { ¢ Rs=15000 7
i & Tessel (1982) o no-olo% ]
O 1 1 L1111l I 1 1 L1111l I 1 :j:DIAAIOIdIeI{ I { . 1 RSI= 4I6‘]4I7I 1 I-
10° 10! 102 108 10*

(@) (h-z)u* v
25 i T T T TTTTT I T T T TTTTT I T T T TTTT || T T T TTTT |-
20 B B -
L A i
. Tsanis (1989) {5 F=3000 ]
- Baines & Knapp e Rs= 32700 -
15 - (1965) Rs= 46500
.9 i Goossens etal. {2 SS= ;?ggg ]

S=
g B (1 982) —@—Rs= 32522 |
10 3D Mode| ——e—Rs= 46147 ]
i 0 ]
- o —
5 A a
- & —~
i o'\ g
'/44 e N\ T
1 1 11111 II 1 1 L1111l I Iﬂ L} 111l I 1 1 L1111 I-
100 10! 102 108 10
(b) z(u, ")V

Fig. 8.15. “Smooth” inner-law of velocity distributions of the experimental data (Baines and
Knapp, 1965) and the model simulations, relative to (a) the surface interface, and (b) the
bottom interface (Reprinted from Wu and Tsanis (1995a), copyright with permission from
ASCE).

and curve (B), corresponding to the logarithmic portion of the velocity profile for
the hydrodynamically smooth conditions, is described by:

d2 2 =575 log

Uy

(= 2y _VZ)”-? 160 (8.4)
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The curves labeled (C)) (i =1, 2, 3, 4) represent the curves for experimental data
with various Reynolds number. These curves,

Uy — U

*
uS

(h — 2y
A

=5.75 log £ 4+ 8.5—5.75 log Riy (8.5)

are parallel to, but below, the curve (B), by an amount related to the roughness of
the water side of the air—water interface. This value is proportional to the roughness
Reynolds number, Ry, = u*Z,,/v, where Z,, is the absolute roughness of the
interface (Schlichting, 1968). The roughness length Zj,, can then be calculated from
Ry.,,. The experimental data from Baines and Knapp (1965) and simulations by the
3D model are presented in Figure 8.15, together with experimental data from Tsanis
(1989) and Goossens et al. (1982). Both data and simulations are seen to be in
excellent agreement with the experimental data under both wind conditions.

Figure 8.15(b) shows the same model and experimental data plotted in inner-law
coordinates relative to the bottom. It is expected from this figure that, in contrast to
the conditions prevailing in the surface, the turbulence in the bottom return flow is
quite undeveloped in the experiments. However, a good linearity in the semi-log
coordinates is observed from the simulation, showing that a steady return flow was
more easily achieved in the numerical model.

These conclusions could be supported from the vertical distribution of shear
stresses; Figure 8.16 presents the shear stress distributions for existing experimental
data, and theoretically linear distributions for laminar flow (Tsanis and Leutheusser,
1987) and high-Reynolds number turbulent flow (y = 7,/t = —0.10). It can be seen
that all of the experimentally deduced Reynolds stresses differ significantly from the
linear distribution. As pointed out by Tsanis (1986), the reason is the limited length
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Fig. 8.16. Reynolds stresses as a function of transverse position (Reprinted from Wu and
Tsanis (1995a), copyright with permission from ASCE).
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Table 8.2. Experimental results (Tsuruya et al., 1985) and model simulations.

Quantity Test 1 Test 2 3D
Depth h (m) 0.15 0.15 0.15
Wind velocity W (m/s) 6.73 6.90 6.80
Surface shear velocity u*; (cm/s) 0.815 0.835 0.823
Surface velocity ug (cm/s) 10.70 12.15 11.79
Reynolds number R,=uh/v 16500 18225 17685
Normalized surface velocity ug/u* 12.74 14.55 14.32
Absolute roughness Zy,, (mm) 0.21 0.36 0.31

Source: Reprinted from Wu and Tsanis (1995a), copyright with permission from ASCE.
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Fig. 8.17. Normalized velocity profiles—verification of the 3D model with the experimental
data (Tsuruya et al., 1985) (Reprinted from Wu and Tsanis (1995a), copyright with
permission from ASCE).

of the channel and the immature state of the structure of turbulence at a relatively
low Reynolds number. In the numerical model, the channel is long enough; the mass
conservation law is satisfied; and the simulation is controlled by the total kinematic
energy (KE), that is, the steady state is reached when the ratio |KE"! —
KE"|/KE"™! becomes less than a test convergence value (107®). Therefore, as
shown in Figure 8.16, a good linearity is observed for the simulation.

Another experiment carried out by Tsuruya et al. (1985) is used for verification.
A wind-wave tank was used in the experiments. The flow visualizations were
undertaken under two wind conditions, 6.73 and 6.90 m/s, as shown in Table 8.2. In
the numerical 3D model the same depth was used and the wind velocity was taken
as 6.8m/s, a value between the two wind conditions used in the experiments. It is
observed from Figure 8.17 and Table 8.2, that the model simulations are in good
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agreement with the experimental data. The surface velocity is well predicted, and
the simulations fall between the two sets of experimental data. Comparisons are
made in terms of the coordinates of the “‘smooth” inner law of the velocity
distribution, relative to both the surface and bottom, as shown in
Figures 8.18(a) and (b), respectively. It is observed that this experimental data
keeps a better linearity than that of Baines and Knapp (1965), because the return
flow is well measured through the use of a false bottom in this experiment.
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8.2.3 Numerical Experiments

Effect of eddy viscosity

Physically, when the eddy viscosity is increased the internal shear stress and,
consequently, the turbulence is increased. Therefore, the drift and return flow are
decreased. Figure 8.19(a) shows a test using various horizontal eddy viscosity
coefficients, ranging from 125 to 2500cm?/s. It is noticeable that the effect of
horizontal eddy viscosity is insignificant, because the horizontal dimension is
several orders of magnitude larger than the vertical dimension. As expected, the
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Fig. 8.19. Sensitivities of model parameters: (a) the effect of the horizontal eddy viscosity on
the simulated velocity profile; symbols refer to the experimental data from Tsuruya et al.
(1985); (b) effect of A (constant in the vertical eddy viscosity distribution) on the simulated
velocity profile; symbols refer to the experimental data from Tsuruya et al. (1985) (Reprinted
from Wu and Tsanis (1995a), copyright with permission from ASCE).
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vertical eddy viscosity significantly affects the predictions. Figure 8.19(b) shows a
test for different values of 1 in the parabolic vertical eddy viscosity distribution,
where two sets of experimental data from Tsuruya et al. (1985) are presented for
comparison. Strong currents are obtained for small A: for example, normalized
surface velocity reaches as high as 24.9 when 4 = 0.2, while only 10.05 when
A =0.5. Overall, a value of / around 0.35 gives good simulation results which
compare well with experimental data.

Effect of vertical discretization

Determining the surface velocity is very important for the prediction of surface
particle or oil spill movement, and for the study of wave—current interaction.
Determining the velocity field near the bottom is critical for the determination of
the resuspension of bottom sediments; this is one of the difficult tasks for numerical
models. It is noticed from tests that, except for the formulation of boundary
conditions, the vertical layer discretization has significant effect on the prediction of
surface drift current and near-bottom return current. Figure 8.20 shows the
model predictions with different vertical layer discretizations, that is, equal layers
(5, 15, 30 layers), unequal layers (7, 9 layers), and unequal layers enhanced both
near the surface and the bottom (30 layers). By inspecting this figure, it is found that
the layout has an insignificant effect on the velocities in the middle range between
0.2 and 0.8 of whole depth. However, high resolutions are needed to predict the
surface and bottom velocity fields. Using the same model parameters, if vertical grid
size Ag near the surface is greater than 0.06, the surface velocity normalized by
surface shear velocity is lower than 8. However, when grid size is about 0.001, a
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Fig. 8.20. Effect of the vertical layer discretizations on the simulated velocity profile
(Reprinted from Wu and Tsanis (1995a), copyright with permission from ASCE).
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Fig. 8.21. Development of a shear-induced turbulent flow (Reprinted from Wu and Tsanis
(1995a), copyright with permission from ASCE).

normalized surface velocity can reach 16-20, values which compare well to
experimental results.

Developing shear-induced turbulent flow

The development of shear-induced turbulent flow can be examined from the
evolution of the velocity distribution, as depicted in Figure 8.21. At the beginning
(see profiles at 5 and 10 min), currents at all layers follow the wind direction, and
there is no return flow near the bottom. A strong return flow is then extended to
most of the region, except near the surface (see profile at 15min). Afterward
(120 min, in this test), the surface drift flow is balanced with the return flow, and a

steady state is reached.

Wind-induced set-up

The wind-induced set-up is a by-product of the simulation. Figure 8.22 shows a
typical wind-induced set-up, in which the total set-up is about 0.6 cm. Equal area
for the water gain region (leeward) and the water loss region (upwind) confirms a
mass conservation in the simulation. Theoretically, the total set-up can be evaluated
from the momentum equation as:

AL= 22—y (8.6)

where 7 is the ratio of the bottom to surface shear stress. The calculated set-up in
this test is 0.59 cm and the simulated set-up is close to the calculated one.
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Fig. 8.22. Wind-induced set-up in a closed channel (Reprinted from Wu and Tsanis (1995a),
copyright with permission from ASCE).

Seiche
Owing to the boundedness of the channel, free gravity waves combine and form a
standing wave, or seiche. The theoretical period of seiche T is calculated by

T =2L/\/gh (8.7)

where L is the length of the channel. A Sm/s west wind is applied in a 9100 m long
by 10 m deep channel, and with a corresponding period of 1836s. From the time
series of water elevation at leeward end, as shown in Figure 8.23(a), a period of
18265 is observed. The relative error to the theoretical period is 0.4%. It is
observed, from the total kinetic energy of the simulation (Fig. 8.23(b)), that there is
an oscillation with a period of 925, which has a larger amplitude at the beginning,
and zero amplitude when approaching the steady state. The period in the kinetic
energy is half of that in the standing wave, and therefore the simulated period of
seiche is 1850 s and the relative error is 0.7%. It is also seen from the time series of
total kinetic energy, that at zero, net mass flux in the vertical plane is preserved;
therefore, precise countercurrent flow is achieved.

Wind-induced current in a closed channel has been numerically studied by a
multi-layered 3D circulation model. A new analytical solution, which is
independent of the ratio of bottom to surface shear velocity or shear stress, has
been derived for the steady shear-induced turbulent flow. The simulations for
steady countercurrent flows are calibrated with the corresponding analytical
solutions and verified using the experimental results obtained in air—water channels.
It is found that the velocity distributions in the simulations follow the universal law
of the wall, both in the drift current and in the return portion of the flow, while the
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Fig. 8.23. Time series of (a) the water elevation at the leeward end of the channel; and (b) the
total kinematic energy evaluated by depth-averaged velocity in the model simulation
(Reprinted from Wu and Tsanis (1995a), copyright with permission from ASCE).

latter state is hard to achieve in most experiments due to the side wall friction and
limited length of channel. Numerical experiments reveal that the horizontal eddy
viscosity is insignificant, while the magnitude and distribution of the vertical eddy
viscosity is very important in simulating the vertical velocity distribution. In order
to obtain the detailed and accurate current structure, a high-resolution vertical grid
must be used, especially near the surface bottom regions where the velocity
gradients are high.
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It is concluded that the 3D circulation model is able to simulate the features of
wind-induced countercurrent flow, wind set-up, and seiche. The precise, steady,
wind-induced countercurrent flow is easily obtained in this model; the numerical
model then provides an alternative to the experimental approach, in the study of
countercurrent flow. On the other hand, this study makes it possible to examine the
credibility of existing 3D lake circulation models, and gives us insights into the
possibilities in modelling drift and near-bottom currents.
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Chapter 9

MODEL APPLICATIONS TO THE GREAT LAKES

9.1 GENERAL CIRCULATION IN THE GREAT LAKES

The Great Lakes of the St. Lawrence River system (Fig. 9.1), shared by Canada
and the United States, constitute one of the largest masses of fresh water on Earth.
The lakes themselves—Superior, Michigan, Huron, Erie, Ontario, and the relatively
small St. Clair—have a total water area of 246,000km> and a volume of
23,888 km?>. Their maximum depths are 406, 281, 229, 64, 224, and 6 m, and the
average depths are 149, 85, 50, 10, 86, and 3 m, respectively. They provide good
transportation, relatively inexpensive hydroelectric power, valuable fisheries, an
abundance of water for industrial purposes, and increasingly popular recreation
facilities. In addition, the lakes are a fresh water supply, yet, at the same time, they
act as a sewage disposal system for the population. In the event of a marine oil spill
emergency in the Great Lakes, knowledge of the current structure under different
conditions is required, in order to provide real-time predictions of spill movement.
In addition to winds, oil spill movement is directly affected by water currents.
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Fig. 9.1. Geographic location of the Great Lakes, including Lake Superior, Lake Michigan,
Lake Huron, Lake St. Clair, Lake Erie, and Lake Ontario (Wu, 1993).
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Table 9.1. Parameters used in the circulation modelling of the Great Lakes (Wu, 1993).

Parameters/Lakes Superior Michigan Huron Erie Ontario St. Clair
dx (m) 4000 4000 4000 4000 4000 1200

Imax 152 66 102 104 77 38

Jmax 71 127 94 30 30 39

Cp 0.000002  0.000002  0.000002  0.000002  0.000002  0.000002
1 0.9991 0.9991 0.9991 0.9991 0.9991 0.9996
K, (m?)s) 60 60 60 60 60 15

dt (s) 60 60 60 60 60 60

Q (m'/s) 0.0 0.0 0.0 5500 6500 5700

Notes: imax, jmax, maximum value of 7, j grid index, respectively; K, t;, horizontal eddy viscosity and
smooth factor; Cp, wind drag coefficient (relative to 10 m wind); dx, dt, spatial grid size and time step;
and Q, average total inflow or outflow.

Therefore, the availability of a database of water currents in the Great Lakes is
required. This database should be easily accessible and usable in an emergency
environment.

The Great Lakes are interconnected through a system of channels and rivers. As
a result, the circulation patterns in these lakes are both wind- and hydraulically
driven. With the exception of Lake St. Clair, hydraulically induced current is
negligible compared to wind induced. Thermal stratification during the summer
season must be considered, as well as the spatial distribution of wind field and
radiation. However, these factors are complicated and need a considerable amount
of measured or forecasted meteorological and hydrological data, along with a
complicated numerical circulation model. For the purpose of establishing an easily
accessible database, it is economical to exclude these factors. A depth-averaged
circulation model can only simulate depth-averaged currents and obviously cannot
provide currents in different layers. A fully 3D circulation model requires a large
amount of computational time, because the database should involve not only
various wind speeds (3, 5, 7, 10, 15, 20 m/s) and directions (at intervals of 45°), but
also different layers for all six lakes. Therefore, an efficient circulation model should
be helpful and feasible for such circumstances; the Q3D and VHI3D are the
appropriate models to be used for this purpose. The advantage over the multi-
layered 3D model is that the currents at any depths can be obtained at almost no
cost, using the depth-averaged currents and the related wind conditions (in the fully
3D model, vertical layers are discretized before any simulations, and the number of
layers is limited). The Q3D and VHI3D models are applied in a 4km grid for the
Great Lakes, except for Lake St. Clair, where a 1.2 km grid is used. The parameters
used in the model for each lake are listed in Table 9.1.

9.1.1 Wind-Induced Circulation Patterns

The VHI3D model is applied to Lake Superior, Lake Michigan, Lake Huron, and
Lake Erie, with a grid size of 4 km, and the circulation pattern under a 10 m/s west
wind is presented as a demonstration. The depth-averaged circulation patterns for
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Fig. 9.2. Simulated depth-averaged circulation pattern under a 10 m/s west wind in Lake
Superior (Wu, 1993).
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Fig. 9.3. Simulated depth-averaged circulation pattern under a 10 m/s west wind in Lake Erie
(Wu, 1993).

these lakes are shown in Figures 9.2, 9.3, 9.4, and 9.5, respectively. In general, the
patterns in Lake Superior, Michigan, and Huron are very complicated; the currents
follow the wind in most near-shore areas, and many gyres can be found in the
central areas. For these large lakes, spatial variation of wind speed and direction
must be considered in order to provide a more realistic circulation pattern: this
requires a large data set and is not considered in this study.

The Q3D and VHI3D models are applied in the 4km grid of Lake Ontario to
efficiently predict the 3D current structure in case of non-stratified seasons. Figure 9.6
presents the depth-averaged circulation patterns under a 10m/s west wind by the
Q3D and VHI3D models, as well as by the 2D model without horizontal viscosity
and advective terms (Simons and Lam, 1986), and the 2DH model. It is observed that
the circulation patterns are similar in all models; the current follows the wind in the
shallow, north and south shorelines, and the return flow is formed in the deep central
basin, resulting in two lake-wide, counterclockwise, and clockwise gyres. The
magnitudes of currents predicted by the 2D and 2DH models are very close to each
other. The horizontal eddy viscosity has an insignificant effect on the current when
this coefficient is taken below a certain value; they are slightly larger than those of the
Q3D and VHI3D models. The constants in the vertical eddy viscosity distribution in
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Fig. 9.4. Simulated depth-averaged circulation pattern under a 10 m/s west wind in Lake
Huron (Wu, 1993).

the Q3D and VHI3D models are values that are calibrated in the numerical study of
counter-current flow, as described in Chapter 5, and the magnitude of simulated
current can be adjusted by changing this constant. The simulated circulation patterns
from the VHI3D model, under a 10 m/s west wind and at four typical depths (equal ¢
layer), that is, surface, Sth layer (1/5 depth below water surface), 4th layer (2/5 depth),
and 2nd layer (4/5 depth), are presented in Figure 9.7. The patterns indicate that the
wind-induced flow in the shallow shorelines follows the wind over the whole depth,
while, in the deep part of the lake, except close to the surface, a return flow against
the wind dominates.

9.1.2  Wind-Induced Set-Up in Lake Ontario

Figure 9.8 shows the water elevation field under a uniform 10 m/s west wind in Lake
Ontario. The water-level difference between the upwind and downwind ends of the
basin is ~8cm. Field data on the water-level difference between Burlington and
Oswego, from the International Field Year for the Great Lakes (IFYGL) (Donelan
et al., 1974), is used to calibrate the model simulation. In Figure 9.9, the small solid
dots represent the field data and the straight line represents the empirical
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Fig. 9.5. Simulated depth-averaged circulation pattern under a 10 m/s west wind in Lake
Michigan (Wu, 1993).

relationship between wind shear stress (dyne/cm?) and the water-level difference
(cm). The open circles represent model simulations under four wind conditions (see
Table 9.2). The comparison indicates a good agreement between field data and
model simulations. According to Donelan et al. (1974), the best estimate for the
overall 4m wind drag coefficient is 1.35 x 1073; for unstable conditions, 1.5 x 1073;
and for neutral condition, is 1.3 x 1072 (see Table 9.3).

9.2 BACTERIAL TRANSPORT OF THE ST. CLAIR RIVER IN SARNIA®

Field surveys of indicator bacteria (fecal coliform, fecal streptococci, Escherichia
coli, and Pseudomonas aeruginosa) show that the near shore waters of the St. Clair

“Materials in Section 9.2 is reproduced from Tsanis et al. (1995), copyright with permission
from the International Association of Great Lakes Research.
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Fig. 9.6. Simulated depth-averaged circulation pattern under a 10 m/s west wind in Lake
Ontario. Four different circulation models are employed (Wu, 1993).

River in Sarnia (see Fig. 9.10) are contaminated by fecal pollution originating from
upstream sources (i.e., outflow from Lake Huron), dry weather sources (effluents
from two sewage treatment plants in Point Edward and Sarnia), and wet-weather
sources, including combined sewer overflows and storm sewer discharges (Marsalek
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Fig. 9.7. Simulated multi-layer circulation pattern under a 10 m/s west wind in Lake Ontario.
(a) Surface layer, (b) 5th layer—1/5 depth below the surface, (c) 4th layer—2/5 depth, (d) 2nd

layer—4/5 depth (Wu, 1993).

et al., 1992). The results of such surveys indicate that these sources of fecal bacteria
impact adversely on recreational water use in this area and increase the incidence of
closed swimming beaches. Such adverse impacts could be reduced by remedial
measures. The feasibility and effectiveness of such measures could be established by
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Fig. 9.8. Wind set-up under a 10m/s west wind in Lake Ontario, simulated by the Q3D
model (Wu, 1993).
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Fig. 9.9. Comparison of the simulated wind set-up along Burlington and Oswego with the
empirical data (Donelan et al., 1974) in Lake Ontario (Wu, 1993).

Table 9.2. Wind-induced set-up along Burlington-Oswego for various winds.

Wind (m/s) {g (cm) {o (cm) Al (cm) from model Al (cm) from data™

15.81 —5.01 9.52 14.53 14.00
12.91 -3.29 6.53 9.82 9.00
10.00 —-1.95 4.01 5.96 6.00
6.455 —0.87 1.67 2.54 1.50

Source: Wu, 1993
*The empirical value from the field data (Donelan et al., 1974).
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Table 9.3. Wind-induced set-up along Burlington-Oswego for various wind drag coefficients.

Cp (% 10_3) (g (cm) {6 (cm) Al (cm) from model Al (cm) from data™

2.00 —2.90 5.85 8.75 6.0
1.59 —2.30 4.69 6.99 6.2
1.35 —1.95 4.01 5.96 6.0
1.33 —1.88 3.89 5.77 5.5

Source: Wu, 1993
*See footnote in Table 9.2

Lake Huron
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Study Reach of
the St.-Clalr River
(Length = 9.5 km)

Fig. 9.10. Study area (Tsanis et al., 1995).

a modelling package comprising a loading model, to simulate wet-weather
discharges of bacteria, and a receiving water model, to simulate bacterial densities
in the river.

The modelling of bacteria in receiving waters is impeded by the complexity and
dynamics of the processes occurring in nature. Even after simplification, the
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processes modelled may have to include bacterial effluent mixing and dilution,
bacteria die-off or growth, and bacteria removal by sedimentation. In spite of such
difficulties, the feasibility of modelling bacterial concentrations, for existing
conditions, has been demonstrated. For example, Palmer and Dewey (1984,
1987), and Dewey and Palmer (1984), used the RAND hydrodynamic transport
model to simulate currents and fecal coliform concentrations in St. John’s Harbour,
an urban beach on the Ottawa River, and the Eastern Beaches in Toronto. The
simulated results were verified with limited field data. However, the RAND model,
used to predict the currents, was not verified in terms of current pattern and
magnitude, and problems with open boundary conditions and stability were
reported (Palmer and Dewey, 1984). Therefore, a stable and verified circulation
model is required to couple the transport model in these applications.

In the case of the nearshore zone of the St. Clair River in Sarnia, extensive
simplifications in bacteria modelling are possible because of the special features of
the receiving water body. In particular, the residence times in the main river channel
are rather short, in the range of 45-90min, and fast flows in the study reach
preclude significant sedimentation. Consequently, it is safe to assume that the
changes in bacterial densities caused by sedimentation can be neglected in the
modelling analysis, and even though the die-off or growth can be included, using a
first-order decay term, its effect should be negligible in view of short residence times.

The same assumptions, however, may not apply to the water bodies connected to
the main river channel and characterized by limited circulation. Such bodies include
the Government Harbour and Sarnia Bay, but only the latter is of interest in
connection with water-based recreation. A detailed modelling of these water bodies
would require extensive calibration data, which were not available at the planning
stage of this study. Furthermore, to improve the bacteriological water quality in this
area, substantial changes in the loading and transport regimes would have to be
implemented, by means of physical changes of sewer outfalls and structures
affecting circulation in the bay. Consequently, the models used could be calibrated
and verified only for existing conditions, and the applicability of calibration
parameters, derived from the measurements in Sarnia Bay (Marsalek et al., 1994),
to future scenarios, was assumed. Thus, the main study was to examine the use of
planning-level modelling, with limited calibration, for screening remedial measures.
This is a common approach in the planning level of analysis of water management
problems, and under such circumstances, the modeller’s attention should focus on
the sensitivity analysis of modelling results and the data needs for later, more
advanced stages of analysis.

In simulations of remedial measures, fecal coliform was used as the primary
indicator of bacteriological water quality. Following the completion of the study,
the guidelines for recreational water quality of both the (Ontario) Ministry of
Health (OMOE, 1984) and Health and Welfare Canada (Health and Welfare
Canada, 1992) have been changed, and now recommend using E. coli as the primary
indicator of fecal pollution. However, the Health and Welfare Canada Guidelines
(1992) also note that fecal coliform may remain in use where ‘“‘experience has shown
that greater than 90% of the fecal coliforms are E. coli”’. This condition has been
generally confirmed in Ontario waters, except where such waters receive effluents
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from pulp and paper mills or food processing plants (Health and Welfare Canada,
1992). Neither of these conditions apply to the receiving waters studied here, and,
consequently, it is considered safe to assume that the presented methodology and its
results would apply to E. coli as well, and would be useful in discussing the
probability of compliance with the already mentioned recreational water quality
guidelines. The main objective of the modelling work described here was to examine
the feasibility of modelling indicator bacteria in the study area, with emphasis on
enhancing the compliance with recreational water uses and the relevant water
quality guidelines. In this process, the effectiveness of various remedial measures in
mitigating fecal pollution problems in Sarnia Bay was simulated. These simulation
results should be useful in planning controls of bacterial contamination in this area
of concern (under the general water pollution control plan) and in planning future
collection of bacteriological data.

9.2.1 Circulation and Pollutant Transport in Sarnia Bay

The St. Clair River section around Sarnia Bay was discretized in 142 x 71 square
grids with a grid size Ax = 25 m; see Figure 9.11.

Figure 9.12 shows the current structure in the study area for an inflow/outflow
river discharge of 6,000m?®/s and a bottom friction coefficient C, = 0.0025. The
latter value of bottom coefficient corresponds to a range of Manning’s coefficient
between 0.016 and 0.028 for river depths of 1 and 25 m, respectively. This range of
Manning’s coefficient values is appropriate for the characteristics of the St. Clair
River. The fecal coliform was selected as an indicator of fecal pollution and
simulated for a number of storms. The decay rate 2 = 0.5/day for the coliform
bacteria is considered an appropriate value for a large river (Chamberlain and
Mitchell, 1978; Swanson, 1986).
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Model of St. Clair River in Sarnia
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Fig. 9.11. The grid discretization of the St. Clair River reach with the locations of storm and

combined storm sewers and the 12 points 1-12 where bacteria concentrations were simulated
as a function of time (Tsanis et al., 1995).
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Fig. 9.12. Depth-averaged current distribution in the St. Clair River reach around Sarnia
Bay for a 3m/s west wind (Tsanis et al., 1995).

The time step used in this simulation was selected as 2's in order to comply with
the Courant criterion (Koutitas, 1988). The smoothing factor ¢, was 0.995, and
corresponded to a horizontal eddy viscosity of 0.75m?/s. A strong advective flow
through the main river channel dominates the flow domain and contributes to the
generation of counterclockwise eddies in two basins connected to the river channel,
the Government Harbour, and Sarnia Bay. In the main river channel, the model
produced current magnitudes similar to those measured by the U.S. Army Corps. of
Engineers (1983).

The current structure obtained from the hydrodynamic model was used as input
to the pollutant transport model. The horizontal dispersion coefficients of bacteria,
D, and D), in Sarnia Bay and Government Harbour, are taken as a constant 0.8 m?/s
(McCorquodale et al., 1986), which is similar to the diffusivity values for momentum.
In the St. Clair River, however, they are calculated by (Vepsa et al., 1992)

D, = D; cos’ ¢+ Dy sin® ¢ 9.1)

D, = Dy sin®> ¢+ Dr cos’p (9.2)
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where ¢ = arctan (V/U) is the angle between the local flow direction and the x-axis.
The D; and D7 are the longitudinal and transverse dispersion coefficients in flow
aligned local coordinate system. According to Fischer et al. (1979), they are evaluated
by the following empirical formulas:

Dy =09 h u, (9.3)

D; =593 h u, %4

where /i is the water depth; u, the shear velocity u, = \/ghS; and S the slope of the
river, calculated via the Manning’s equation (Roberson and Croew, 1990):

2
V n
(W) )

where V' is the flow velocity and R, the hydraulic radius. For the St. Clair River at
Sarnia, the average slope is 0.0000176 approximately, and the shear velocity is
0.051m/s (V=10m/s, h=15m, R,=14.40, n=0.025). From the foregoing
formula, when the depths vary from 10 to 20m, the transverse and longitudinal
dispersion coefficients range from 0.45 to 0.90 and 2.9 to 5.8 m?/s, respectively. The
range of transverse dispersion coefficient values is close to that reported by
McCorquodale et al. (1986).

A case with a time-variable pollutant loading, during wet weather, was simulated
with the models discussed. The storm under study started at 15:00 on August 4,
1990 and lasted 7h. Fifteen time—variable sources (storm sewers and combined
sewer overflows) along the northern shoreline of Sarnia Bay, with flow rates, fecal
coliform, and E. coli bacteria concentrations, as shown in Figure 9.13, were used as
input to the pollutant dispersion model (Marsalek et al., 1992). A 48-h post-storm
recovery period (from 7 to 55 h) was also simulated. The background fecal coliform
bacteria concentrations for the dry and wet weather conditions were 50 and 200
counts/100 mL, respectively.

Figures 9.14(a)—(c) show the fecal coliform bacteria iso-concentration contours
at the end of the storm, 12h and 24h after the storm. These results indicate
important implications of the circulation patterns in the bay for the transport
of contaminants discharged into the bay. Strong velocity gradients between
the advective flow in the river channel and the eddies in the bay result in a
limited interaction between the river and the bay. Thus, contaminants released in
the bay will remain in the bay for a long time after their release. Figure 9.14(b)
indicates the presence of a high level of bacteria even 12h after the cessation of
rainfall.

The prevailing circulation, in the counterclockwise direction, provides a
mechanism for transport of pollutants discharged from the shore. In less than 5h
after the start of a continuous contaminant discharge, the contaminant traveled
to the northwest corner of the bay and attained concentrations equal to about 30%
of the concentration released from the outfall. Thus, stormwater discharges along
the east bay shore, characterized by fecal coliform densities in the range of
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Fig. 9.13. Model inputs for case 900804: (a) measured flow rates; (b) fecal coliform
concentrations; and (c) E. coli concentrations of storm sewer discharges and combined sewer
overflows during the August 4, 1991 storm (Tsanis et al., 1995).

1200-5000/100 mL, would be transported by the described circulation throughout
the bay. About 5h after the start of continuous discharge, the bacterial densities in
the bay would range from 400 to 1700 fecal coliforms/100mL. For any
contaminants discharged into the bay, the residence times would be quite long.
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Fig. 9.14. (a—c) Modelled contours of equal bacteria concentrations at the end of the August
storm, and 12 and 24 h after the storm (Tsanis et al., 1995).

9.2.2  Duration of the Aftereffects of Bacteria Releases

The field observations of bacterial densities showed great differences between dry
and wet weather densities (Marsalek et al., 1992). The ability to distinguish between
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dry and wet weather data in field surveys is impaired by the fact that wet weather
impacts may extend into dry periods long after the cessation of rain. Such
aftereffects can be caused by two factors: slow flushing of the receiving waters (or
some zones of receiving waters), or by malfunctions of sewerage systems, allowing
sanitary discharges even during dry weather (Marsalek et al., 1992). Only the first
issue can be effectively addressed here, because the second one would require
detailed surveys of all sewer outfalls in both dry and wet weather.

The duration of wet weather aftereffects in the receiving water can be studied by
the hydrodynamic model used in this example. In such numerical experiments, high
bacterial density inputs (10*-10° organisms/100 mL) were introduced into the model
and, after the cessation of such inputs, the times required to reduce bacterial
densities to the 100 counts/100 mL level (equal to the old water quality guideline for
fecal coliform in swimmable waters) were determined for various locations in the
study area.

Figure 9.15 shows the logarithm of bacteria concentrations (both for fecal
coliform and E. coli) for the August 4, 1992 storm, at 10 nearshore locations close
to pollutant sources, as a function of time during and after the storm.

Locations (2), (3), (4), and (10) are in Sarnia Bay; locations (5) and (8) are at the
boundary between the river and Sarnia Bay, close to the shore, and locations (6),
(7), (11), and (12) are in the advective path of the flow close to the northern shore.
From this plot, the duration of aftereffects of bacteria releases, which give good
indications of flushing times for various parts of the receiving water system, can be
estimated. The duration of aftereffects of bacterial releases are summarized in
Table 9.4.

In the main river channel, the decline of bacterial densities after the rain
cessation is very fast and points to strong advection transport. Any aftereffects of
wet weather bacterial pollution inputs would disappear within 10h after the
cessation of polluted discharges. In the basins with limited circulation, such as
Sarnia Bay, the duration of aftereffects is up to 30 h. This slow flushing effectively
extends the duration of wet weather impacts by the above long periods. Other case
simulations also support the earlier conclusion.

When assessing the feasibility of modelling indicator bacteria, it appears that, for
recreational water use, the ability to reproduce the magnitude of peak bacterial
densities is not critical at this stage of analysis. Obviously, large exceedances of the
swimming water quality guidelines will occur in wet weather and the degree of
exceedance is not critical when assessing the probability of non-compliance with the
guideline. The speed of decline of these high bacteria densities is, however, of
greater interest, because it indicates how long the wet weather impacts persist in the
receiving waters (Marsalek et al., 1992).

The proposed modelling approach, based on a planning-level modelling
of bacterial loads and a detailed modelling of the receiving waters, is feasible
for assessing the frequency and duration of non-compliance with swimming-
water quality guidelines. The difficulties with assessing the dry weather conditions
follow from the lack of knowledge of dry weather fecal bacterial discharges into
the river.
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Fig. 9.15. (a, b) Modelled bacteria concentrations at eight locations in the St. Clair River in
Sarnia Bay for the case 900804 (results in Table 9.5 refer to this case): (a) for fecal coliform,
and (b) for E. coli (Tsanis et al., 1995).

9.2.3  Sensitivity Analysis

Different values of the model parameters, such as wind speed and bottom friction,
can alter, to a certain extent, the simulated circulation features. Two values of
bottom friction coefficient were chosen, 0.0025 and 0.01, that correspond to
Manning coefficient values of 0.026 and 0.052, for the river depth of 20m. One
value of wind speed, 10 m/s, was chosen for two different directions, east and west.
The circulation results for these values are given in Figure 9.16.
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Table 9.4. Modelled durations (hours) of bacterial densities persisting above the 100 counts/
100 mL limit after cessation of rainfall; Case 900804.

Point no. Location Fecal coliform E. coli
2 GH, 250 m east of entrance, 50 m south of north pier 31.5 29.5
3 Sarnia Bay, 150 m south and 50 m east of NW corner 28.8 26.7
4 Sarnia Bay, S0 m south and 100 m east of NW corner 20.0 18.0
5 Sarnia Bay, 150 m south and 25m east of NW corner 18.2 16.5
6 Sarnia Bay, 250 m south and 25m east of NW corner 18.2 15.2
7 Sarnia Bay, sampling St. G, 25m offshore 17.0 16.5
8 Sarnia Bay Inlet, opposite Derby Lane, 175 m offshore 17.0 15.4
10 River, 50 m south of Wellington St. CSO, 50 m offshore 37.2 34.0
11 River, 150 m south of Wellington St. CSO, 200 m offshore 8.8 8.0
12 River, 1 km downstream of site 11, 175 m offshore 14.4 13.9

Source: Tsanis et al. (1995).
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Fig. 9.16. Modelled depth-averaged circulation in Sarnia Bay for different bottom friction
coefficients and wind speeds (Tsanis et al., 1995).

The depth—averaged circulation in Sarnia Bay is altered significantly by different
bottom friction coefficients and, to a lesser extent, by different wind conditions. A
large value of bottom friction coefficient does not produce a counterclockwise eddy
at the interface between the St. Clair River and Sarnia Bay. This is caused by higher
resistance imposed on the current by the bottom friction; the flow acts in this area
like a plug flow without any recirculation zones.

On the other hand, different wind conditions, represented by 10 m/s east and
west winds, do not have much effect on the circulation pattern, because of the very
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strong river current. The current magnitudes in the eddy are higher for the case of
the east wind when compared to that of the west. The resulting circulation is
enhanced by winds of favorable directions, that is, east winds result in a more
intense flow exchange between the river and the bay. This will affect the dispersion
of bacteria at location P2 in Sarnia Bay, where the bacterial concentration
diminishes for east wind faster than for west wind (see Fig. 9.17). The same
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Fig. 9.17. (a, b) Modelled bacteria concentrations at locations P2 and P11, during and after
the August storm, for different bottom friction coefficients and wind speeds (Tsanis et al.,
1995).
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behavior is observed at P2 for the higher value of bottom friction coefficient. At
location P11, in the river, the effects of wind and bottom friction coefficient on the
bacteria transport are insignificant.

Obviously, the flushing time (defined as the time when the concentration has
dropped to 100 ppm level) depends on the loading concentration. The higher the
loading concentration introduced, the longer the expected flushing time. In order to
examine the effect of the loading conditions on the flushing times in Sarnia Bay,
three numerical experiments were conducted for various loading conditions, that is,
the existing load magnitude, one and half times the existing load and two times the
existing load. It was found that the change in the flushing time was proportional to
the difference in the load concentration logarithms. The characteristic flushing
constant was equal to 7.9. For example, if the load concentration increases from
5000 to 10000 FC/100 mL, the flushing time is extended by 5.4 h.

Given a certain circulation pattern in the St. Clair River and Sarnia Bay, model
parameters, such as bacteria decay and horizontal diffusivity coefficients, will alter
the spatial and temporal distributions of the bacteria concentrations introduced
into this area from a number of point sources.

Figures 9.18 and 9.19 show the bacteria concentrations as a function of time
(during the first 48 h after the storm) for locations P2 (in Sarnia Bay) and P11 (in
the River), respectively, for decay coefficients 1 of 0.1, 0.5, 1.0 and 0.0/day, and for
horizontal diffusivities D of 0.5, 0.8 and 1.0 m?/s for Sarnia Bay and Government
Harbour. Increases in the decay coefficient or the horizontal diffusivity result in a
faster decrease of bacteria concentrations, with time, at location P2. The modelled
duration of bacterial densities persisting above 100 counts/100 mL decreases from
36 to 31.5h, for an increase of A from 0.0 to 0.5, with D = 0.8 mz/s. A similar
decrease in duration is observed for an increase in D from 0.5 to 0.8 m?/s. Because
of high advective flows in location P11, there are no significant differences caused
by changes of the decay or horizontal diffusivity coefficients.

9.2.4 Model Verification

Since the assessment of microbiological pollution is based on probabilistic
distributions of bacteria, model verification should be based on comparisons of
probabilistic distributions derived from field measurements and model simulations.
For such comparisons (Marsalek et al., 1994), five storms (Nos. 900804, 900812,
900815, 900819, and 900828) at location P2, inside Sarnia Bay (see Fig. 9.11), were
considered. Observations of fecal coliform concentrations at location P2 and their
probabilistic distribution were reported earlier by Marsalek et al. (1992). To derive
the corresponding distribution from simulations, a sampling scheme similar to that
used in field work was employed. For each of the simulated events, a random
sampling starting time was selected, in half-hour increments between 0 and 2 h after
the storm start. For the above storm series, these starting times were 1, 0.5, 1, 0, and
0h. The subsequent samples were drawn at 2 h intervals, as done in the field, and
this procedure yielded the following numbers of samples for the discussed events:
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Fig. 9.18. (a, b) Modelled bacteria concentrations at locations P2 and P11, for different
values of bacteria decay (Tsanis et al., 1995).

15, 16, 8, 18, and 15. For the fecal coliform concentrations determined this way at
location P2, a lognormal distribution was derived and was characterized by the log-
transformed mean of 2.8129, and the corresponding standard deviation of 0.6850.
From these parameters, the lognormal distribution was plotted in Figure 9.20. It
was noted that the mean of simulated concentrations was 650 FC/100 mL, slightly
higher than the observed mean of 568 FC/100 mL. However, the overall agreement
between the observed and simulated distributions is very good and justifies the use
of the proposed modelling package in screening remedial measures.
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Fig. 9.19. (a, b) Modelled bacteria concentrations at locations P2 and P11 for different
values of horizontal eddy diffusivity coefficient (Tsanis et al., 1995).

9.2.5 Remedial Measures

A number of remedial measures could be proposed to control bacteriological
contamination and impairment of recreational water use in the study area, and
particularly in Sarnia Bay, which is widely used for recreation. Field observations in
the bay indicated frequent bacteriological contamination well in excess of the

provincial and federal recreational water

guidelines of 100 and 200 E. coli/100 mL,

respectively. The sources of such contamination include one storm sewer
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Fig. 9.20. Fecal coliform density distributions at Sarnia Bay (Tsanis et al., 1995).

Table 9.5. Hypothetical remedial measures for Sarnia Bay (St. Clair River).

Case Remedial measure (RM)

Reference case (900804)

RM1 1 m?/s flushing flow in the northwest corner of Sarnia Bay
RM?2 Disconnect SS 104, relocate SS105-SS107 out of Sarnia Bay
RM3 Build a straight barrier

RM4 RM2+RM3

discharging along the north shore and four storm sewers discharging along the east
shore of the bay.

The earlier proposed five remedial measures (Marsalek et al., 1992) were tested
for effectiveness in reducing bacterial concentrations. The measures studied are
listed in Table 9.5 and include (a) enhancing the flushing of the Bay by pumping in
riverine water (1 m>/s) in the northwest corner of the Bay (RM1); (b) disconnecting
and/or relocating storm sewer outfalls (RM2); (c) building a deflector barrier
diverting sewer discharges from the Bay and preventing counterclockwise
circulation in the Bay (RM3); and (d) combination of (b) and (c) options (RM4).
The assessment of individual remedial measures was demonstrated for storm
900804, which was used as the reference case.

The depth-averaged circulation patterns for the existing situation (storm 900804)
and the four RM cases are shown in Figure 9.21. Figure 9.21(a) presents results for
900804 (RMO—no action case) and RM2, Figure 9.21(b) for RMI, and
Figure 9.21(c) for RM3 and RM4. It is obvious from these results that (a)
increased flushing by pumping water into the bay does not significantly change
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Fig. 9.21. (a—c) Modelled depth-averaged circulation in Sarnia bay for cases 900804, RM1
and RM3 (Tsanis et al., 1995).

circulation patterns; and (b) placement of a straight barrier at the bay entrance
reduces the size of the eddy formed at the interface between the main river channel
and Sarnia Bay.

In Figure 9.22, the logarithms of fecal coliform concentrations at locations (2),
(3), (4), and (10) are shown, for all the remedial measures studied as functions
of the time measured from the beginning of the storm 900804 until about 48 h after
the storm end. In the first remedial case (RM1), the effect of pumping riverine

water on the time series of bacteria concentrations was negligible at all locations in
the bay.
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Fig. 9.23. Modelled bacteria concentrations at eight locations in St. Clair River and Sarnia
Bay for the RM4 case (Tsanis et al., 1995).

In the second remedial case, RM2, the effect of disconnecting storm sewer SS104
is evident only at location P2, where the bacteria concentrations were lowered
during the storm and dropped off faster after the storm end.

In the third remedial case, RM3, a barrier was placed at the mouth of the Bay to
divert sewer discharges from the bay and prevent counterclockwise circulation in the
bay. At the same time, however, this barrier retains the pollutants discharged into the
bay for a longer time. These effects counteract each other and result in a negligible
reduction in the bacteria concentrations when compared to the reference case.

In the fourth remedial case, RM4, the bacteria concentrations in Sarnia Bay were
reduced to less than 100 counts/100 mL during and after wet weather, as shown in
Figure 9.23. The storm sewer SS104 was disconnected and the barrier at the bay
mouth prevented diffused pollutants, discharged close to the bay’s mouth, from
entering the bay.

9.3 TORONTO WATERFRONT RECEIVING WATER STUDY"

The Metropolitan Toronto waterfront is the most densely populated stretch of
shoreline on Lake Ontario and has been designated as one of the 17 arecas of
concern in Ontario by the International Joint Commission. Discharges of
contaminants from storm sewers, combined sewer overflows, four water pollution
control plants, and six area tributaries have been identified as contributing to the
degradation of the nearshore aquatic environment along the Metropolitan Toronto

""Material in Section 9.3 is reproduced from Shen et al. (1995), copyright with permission
from the International Association of Great Lakes Research.
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waterfront (Environment Canada et al., 1988). In order to evaluate the relative
impact of these sources on the receiving water and the effectiveness of various
abatement options, a 3D receiving water model is applied to provide water
circulation and pollutant transport predictions for the nearshore area of the
waterfront.

A comprehensive data collection program across the entire waterfront was
completed in 1993 in support of the development of a model extending across the
entire Metropolitan Toronto waterfront. In advance, a pilot study directed at an
area near the mouth of a tributary was used to provide a preliminary evaluation of
data which could then be used in the development of the model and in a comparison
of plume dynamics under isothermal and stratified conditions. This application
presents a summary of results in the current phase of model development, with an
emphasis on the Lake Ontario nearshore area near Mimico Creek.

A 3D nested model was used to predict circulation patterns across
the Metropolitan Toronto waterfront. A coarse-grid model (2km?) was used for
the whole of Lake Ontario, and a fine-grid model (500m?) was used for the
Metropolitan Toronto waterfront. The grid used for discretizing Lake Ontario was
rotated by 45° clockwise, to improve the grid alignment with the Metropolitan
Toronto shoreline. The grid extended west of Etobicoke Creek and east of the
Rouge River; a 60s time step was used for both models.

9.3.1 Field Study

In May 1992, the Ontario Ministry of Environment and Energy (MOEE) deployed
six Aanderaa Instruments RCM4S current meters in Lake Ontario, along a 750 m
transect. The transect consisted of four stations, spaced at 250m and extended
easterly from the mouth of Mimico Creek (see Fig. 9.24). The current meters were

Fig. 9.24. Meter deployment locations (Shen et al., 1995).
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used to collect time series data consisting of current speed, current direction,
temperature, and conductivity. The measurements were time averaged at 10 min
intervals and the data were collected for the period May to October 1992. Current
meters were placed as close to the surface as possible (at a depth of approximately
2m) so as not to pose a navigational hazard at each of the four stations (Station
Numbers: 703, 704, 705 and 706). Current meters were also placed 2m above the
lake bottom at stations 704 and 705. A continuous recording Hydrolab Datasonde
I1I water quality meter was placed at a 2m depth near the mouth of Mimico Creek
(Station 702). The meter was used to record time-series data consisting of
temperature, conductivity, pH, and dissolved oxygen. Thirty-three rainfall events
were recorded during the monitoring period.

A detailed analysis and discussion of field data is presented in Tsanis and Shen
(1994c¢). Two data sets collected during lake stratified and isothermal conditions,
respectively, were used for model calibration.

9.3.2  Model Results

The 3D nested hydrodynamic/pollutant transport simulation model was applied to
the Lake Ontario nearshore, near the mouth of Mimico Creek. This involved
applying a model for the whole of Lake Ontario, using a coarse grid (2km?)
consisting of 12 layers, whereby model predictions were used to provide the
necessary boundary conditions for a finer grid (500 m?), applied to the Metropolitan
Toronto waterfront. The model boundaries extended approximately 46 km along
shore and 18 km perpendicular to shore. Predictions from this model were used to
provide the necessary boundary conditions for a high resolution (100m?) grid
applied to the nearshore area around the mouth of Mimico Creek. The model
boundaries of this nearshore area extended approximately 5500 m along shore and
3100 m perpendicular to shore.

Two case studies were selected to provide hydrodynamic and pollutant transport
predictions for representative storm event and receiving water conditions. The
simulation conditions consisted of the following, as shown in Table 9.6.

Wind data used as model input should be collected as close to the study area as
possible. Wind data which may be applicable for a circulation model of the

Table 9.6. Summary of simulation conditions.

Case Period of  Total rainfall ~ General Lake Wind data Model
simulation (mm) current  conditions configuration
direction
1 July 17-20, 14.6 Easterly  Stratified Headland (1) isothermal
1992 (ii) Stratified
2 September 27.4 Easterly  Isothermal Headland Isothermal
18-22, 1992

Source: Shen et al., 1995
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Metropolitan Toronto waterfront is recorded at climatological stations located on
the Leslie Street Spit (Toronto Headlands), Toronto Island Airport, and Pearson
International Airport. Complete daily records were not available from the Toronto
Island Airport station; data records from Pearson International Airport were not
always complete and, spatially, this station is quite remote from the study area.
Data collected at the Toronto Headlands station was considered more appropriate
because of the station’s proximity to the study area and the availability of complete
data records. Discharge flow data collected at Mimico Creek through the Water
Survey of Canada Station (02HC033), and conductivity data collected by MOEE at
Station 702, were used as boundary conditions for the hydrodynamic and transport
equations respectively. Background conductivity in Lake Ontario was taken, based
on field measurements, to be about 320 and 300 umho/cm for Cases 1 and 2
respectively.

Case 1 (July 17-20)

Source discharge and wind time-series data is presented in Figure 9.25. Mild,
southwesterly winds prevailed for most of the simulation. Mimico Creek discharge
flows and conductivity peaked at about 40m’/s and 600 umho/cm, respectively,
toward the end of July 17, in response to a 14.6 mm rainfall event.

The 3D model was applied in two modes: isothermal and stratified. In the 3D
isothermal mode, the Mimico Creek plume was assumed to discharge into a
vertically well-mixed (i.e., uniform temperature distribution of 20°C) receiving
water body. In the 3D stratified condition, the receiving water was modelled
assuming an initial vertical temperature profile as close to that measured in the field
as possible. This profile consisted of: 17°C from the surface to a 1 m depth; 16.9°C
from 1 to 3m depths; 16.5°C from 3 to 7m depths; and 12°C from 7 to 11 m depths.
In all cases, the temperature of the Mimico Creek discharge was assumed to be
20°C. Conductivity contours superimposed on circulation patterns at 8:00 p.m. on
July 17, for predictions using the 3D isothermal and stratified models, are presented
in Figures 9.26 and 9.27, respectively. The very weak currents observed in these
figures were attributed to the lack of wind at this moment in the simulation. The
shape of the conductivity plume was affected by the Mimico Creek discharge and
the west wind during the simulation. The surface currents were stronger under
stratified conditions and the plume’s areal coverage was larger. Conversely, the
plume depth was shallower under stratification than under isothermal conditions,
because buoyancy forces tended to spread and thin the warmer Mimico Creek
plume along the lake surface.

Figures 9.28 and 9.29 provide a comparison of model-predicted velocity and
conductivity to field measurements at Stations 703 to 705u, respectively. The 3D
stratified model predictions are in better agreement with the field measurements. In
comparison to the 3D isothermal model, the velocity time series predicted by the 3D
stratified model appeared dampened. As expected, estimates of conductivity are
generally underpredicted by the 3D isothermal model. This demonstrates that the
vertical temperature distribution has a strong influence on the pollutant transport,
and a 3D stratified model is necessary for the simulation of current and pollutant
transport in this nearshore area during the summer.
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Fig. 9.25. Source discharge and wind time series for Case 1 (Shen et al., 1995).

Case 2 (September 19-22)

Source and wind time series data are presented in Figure 9.30, and the model-
predicted conductivity contours, superimposed on the circulation patterns, at 10:00
am. on September 22 and 0:00 a.m. on September 23, are presented in
Figures 9.31(a) and (b), respectively. Figure 9.31(a) shows the plume extending
east to the Toronto Western Beaches, due to a strong east-tending current. Toward
the end of the simulation the source discharge is weak, however, the plume is now
confined to an embayment west of the Humber River in Humber Bay Park East.

This demonstrates that embayments along the waterfront can be impacted by other
less direct discharges.
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Fig. 9.26. Conductivity contours superimposed on circulation patterns for isothermal
conditions, 8 h into the simulation (Shen et al., 1995).

July, 17
8:00pm

first layer

Fig. 9.27. Conductivity contours superimposed on circulation patterns for stratified
conditions, 8 h into the simulation (Shen et al., 1995).

Time series of conductivity and velocity for field and model simulations, at
Station 703, are presented in Figure 9.32 where the predictions are in good
agreement with field measurements. The conductivity time series are in exceptional
agreement where peaks in conductivity occurring early on September 21 and mid-
September 22 match the field measurements in time and magnitude. It is interesting
to note that a decrease in field measurements of conductivity toward the end of
September 22 is coincident with strong northerly winds which generated an
upwelling of lower conductivity, hypolimnetic water to the surface. This is
substantiated by current meter time series data which show a rapid drop in
temperature and conductivity. The reference conductivity for the nearshore area of
the Metropolitan Toronto waterfront was taken to be 300 umho/cm, based on field
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Fig. 9.28. Comparison between field measured and predicted conductivity and velocity time
series at Station 703 (Shen et al., 1995).

measurements of the open water. The model predicted conductivity dropped to this
level, which was the lowest level possible, based on this boundary condition.

The nested model used in this example provided predictions of circulation and
pollutant transport, at high spatial resolution, which were in good agreement with
field measurements. In comparison to the isothermal model, the 3D stratified model
provided improved estimates for simulations during the summer period when the
lake was stratified. Lake stratification prevails during the summer months and
provides a worst case condition which reduces vertical mixing and increases
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Fig. 9.29. Comparison between field measured and predicted conductivity and velocity time
series at Station 705u (Shen et al., 1995).

horizontal dispersion of pollutants. This was demonstrated in Case 1 where
improvements in model predictions were realized when the fully 3D model was
compared to predictions from the isothermal model, which assumed vertically well-
mixed conditions.

The wind field is the most important data input, and every effort should be made
to use data as close to the study area as possible. In addition, whole lake circulation
patterns, necessary for the nested model, should use a wind field generated by
interpolating wind data over a number of stations across the whole lake.
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Fig. 9.30. Source discharge and wind time series for Case 2 (Shen et al., 1995).

The study has demonstrated that conductivity time series, recorded by Aanderaa
Instruments RCMA4S current meters and continuous recording water quality meters,
such as the Hydrolab Datasonde III, can be used effectively for the calibration of
the pollutant transport model. They offer several advantages over the chemical
analysis of conventional grab samples. The data is continuous, and important peaks
(or troughs), which are often missed through grab sampling, are recorded.

As discussed previously, modelling the lake stratification period should be a
priority and under these conditions most surface discharges across the waterfront will
not impact the deeper hypolimnetic waters. Conductivity measurements, collected



9.3 Toronto Waterfront Receiving Water Study 229

Sept. 22
10:00am
first layer

= SN —— £
2ot 2 2zmr
e L2 2P,

r:

PIPPPPPIG 4 svmtmrc vt r st cam——————-

0:00am
first layer
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conditions. (a) 82h into the simulation, and (b) 96 h into the simulation (Shen et al., 1995).



230 Model Applications to the Great Lakes

450
- Station 703
§ R 3D model
,g field data \
& 350
>
P}
(3}
3
=]
8
250
19
151

velocity (cm/s)

velocity (cmy/s)

_15 1 i 1 ]
19 20 21 22 23

Sept., 1992

Fig. 9.32. Comparison between field measured and predicted conductivity and velocity time
series at Station 703 (Shen et al., 1995).

from near bottom meters positioned close to the source, showed no response during
lake stratification. In addition, because the meters were positioned along an east
tending transect from the mouth of Mimico Creek, calibration was only possible for
those cases where currents were east tending. Data collected during some large events
where the currents were west tending were not suitable for model calibration
purposes. It is therefore recommended that, for model calibration purposes,
measurements of conductivity, temperature and current velocity should be taken
using instruments positioned near the surface. In lake applications, the meters should
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be positioned in the nearshore environment, on both sides of source monitoring
stations, to maximize the data capture potential for calibration purposes.

9.4 HAMILTON HARBOUR STUDY

Hamilton Harbour, located at the western end of Lake Ontario (see Fig. 9.33), is
one of 40 areas of environmental concern in the Great Lakes. In recent years, many
projects in the Harbour required a fine-resolution hydrodynamic model so that the
current structure could be simulated and used as an input to water quality and
sediment transport models (MOE, 1992).

There were a limited number of studies conducted on modelling the current
movements in the Harbour (MOE, 1974; James and Eid, 1978; Rasmussen and
Badr, 1979). The 2D models used by MOE (1974) and Rasmussen and Badr (1979)
were unable to simulate the current structure in the vertical direction. A 3D model
is necessary to simulate this phenomena. In the 3D model by James and Eid (1978),
the non-linear horizontal advection terms were not included and the vertical eddy
viscosity coefficient was taken as a constant, which is not realistic for the wind-
induced flow (Tsanis, 1989). The coarse-grids used in all previous models were
unable to describe in detail the shoreline and the Harbour’s bathymetry.
Furthermore, the model verification was insufficient. As a result, a high-resolution
model must be employed and detailed model verification is required. A high-
resolution grid of 100 m was used for Hamilton Harbour in this study, as shown in
Figure 9.34. The system is rotated 23.8° clockwise from the north, to better
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Fig. 9.33. Locations of meteorological and limnological observation stations in Hamilton
Harbour during the 1990 and 1991 field study seasons (Wu, 1993).
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Hamilton Harbour

(Grid Size = 100 metre)

Fig. 9.34. A high-resolution (100 m grid) finite difference model for Hamilton Harbour. The
grid rotated 23.8° anticlockwise from the north to better represent the shorelines (Wu, 1993).

represent the eastern and northeastern shorelines. This grid system is sufficient to
represent the shorelines and verify the models.

The 3D hydrodynamic model used for Hamilton Harbour is a multi-layered
stratified 3D model. A sigma coordinate transformation is used in the vertical plane
within the 3D model for a smooth representation of the topography. A fractional
step method is used to split the vertical diffusion terms from the rest of the
momentum equations so that a semi-implicit scheme can be applied to offset the
limit on the time step. A particle trajectory model that uses the random-walk
approach is employed to simulate the trajectories of particles released in the
Harbour.

Model verification using field data is a very important aspect in model
development and application. Although much data has been obtained in Hamilton
Harbour (MOE, 1992b), there is no existing model that utilizes these data for
verification purposes. An extensive field study was undertaken by the scientists at
the National Water Research Institute (NWRI) of the Canadian Centre for Inland
Waters (CCIW) during 1990 and 1991 (Boyce and Chiocchio, 1991). The field data
included currents from 17 current meters, trajectories from over 10 drogue
experiments, and water levels from three water-level gauges. The locations of these
instruments are presented in Figure 9.33. The features of the current and water-level
data are presented in Boyce and Chiocchio (1991) and Wu (1993).

In this study, two methods will be used for the model verifications, using
measured current, drogue trajectory, and water-level data. The first method is to
compare model results with field data in the time domain (point-by-point
comparison). A circulation model is judged to be accurate if it yields velocities
closely resembling the observed velocities. However, a quantitative verification
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of the model with current data is particularly difficult because a meaningful
comparison of observed and computed vector quantities must involve both
direction and magnitude. The comparison depends on the location of a station and
its meter depth because the current meter is sometimes located in a region of flow
reversal, whereas, in other cases, the meter is located in a region of unidirectional
current. The second method is to compare simulated trajectories with the field
measurements (spatial comparison). This method is easily visualized and can be
statistically evaluated.

9.4.1 Verification with Current Meter Data

The latest data from current meters were collected during the 1990 and 1991 field
seasons in Hamilton Harbour. The simulated currents at five mooring meter
locations, #16d5m, #17d5m, #18d5m, #19d6 m, and #19d10 m (see Fig. 9.33), are
compared with the measured data d5m, dom, d10m are the depth of current meters.
The comparisons were made by using the point-by-point method, and three
statistical criteria were used to evaluate the degree of agreement between the
simulated and measured data.

The scenario HH910717 is a three-day west-wind process, from 16:00 July 16 to
14:00 July 19, 1991 (see Fig. 9.35). The wind directions were between 210 to 310°,
and the maximum wind speed reached 9.3 m/s on July 17. A comprehensive water
quality measurement effort was undertaken at 25 stations, amongst which, three
were outside the Ship Canal in Lake Ontario (MOE, 1992b). Temperature profiles
were obtained at these stations from which an initial temperature field for the 3D
stratified model was interpolated. During this period, the temperatures were quite
uniform within the top 5Sm of the water column and below the 20 m depth. A large
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Fig. 9.35. Wind speed and direction of scenario HH910717 (16:00 16-16:00 19 July, 1991) in
Hamilton Harbour (Wu, 1993).
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Fig. 9.36. Measured (solid line) and simulated (dashed-line) current components (U, in the

west—east direction; V, in the Harbour (Wu, 1993), south-north direction), at the mooring

stations #16d5m, #17d5m, #19d6 m and #19d10m, scenario HH 910717, Hamilton.

gradient existed between the 5-15m depth, where the temperature difference was
about 12°C (1.2°C/m). This is the typical temperature profile in the Harbour during
the summer season.

Figure 9.36 presents the simulated current velocity components (U = west-east
component and V' = south-north component), along with measured data at
#16d5m, #17d5m, #19d6 m and #19d10 m. The simulations are in good agreement
with the field data at most stations. However, many large peaks in the measured
data are not found in the model simulations. Such peaks do not correspond with the
wind peaks, such as the large peak around Julian hour 4770 at #17d5m.

The following statistical criteria (Schwab et al., 1989) were used to evaluate the
above comparisons: (1) o; represents the ratio of the energy in the time-variable part
of the current to the total energy in the observed current:

Z [(”O - lf_lc)z + (UO - 1_)6)2]
>+ v3)

xa = (96)

where (u,, v ) are the eastward and northward components of the observed currents;
(2) o, compares the differences between observed and computed values for the total
flows;

Z [(”0 - uc)z + (vo — UC)Z]
S+ v3)

oy = 0.7
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Table 9.7. Comparison of observed and calculated currents in Hamilton Harbour
(HH910717-16:00 16-16:00 19 July, 1991).

Ratio #16d5m #17d5m #19d6m #19d10m
ol 0.96 0.99 0.39 0.96
oy 2.22 1.21 2.81 1.65
o3 1.07 0.54 1.53 0.64

and (3) a3 is the ratio of the root mean square value of the computed currents to the
root mean square value of the observed currents:

\/ Z(ucuc + Uc’vc) (9 8)
v/ 2 (uouo + vovo) .

The statistical comparison between computed and measured currents are listed in
Table 9.7. It can be seen that almost all the energy is in the time-variable current
because o exceeds 0.95 at all stations. The typical value of «, is about 1.2, and a3
ranges from 0.3 to 1.2. Overall, the model verification with the current meter data is
satisfactory. A large variation in the field data that did not follow the wind is not
well simulated in the numerical model. Good simulations are only made in some
mooring locations. The wind field over Hamilton Harbour is taken as a uniform
field in the model but this may not be justified and may contribute to the variation
in the current meter data. Another reason may be that the horizontal and vertical
distributions of water temperature, which may contribute to the current variation,
were insufficiently included in the numerical model.

o3 =

9.4.2  Verification with Drogue Data

There were over 10 drogue experiments conducted during the 1990 field season. The
drogue experimental data provides an excellent opportunity to verify the 3D
circulation model because the comparison is easily visualized and statistically
analyzed.

The locations for each drogue in the Harbour’s grid of the northing and easting
in metres, are first converted into the model grid system (rotated 23.8° clockwise
from the north). For the convenience of comparison, the data are interpolated so as
to have the same start and end times and the same time interval (a half hour in this
study) for all the drogues in each experiment. The 100 m grid of Hamilton Harbour
is used in the coupled circulation and trajectory prediction model. Hourly wind
speed and direction are input to the model. Because the drogues were deployed at
either 2 or 5Sm below the water surface (the water depth is about 10-20m), the
drogue movements represented the currents in the upper layer. Each experiment
lasted for less than 5h. As a result, the change in thermal structure could be
ignored, and the thermal stratification only had an effect on the vertical viscosity
and baroclinic terms in the fully 3D model. The current fields at 2 and Sm below
the water surface, which were depths for the drogues, were interpolated from
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multi-layered current fields. The trajectories for each drogue are predicted using the
trajectory model without the random-walk term in each time step (a time step of 4
was used in the numerical model), while only recorded at half-hour intervals.

The drift velocity v, is assumed to be the sum of the current velocity v. and an
unknown windage, that is,

Vg = Ve + a v, 9.9)

where v,, is the wind velocity, and « the windage factor. A least-squares procedure is
used to determine the optimal value of the windage factor for each drogue. For
statistical comparison purposes, the following ratios were designed (Schwab et al.,
1989): y;—the ratio of the variance of the difference between the observed drogue
velocities and the computed currents to the variance of the observed drogue
velocities; y,—the ratio of the variance of the difference between the observed
drogue velocities and the wind velocities multiplied by windage factor to the
variance of the observed drogue velocities; (y;—the ratio of the variance of the
difference between the observed drogue velocities and the combined computed
velocity (current plus windage) to the variance of the observed drogue velocities;
that is,

S [(a — ue)® + (va — v0)?]

= S ) (9.10)

3 g — auy) + (va — av,)’]
¥ = S ) ©.11)
V3= Z [(ud —Uc—a MW)Z + (Dd —Uc—d Uw)z] (912)

> (ug +vy)

Six scenarios were selected from the 1990 field experiments. Figures 9.37, 9.38, and
9.39 show the observed drogue trajectories (solid line, solid circle) and the predicted
trajectories (dashed line, open circle), along with the duration, mean wind velocity,
and direction. The statistical comparisons are shown in Tables 9.8 and 9.9, in which
the averaged velocities derived from trajectories for both field and model data,
windage a, and ratios y;, y,, and y5 are listed for each drogue in each scenario. No
attempt is made to analyze all scenarios. Only two of them are presented in detail.
In the scenario TR900620 (on June 20, 1990), nine drogues were released in the
southeastern basin of Hamilton Harbour. Among them, seven drogues were
deployed at 2m below the surface, and two drogues at 6.5m.

Winds were about 1.2-1.9 m/s from 213° to 216° clockwise from the north (it was
a very weak wind condition). In general, all drogues followed the wind direction,
with a slight deflection for the drogues released at the 6.5m depth. The velocity
ranged from 2 to 4cm/s (see Tables 9.8 and 9.9). The computed trajectories are
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Fig. 9.37. The measured (solid line with solid circle) and the simulated (dashed line with open
circle) drogue trajectories for: (a) TR900620, (b) TR900628, in Hamilton Harbour (Wu,

1993).

quite close to the observed trajectories for drogues #1, #4, and #5, and the ratio of
variance of difference (y;) is less than 0.5. Extremely small currents were measured
for drogue #6. Except for #2 and #6, the ratios of the variance of the difference
between the observed drogue velocities and the computed currents to the variance
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Fig. 9.38. The measured (solid line with solid circle) and the simulated (dashed line with open
circle) drogue trajectories for: (a) TR900920, (b) TR900927, in Hamilton Harbour (Wu,

1993).

of the observed drogue velocities y; are below 1.3 (below 0.7 for six drogues). In
scenario TR901102 (on November 2, 1990), a 2.4 m/s southwestern wind prevailed.
Six drogues were released at 2m and four at 5 m; the observed and computed
drogue trajectories are presented in Figure 9.39(b). Excellent simulations are
obtained and all y; values are below 0.9 except for one drogue.
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Fig. 9.39. The measured (solid line with solid circle) and the simulated (dashed line with open
circle) drogue trajectories for: (a) TR901031, (b) TR901102, in Hamilton Harbour (Wu,
1993).

It is observed from these figures that, for many drogues, the model simulated
trajectories were very close to those from the field observation, while, for some
drogues, there was an angle within them. As we pointed out in the description of the
trajectory model, two particles released in the same location may not follow the
same path, because of the turbulence in the current field. Therefore, the comparison
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Table 9.8. Comparison of drogue measurements and model simulations (Group 1).

Scenario  # D(m) u, (cm/s) vy (cm/s) u. (cm/s) v. (cm/s) o 71 V2 73

TR900620 1 2.0 —3.94 403 =541 3.69 —0.0106 0.4792 1.3062 0.4155
2 20 —-1.92 025 —4.84 3.33 —0.0207 2.1014 34.225 1.1467
3 20 —0.42 1.94 —1.81 1.41 —0.0087 1.3755 6 1.1467
4 2.0 —-1.93 2.74 -3.49 2.42 —0.0080 0.3303 1.3773 0.1826
5 20 —5.31 0.56 -3.25 224 —0.0002 0.3092 1.5513 0.3099
6 6.5 -0.33 —-0.16 -3.25 224 —0.0227 14.8716 1.0079 4.6807
7 2.0 —6.03 453 =335 228  0.0173 0.2541 10.836 0.1395
8 20 —1.68 1.22 -3.06 2.07 -0.0100 0.6110 9 0.1516
9

6.5 —453 111 =3.07 2.07 —0.0093 0.7468 0.5902 0.7161

2.4599
1.3579
TR900628 1 6.5 383 —452 =539 2.84 —0.0399 3.5757 1.0655 1.7029
2 20 -10.39 582 —8.50 443  0.0075 0.0579 0.8224 0.0389
3 20 —7.38 6.66 —7.34 3.98  0.0060 0.1100 0.8392 0.1035
4 6.5 1.28 —4.75 734 398 —0.0428 5.8159 2.2116 2.7097
5 20 -287 —-0.56 —5.12 2.88 —0.0122 1.3191 1.8446 1.0366
6 2.0 -1.49 =226 =575 3.14 —0.0232 5.5217 3.8904 3.0700
7 2.0 —-1.32 293  —-491 2.58 —0.0080 1.2718 1.8341 0.8495
8 20 —6.32 550 —=5.61 3.00  0.0077 0.1367 0.7645 0.1117
9 20 —4.97 555 =530 2.84  0.0052 0.2090 0.8244 0.2046
TR900920 5.0 0.34 0.34 .68 —1.87 —0.0111 6.7133 2.6417 3.4104

20 -394 -394 529 =574 —-0.0117 1.1069 2.0453 0.8052
20 =203 =203 1.84 —1.60  0.0018 0.3576 0.9199 0.3511
50 —-197 -193 0.04 0.25  0.0I11 1.0699 0.5357 0.5258
2.0 0.57 0.57 4.07 —4.52 —-0.0102 1.2501 1.3967 1.1013
20 —4.61 —4.61 403 —4.55 —0.0013 0.1034 1.0624 0.1014
50 =293 -293 047 0.24  0.0107 1.2100 0.6896 0.7638
20 —432 —432 245 =275 0.0002 0.6309 0.9888 0.6307
20 —-289 -2.89 350  —3.82 —0.0035 0.3836 1.2977 0.3501
50 -197 -197 0.30 —0.42  0.0059 0.6748 0.6400 0.4554

S O 0 JN LNBA W

with some angles may also be considered as a good comparison. A quantitative
criterion, which is not available in any previous literature, may be established with
the help of the trajectory model, using the random-walk approach. It may also be
clearly explained by using the conventional advection—diffusion model, that is, for
the movement of the cloud of particle

or _u@_vai’JrD@JrD@iP
o Tox Toy ! Troaxr TV g2

(9.13)

where P is the “concentration” particles, and D, and D, are the dispersion
coefficients. Supposing that a 100 unit particle is continuously released at one
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Table 9.9. Comparison of drogue measurements and model simulations (Group 2).

Scenario  # D (m) u, (cm/s) v, (cm/s) u. (cm/s) v, (cm/s) o 71 V2 V3

TR900927 1 50 —-0.45 —0.02 0.72 —-1.51 0.0102 2.5806 1.0010 2.2026
2 20 0.66  —5.39 2.65 =534  0.0141 0.2258 1.0750 0.1803
3 20 291 -2.19 0.64 —1.04 —0.0108 0.4987 0.8992 0.4347
4 50 1.72 0.12 —-0.36 0.84 —0.0093 1.6564 0.8738 1.4583
5 20 387 =3.26 1.81  =3.72 —0.0047 0.2717 0.9665 0.2661
6 2.0 202 =511 1.47  =3.17 —0.0001 0.1795 0.9994 0.1795
7 50 1.36 =3.70 —-0.21 0.25 —0.0092 1.1565 0.9702 1.1157
8 20 2.16  —0.96 1.66 —3.55 0.0074 1.4304 1.1418 1.3853
9 20 0.58 2.81 266 —4.41 0.0264 4.7111 11.046 4.2659

10 2.0 292 —-0.59 193 386 0.0104 1.0452 6 0.9902

11 5.0 046 —1.93 024 —0.49  0.0087 0.7923 1.0723 0.7281

12 2.0 1.54 =246 1.44  —=2.87  0.0012 0.2233 0.9621 0.2220

0.9807

TR901031 1 50 =275 052 —0.99 0.57 —0.0067 0.4299 0.7988 0.3453
2 20 384 —-1.16 347 1.99  0.0146 0.6792 1.3765 0.6336
3 20 —6.03 .22 =272 1.58 —0.0137 0.4486 0.8341 0.3905
4 50 396 0.31 —0.09 0.06 —0.0165 0.9717 0.7985 0.7804
5 20 810 1.34  —-3.55 2.04 —0.0173 0.3519 0.8147 0.2856
6 20 =502 -071 —-249 1.44  0.0011 0.4711 1.0187 0.4752
7 50 =35 —1.06 0.06 —0.01 —0.0091 1.0275 0.8864 0.9097
8§ 20 234 135 —1.43 0.88 —0.0059 0.3694 0.8409 0.3309
9 20 =313 1.0§ —2.85 1.64  0.0018 0.0790 1.0617 0.0794

10 2.0 —3.66 2,18 —1.88 1.11  —0.0023 0.2993 0.7412 0.2173

11 5.0 —-0.99 0.55 0.01 0.01 —0.0046 0.9957 0.9080 0.9035

12 20 =507 1.54 =251 1.43 —0.0110 0.2708 0.8106 0.2117

TRO01102 1 5.0 359 —0.05 1.86 0.41 —0.0007 6.7133 1.0328 0.3955
2 20 470 -1.12 6.46 1.05 —0.0033 1.1069 1.1520 0.4681
3 20 6.36 0.06 5.46 0.91 —0.0033 0.3576 1.0967 0.1755
4 50 419 —-048 0.20 0.04  0.0022 1.0699 0.9300 0.8570
5 2.0 582 —0.19 5.67 0.87 —0.0016 1.2501 1.0599 0.2852
6 50 3.96 377 —=0.61 —-0.03  0.0010 0.1034 0.9736 1.1270
7 2.0 7.56 3.66 4.53 0.71 0.0002 1.2100 0.9947 0.2818
8 20 6.19 1.87 5.26 0.77 —0.0017 0.6309 1.0589 0.1775
9 5.0 5.15 1.08 0.22 0.03  0.0074 0.3836 0.8435 0.7997

10 2.0 882 —-0.02 3.95 0.62  0.0033 0.6748 0.9226 0.3262

location, the contours will present the most likely distribution for the movement of
particles released at this location.

Figure 9.40(a) shows the trajectories (open circle) of 1000 drogues released at the
same point, that is, the first point in scenario TR900620 using the random-walk
approach. The concentration at each mesh could be calculated by adding the
number of drogues located in the mesh. The solid circles are presented for
comparison purposes. Contours from the advection—diffusion modelling are shown
in Figure 9.40(b). It is observed that both methods provide similar results.
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Fig. 9.40. Experiments on the trajectory predictions: (a) movement of 1000 particles released
once the first drogue location in Scenario TR900620 in Hamilton Harbour, using the
trajectory prediction model coupled with a Monte-Carlo randomwalk approach; (b) contours
of equal concentration for an emission of the pollutant (equivalent to a cloud of particles)
from the first drogue location in Scenario TR900620, using the finite difference advection-
diffusion model (Wu, 1993).

9.4.3  Verification with Water-Level Data

The water-level change in a lake may be induced by the wind (wind-induced set-up),
in/outflows, precipitation, evaporation, etc. For most lakes, except some small lakes
with high volumes of in/outflows, wind-induced change to the water level is
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dominant for short periods. The magnitude of wind-induced water-level change
depends on the wind speed and fetch, or size of the lake; for example, in Lake
Ontario (300 km x 80 km), there is a 12 cm difference in water level between the two
ends of the basin with a 10 m/s westerly wind over several hours. It was found from
field data in Hamilton Harbour that water-level change did not follow wind change,
and the magnitude of change was much higher than expected (for such a small-sized
basin). The only possible reason is the influence of Lake Ontario (Wu, 1993).

To confirm the above observation and to verify the model, the scenario
HH910814 (August 14-16, 1991) was simulated. This was a three-day west wind
storm, with the wind speed varying between 2 and 9 m/s, as shown in Figure 9.41(a).
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Fig. 9.41. Time series of (a) wind speed and direction, (b) water level at Burlington Ship
Canal during August 14-16, 1991, Hamilton Harbour (Wu, 1993).
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The water-level time history at the Burlington Ship Canal during this period is
presented in Figure 9.41(b). The water-level change was between 1 and 8cm over
three days. About an 8cm decrease in water level occurred in a couple of hours
during the second day, when the wind increased from 2 to 9 m/s.

At first, the water-level change in Burlington Ship Canal was not included in the
simulation. As expected, the water level changes by about 0.1-0.5cm, mainly
following the wind change. Then, the water-level change in the canal was included
as a boundary condition in the simulation. Figure 9.42 presents the simulations
(dashed-line) and the field measurements (solid line) at three stations (station #21,
#22, #23, see Fig. 9.33). The simulations are in good agreement with the
measurements and the water-level changes are as high as 10cm. In conclusion,
the influence of Lake Ontario must be included in predicting the water-level change
in Hamilton Harbour.

In summary, two 3D hydrodynamic models were developed and used to simulate
the currents and water levels in Hamilton Harbour. The models were verified using
the field data collected during the 1990 and 1991 field seasons. Two scenarios,
HHS810717 and HH911002, were selected to verify the models by comparing the
simulated current results point-by-point with the measured current meter data.
Overall, the comparisons are satisfactory. Results from the trajectory model are in
good agreement with the drogue experimental data. A quantitative criterion to
evaluate the trajectory comparison was established with the help of the trajectory
model, using the random-walk approach. We found that, under an averaged eddy
viscosity of 5.0 m?/s, the ratio y, of 1.651 for simulation is acceptable. By using the
water-level changes in the Burlington Ship Canal, the model predictions were
validated with measurements at three water-level stations in the Harbour. The
simulations are in good agreement with the field data (see Table 9.10).

9.5 COOTES PARADISE STUDY

Cootes Paradise is a small marsh at the western tip of Hamilton Harbour. The
open water area measures 2.5 km?, and, prior to the 1940s, it was abundant with
emergent aquatic plants and home to a diverse animal population. The steady
degradation of the marsh is due to many factors, and, today, the water quality is
extremely poor, the emergent vegetation is virtually non-existent and the diversity
of the flora and fauna greatly reduced.

The Department of Fisheries and Oceans Canada has taken the leading role in
co-ordinating the restoration of Cootes Paradise. In order to improve conditions
for planting and germinating the natural seed bank, a number of ideas were
proposed, including the large-scale installation of an ““Aqua Dam” for dewatering
sections of the marsh. Knowledge of the current patterns in Cootes Paradise is
necessary for any future decisions regarding flow diversions, building dikes, etc.
Therefore, modelling of the currents in Cootes Paradise should precede any of the
above plans.

A 2D depth-averaged hydrodynamic/pollutant transport model will be
used to predict the combined hydraulic and wind-induced circulations and
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Fig. 9.42. Simulated (dashed line) and observed (solid line) water level at three stations #21,
#22, #23 in Hamilton Harbour during August 14-16, 1991 (Wu, 1993).

pollutant transport in Cootes Paradise. The model will allow time-variable inputs
from sewage treatment plants, storm sewers, and combined sewer overflows, in
terms of discharges. The specific tasks of this project are discussed in the next
paragraph.
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Table 9.10. Theoretical value of y; from random-walk modelling.

Ah (m?/s) Mean Minimum Maximum
0.1 0.099 0.002 0.579
1.0 0.555 0.016 5.429
5.0 1.651 0.073 17.29

Source: Wu (1993).

Set up a hydrodynamic/pollutant transport model for Cootes Paradise using
both 10 and 20 m grids under different wind and water-level conditions. Model runs
are to be carried out for different wind directions (e.g., the west and north) at a
wind speed of 5m/s. In addition, model runs for the dominant west wind direction
will be carried out for three different wind speeds (5 and 10 m/s) in order to test the
sensitivity of the model on the wind speed. Variable wind will also be used as an
input to the model, in order to determine the sensitivity of currents to changes in the
direction of winds. The current results will be used in a 2D advection—diffusion
model to predict the pollutant transport from two point sources (Spencer Creek and
Borer’s Creek). The trajectory of pollutant particles from Spencer Creek under
different wind conditions will be determined, and the residual times of pollutants
will be calculated. Plots of the circulation and pollutant transport results for Cootes
Paradise, for all the above cases, will be provided.

9.5.1 Current Patterns and Pollutant Transport

Simulations were performed for constant winds (5 and 10 m/s) blowing from four
directions (north, east, south, and west) under high and low water-level conditions.
The domain was discretized in 10m x 10m (381 x 136 grids) square grids,
respectively. Pollutant particles were released from Spencer Creek continuously,
with the concentration 10 ppm, and the discharge of Spencer Creek was assumed to
be 2.8 m’/s.

Figure 9.43 shows the depth-averaged velocity under 5m/s constant west wind.
Several gyres occurred in the central area, due to the bottom topography, and large
currents occurred in nearshore areas, with the maximum velocity of 30cm/s. A
particle trajectory method was used to predict the path of the suspended sediments
introduced at Spencer Creek. The time for the particles to leave the marsh was
about 22.2 h. Figure 9.44 shows the time series of total kinetic energy. The time for
the water in Cootes Paradise to reach steady state, under Sm/s west wind, was
approximately 6 h. Figures 9.45(a) and (b) show the pollutant plumes at different
times (after 6 and 10 h, respectively). The pollutants released from Spencer Creek
are transported northeast by the wind-induced current. After moving around Rat
Island, the pollutants were divided into two parts; the first part kept moving along
the north shoreline, due to strong currents in the nearshore area, and the other part
moved toward the west, due to the gyre in the central area.

Figure 9.46 shows the depth-averaged velocity under 5m/s constant north wind;
the time for the particles to leave the marsh was about 31.1 h. Figure 9.47 shows the
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Fig. 9.43. Depth-averaged velocity in Cootes Paradise (10m grid) under a 5m/s constant
west wind (Tsanis and Shen, 1994b).
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Fig. 9.44. Time series under total kinetic energy under a Sm/s west wind (Tsanis and Shen,
1994b).

time series of total kinetic energy; the time to reach steady state under Sm/s north
wind was more than 10h. Figures 9.48(a) and (b) show the pollutant plumes at
different times. The pollutants from Spencer Creek were transported to the south
first and then diffused to the east and west.

Figure 9.49 shows the depth-averaged velocity under 10 m/s constant west wind.
The current structure was similar to that under 5m/s west wind, with maximum
current velocity of 60 cm/s. The time for the particles from Spencer Creek to leave
the marsh was about 10.6 h. Figure 9.50 shows the pollutant plume after 10 h under

the wind. Compared to Figure 9.45(b), the pollutant plume obviously moved
toward the east faster than that under 5m/s west wind.
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After 6 hours

After 10 hours
10 metre grid /

Fig. 9.45. Pollutant plume (10m grid) under: (a) a 5m/s constant west wind after 6h, (b)
after 10 h (Tsanis and Shen, 1994b).

Fig. 9.46. Depth-averaged velocity under 5m/s constant north wind (Tsanis and Shen,
1994b).
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Fig. 9.47. Time series of total kinetic energy under a 5m/s constant north wind (Tsanis and
Shen, 1994b).

Figure 9.51 shows the depth-averaged velocity under 5m/s constant west wind
for a low water-level condition. The path of the pollutants introduced at Spencer
Creek was different from that under a high water-level condition (see Fig. 9.43). The
reason for this is the difference in water depth and the fact that some areas in
Cootes Paradise were totally exposed under a low water-level condition. Figure 9.52
shows the pollutant plume after 10h under Sm/s west wind and low water-level
condition. Compared to Figure 9.45(b), the pollutant plume under low water-level
condition moved slower and was confined to a smaller area.

Long-term simulations

In order to run the hydrodynamic/pollutant transport model for long-term
simulations, the Cootes Paradise basin was discretized in a 20m x 20m square
grid (192 x 70 grids). The model was run for a 20 day simulation period under 5 and
10 m/s constant west winds and variable wind.

Figure 9.53 shows the pollutant plumes after 10h under Sm/s constant west
wind, based on the 20m grid. The pollutant plume in Figure 9.53 had the same
pattern, but with lower resolution than that in Figure 9.45(c), which was based on
10m grid. Figures 9.54(a) and (b) show the pollutant concentration distributions
after 24 and 168 h under 10 m/s constant west wind. The pollutants entered Cootes
Paradise from Spencer Creek and left the basin from the Desjardins Canal. The
spatial concentration distribution of Cootes Paradise would never be uniform, even
after reaching steady state, therefore Cootes Paradise is not a fully mixed basin.

Figure 9.55 shows the temporal variations of pollutant concentrations at
different locations under 5m/s constant west wind. The initial concentration was
assumed to be uniform (the normalized concentration was equal to one) over the
whole basin and no pollutants entered the basin during the simulation period. Since
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Fig. 9.48. Pollutant plume under a Sm/s constant north wind: (a) after 6h, (b) after 10h
(Tsanis and Shen, 1994b).

wind: 10m/s

Fig. 9.49. Depth-averaged velocity (10 m grid) under a 10m/s constant west wind (Tsanis
and Shen, 1994b).
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Fig. 9.50. Pollutant plume (10 m grid) under a 10 m/s constant west wind after 10h (Tsanis
and Shen, 1994b).
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Fig. 9.51. Depth-averaged velocity (10 m grid) under a 5m/s constant west wind at low
water-level conditions (Tsanis and Shen, 1994b).
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Fig. 9.52. Pollutant plume (10m grid) under a Sm/s constant west wind after 10h at low
water-level conditions (Tsanis and Shen, 1994b).



252 Model Applications to the Great Lakes

concentration

029
027
025
023
0.21
0.19
0.17
0.15
0.13
0.11
0.09
0.07
0.05
0.03
0.01

20 metre grid

After 10 hours /N

Fig. 9.53. Pollutant plume (20 m grid) under a 5Sm/s constant west wind after 10h (20 m grid)
(Tsanis and Shen, 1994b).
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Fig. 9.54. Pollutant plume (20 m grid) under a 10 m/s constant west wind: (a) after 24 h; (b)
after 168 h (Tsanis and Shen, 1994b).
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Fig. 9.55. Temporal variations of pollutant concentration at different locations under a Sm/s
constant west wind (initial concentration is one) (Tsanis and Shen, 1994b).

the pollutants left the basin from the Desjardins Canal, the concentrations at P1,
P3, P8, and P4 decreased with time. It took approximately 18, 12, 14 and 16 days
for the concentrations at P1, P3, P8, and P4 to reach zero, respectively. Figure 9.56
shows the time series of pollutant concentrations at different locations under 10 m/s
constant west wind. The other computational conditions were the same as in
Figure 9.54. The times for the concentrations at P1, P3, P§, and P4 to reach zero
were 14, 10, 8, and 12 days, respectively, which were shorter times than those in
Figure 9.55. Figure 9.57 showed a similar trend, but with high-frequency
oscillation. This was because the variable wind pushed the pollutant particles back
and forth.

Figure 9.58 shows the time series of pollutant concentrations at different
locations under 10 m/s constant west wind. In this test case, the initial concentration
was assumed to be zero over the whole basin, and pollutants with normalized
concentration were introduced at Spencer Creek continuously. The times for the
concentrations at P1, P3, P8, and P4 to reach steady state were approximately 12, 8,
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Fig. 9.56. Temporal variations of pollutant concentration at different locations under a
10 m/s constant west wind (initial concentration is one) (Tsanis and Shen, 1994b).

6, and 10 days, respectively. The concentrations at P1 and P8 were much higher
than those at P3 and P4. This also proves that Cootes Paradise is not a fully mixed
basin. Figure 9.59 shows the time series of pollutant concentrations at different
locations. In this case, a 5x 107° decay coefficient was given and the other
computational conditions were the same as those of the last case. Compared to
Figure 9.57, the pollutant concentrations at all points in this case were obviously
lower, due to decay effect. Figure 9.60 shows the time series of pollutant
concentrations at different locations under variable wind (January 1-20, 1990). The
wind data at Hamilton Harbour were used in this simulation, and the other
computational conditions were the same as those of the case in Figure 9.57.
Compared to Figure 9.57, the pollutant concentrations had the averaged
concentration of the whole basin and the concentration near the Desjardins Canal.
It took about 10-12 days to reach steady state, and the mean concentration was
about 0.45. This implied that the dilution of Cootes Paradise was about 45%. The
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Fig. 9.57. Temporal variations of pollutant concentration at different locations under a
10 m/s constant west wind (initial concentration is one) (Tsanis and Shen, 1994b).

mean concentration of the whole basin was also calculated from field data analysis
and was determined to be 0.466, with a standard deviation of 0.188 and a
normalized deviation of 0.403. The concentration near the Desjardins Canal varied
largely with the wind.

9.6 LAKE ST. CLAIR STUDY"

Lake St. Clair is located between Lake Huron and Lake Erie, and is connected
with Lake Huron via the St. Clair River and with Lake Erie via the Detroit River. It
is a small shallow lake with a mean depth of 4m and a maximum depth of 6 m

""Material from Section 9.6 is reproduced from Brissette et al. (1993), copyright with
permission from the International Association of Great Lakes Research.
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locations under a 10 m/s constant west wind with decay (initial concentration is zero) (Tsanis
and Shen, 1994b).
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Fig. 9.60. Temporal variations of pollutant concentration at different locations under
variable wind (January 1-20, 1990) (initial concentration is zero) (Tsanis and Shen, 1994b).

(Fig. 9.61a). It has the St. Clair River as an inflow and the Detroit River as an out-
flow, with an average flow rate of 5700 m>/s. Its shallowness and high in/outflow
result in a strong hydraulically induced current aligned roughly north to south,
which is the direction of the St. Clair River to the Detroit River (Schwab et al.,
1989). The hydraulic residence time is only about 9 days (100—500 days for the other
Great Lakes).

Analysis of wave data collected during the 1985 field study on Lake St. Clair
revealed significant differences in certain cases between the wind and wave
directions (Donelan, 1980). These differences may be due to the interaction between
the waves and the currents in the St. Clair-Detroit River system flowing through
Lake St. Clair. Thus, there is a need to establish the water current structure in the
lake under different wind conditions so that the problem of wave—current
interaction can be studied (Brissette, 1992). The simulated current field is also
useful in the water quality modelling in Lake St. Clair.
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Lake St. Clair Model
(b) 0 (dx=12km)

Fig. 9.61. (a) Bathymeric and location map of Lake St. Clair (Schwab et al., 1989); (b) 1.2 km
grid discretization of Lake St. Clair. The numbers show location of lake current
measurements (adapted from Ibrahim and McCorquodale, 1985).

Three types of models have been employed for the simulations of circulation
and wind set-up in Lake St. Clair. These are: a time-dependent rigid-lid model
(Schwab et al., 1989), a 2D depth-averaged hydrodynamic model (Simons and
Schertzer, 1989a; Halfon et al., 1990); and a finite element circulation model (Ibrahim
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and McCorquodale, 1985). All the afore mentioned models ignore the non-linear
advection and horizontal diffusivity terms. The first two models are unable to simulate
the 3D current structure, while the third can only estimate the steady state 3D velocity
field. Bottom friction was physically unrealistic in the conventional depth-averaged
model for such a shallow lake, and no improvement can be made in such a 2DH
model (Simons and Schertzer, 1989a). The coarse grid used in the third model makes it
difficult to obtain a detailed current field. As discussed in Chapter 5, the Q3D model
can simulate the 3D current field in an economical and efficient way. In this section,
the typical circulation patterns will be simulated and, based on that, a wave ray
analysis will be performed to examine the wave-current interaction in the lake.

9.6.1 Typical Circulation Patterns

The Q3D hydrodynamic model is used with a 1.2km grid to simulate the combined
hydraulically and wind-induced circulation in Lake St. Clair (Fig. 9.61b). In this
simulation, the wind drag coefficient Cpp = 1.8 x 1073, and the mean hydraulic
inflow/outflow = 5700 m?®/s (Schwab et al., 1989). The wind speeds and directions
used in the simulation were selected to meet the requirement of the wave—current
interaction study. The total kinetic energy evaluated in the simulations reaches the
steady state condition in a very short period, within 2 h, since the lake is shallow
and the bottom frictional damping is very large (Fig. 9.62). The 3D-mesh of a
typical wind set-up (under 10m/s SWW wind) in Lake St. Clair is shown in
Figure 9.63 and it indicates a high water level in the north shore and a low level in
the south.

The pure hydraulically induced depth-mean circulation simulated by the Q3D
model is shown in Figure 9.64. An advective hydraulic pattern is evident between
the inflow and outflow rivers, along with a large counterclockwise eddy covering the

25 x107 Typical kinetic Energy Process, Lake SL Clair

15t

Total K.E. (m>/sec?)

0s

[} 5 10 15 20 25
Time (hour) : 20 m/s North Wind

Fig. 9.62. Typical total kinetic energy process of simulation of Lake St. Clair (Wu and
Tsanis, 1991).
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Fig. 9.63. Typical wind set-up in Lake St. Clair (wind: SWW 10 m/s) (Wu and Tsanis, 1991).
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Fig. 9.64. Depth-averaged hydraulically induced circulation in Lake St. Clair. (a) In the
whole lake (vector scale = 10 cm/s); (b) In the eastern basin (vector scale = 2cm/s) (Wu and
Tsanis, 1991).

eastern basin. The magnitude of the current is about 2060 cm/s in the advective
hydraulic flow, while below 2cm/s in the eastern basin. This result is in agreement
with the observation findings under no-wind conditions (Schwab et al., 1989). The
combined (hydraulically induced and wind induced) circulation patterns for 10m/s
winds at four directions (east, west, north, south) are presented in Figure 9.65. The
common feature in all of these patterns is that the hydraulic flow along the NE-SW
direction is dominant in the central and western parts of the lake, while a wind-
induced flow is dominant in the eastern part of the lake. In the eastern basin, under
east and west wind conditions, the currents follow the wind in the north and south
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Fig. 9.65. Depth-mean circulation patterns in Lake St. Clair for a 10 m/s wind speed at four
different directions: (a) east, (b) south, (c) west, (d) north (Wu and Tsanis, 1991).

shorelines and form a return flow in the central region; while, under north and
south winds, the currents along the east shoreline follow the wind.

A typical multi-layer circulation pattern is shown, in Figure 9.66, for the case of
a 12.3m/s wind blowing from the SWW direction (87°). At the upper layer (5th
layer), the current follows the wind, except in the advective hydraulic flow, where
the flow is forced to turn in the wind direction. At the middle and bottom layers
(3rd and 2nd layers), the currents in the eastern part of the lake are 180° out of
phase with the wind direction, while the central and western parts are dominated by
the hydraulically induced currents. It is interesting to examine how the wind affects
the advective hydraulic flow in the upper layer. Figure 9.67 shows the surface
currents for SWW winds at four speeds, that is, 3, 7, 10, and 20 m/s opposite to the
hydraulic flow. In the eastern parts and nearshore areas of the lake, the surface
currents are aligned with the wind, while in the hydraulically dominated flow area,
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Fig. 9.66. Surface circulation patterns in Lake St. Clair for a SWW wind at four wind speeds:
(a) 3m/s, (b) 7m/s, (c) 10m/s, (d) 20m/s (Wu and Tsanis, 1991).

the lake currents are weak because the wind-induced current is acting against the
hydraulic flow. With a 20 m/s wind, the hydraulic flow is totally destroyed except in
river mouths (see Fig. 9.66(d)).

Table 9.11 shows water current data collected at two depths (z1 and z2)
from 26 stations on 4 days and under various wind conditions (Ibrahim
and McCorquodale, 1985), which are used to verify the currents obtained from
the Q3D model: Figure 9.68 presents the observed and calculated current vectors
for these stations. It clearly indicates a general agreement in terms of current
magnitudes and directions (the ratio of the variance of difference between the
observed velocities and the computed currents to the variance of the observed
velocities is 0.4127).
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Fig. 9.67. Three-dimensional pattern in Lake St. Clair. Wind = 12.3m/s, 87 degree: (a) 5th

Table 9.11. Four episodes of current measurements in Lake St. Clair.
Note: x means that no measurement was made in the station.

Source: Ibrahim and McCorquodale (1985).

layer—1/5 depth below surface,
layer—4/5 depth (Wu and Tsanis

Data date
Wind (m/s)
Station #
Depth z1 (ft)
Depth z2 (ft)
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Fig. 9.68. Observed and calculated current vectors (Wu and Tsanis, 1991).

9.6.2 Current-Induced Wave Refraction

Analysis of wave data obtained from a three-wave staff array and collected during
the 1985 field study on Lake St. Clair revealed, in some cases, significant differences
between the wind directions found at the central location on the lake (C3, closed
circle in Fig. 9.69), especially for south winds. The differences could be explained by
the presence of a strong hydraulic current aligned, roughly, north to south, which
would tend to deflect the waves toward the south if they travel with the current, or
in the opposite direction if the waves travel against the current. The high-resolution
directional spectrum estimations displayed significant directional effects; and the
wave refraction model, which includes the various possible effects on wave
refraction, revealed that the effect of fetch gradient and refraction, due to the
bottom topography, were insignificant, while the current-induced refraction

prevailed (Brissette et al., 1993).
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Fig. 9.69. Current-induced refraction as obtained from wave ray analysis and calculated
circulation pattern in Lake St. Clair: (a) for a wind blowing from the east, refraction in excess
of 20° is observed; (b) for a wind blowing from the southwest, little refraction is observed as
the waves propagate directly against the shear current with a 0° angle of incidence; (c) for an
idealized circulation pattern for a southwesterly wind, curvatures in the shear current can
have a dramatic effect on the wave rays, refraction of 30° is observed (the closed circle
represents the location of Tower C3 during 1985 wave observation in Lake St. Clair)
(Brissette et al., 1993; Wu, 1993).

In this study, the wave-ray analysis method developed by Irvine (1987) is
employed to examine the wave—current interaction in Lake St. Clair. The ray
equations for waves propagating over a spatially varying current are as follows
(Irvine, 1987):

dk, ov  dk oV
st S 9.14
dt Tox’  dt Y oy ©.14)
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and

% =(Cy)+ U; % =(Cy), +V 9.15)
where U and V' are the depth-averaged velocity components in the x- and y-
directions, respectively. E(kx, k) is the wavenumber vector; C, the group velocity;
ﬁ(Rx, R,) maps out the wave rays. Equation (9.15) indicates that the turning of
waves caused by the current is due to both the advection and dispersive nature of
the waves (Phillips, 1981). In the following analysis, wave rays were computed with
Eqgs. (9.14) and (9.15), using a calculated current structure in Lake St. Clair. The
analysis was performed using 0.4 Hz waves, which are typical peak waves in Lake
St. Clair for medium-to-strong wind conditions. This analysis is clearly an
approximation as it assumes wave components with fixed frequencies traveling
without dissipation or wind input of energy. However, the analysis should reveal
some aspects of wave—current interaction in Lake St. Clair, and at least indicate if
such interaction is compatible with the field observation.

Figure 9.69(a) presents the results of a wave-ray analysis for the case of an
easterly wind. It can be seen that the wave rays are clearly refracted by the shear
current at the east end of the lake, with the result that the main wave direction
becomes about 50°, an observation consistent with the field data. Waves generated
further away from the WNW flowing current will show a direction more consistent
with the wind. It should be noted that this analysis neglects the tendency of the
waves to realign with the wind once the action of the shear current decreases. In this
case, the force would be counteracted by the presence of the SE current; as
previously discussed, and the waves tend to be the direction normal to it.

Figure 9.69(b) presents results of the wave-ray analysis for the case of a
southwesterly blowing wind, where the waves were observed to come from either
side of the current but not directly against it. The ray analysis indicates that there is
very little gained by considering the work of Irvine (1987) in which he showed that
wave patterns on a current are strongly influenced by the curvature. He also
demonstrated that very small changes in the current structure can have large effects
on wave rays. The circulation patterns calculated in this work should adequately
represent the general features of the circulation pattern in Lake St. Clair. However,
they are computed for steady cases and are obviously subject to parameterization for
various factors such as horizontal diffusivity, bottom friction, and wind stress. As
such, the finer details of the circulation pattern, such as the curvature of the main
current, cannot be considered exactly, especially when trying to apply a “‘steady state
numerical circulation pattern” to wave data in unsteady wind conditions.

In order to look more closely at the effect of the curvature of the main current on
the wave refraction pattern, the circulation pattern was idealized by slightly
increasing the curvature of the main current. Wave rays for southwesterly winds
were then traced, as shown in Figure 9.69(c). The results now indicate the significant
refraction of the waves. The main effect of the refraction is the turning of the waves
to the west, up to 30°, which is compatible with field data. This model is a
simplification of the real phenomenon in Lake St. Clair, but it certainly outlines the
fact that currents of magnitudes similar to those observed in Lake St. Clair are
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sufficient to create significant refraction, and are compatible with field observations.
It should be noted that the choice of 0.4 Hz waves is probably a conservative one
since it implicitly assumes that the shear currents had no effect on the growth of the
waves (the wave’s direction of propagation is not affected by the currents until they
reach a period of 2.5s). In most cases, the depth-averaged current velocities should
be considered as minimum velocities since it is to be expected that the current close
to the surface is the one that affects the waves. Considering simply a logarithmic
velocity profile, the average velocity of the upper 2m could be 20% higher than the
velocity averaged over a 6 m depth.

To our knowledge, no similar wave-interaction cases have been observed
elsewhere. This can be partly explained by the fact that Lake St. Clair is
characterized by an unusually low residence time, causing strong currents and
especially steep horizontal velocity gradients. The horizontal velocity gradients are
fundamental in controlling wave refraction, and the gradients observed in Lake St.
Clair (0—10 cm/s/km) are as high as the ones observed in major currents such as the
Gulf Stream or Kuroshio, off Japan. In fact, the problem of swell refraction by such
major currents (as discussed by Irvine, 1987) can be almost exactly scaled down to
Lake St. Clair, when considering 0.4 Hz waves. Additionally, few studies of waves
make use of high-resolution directional spectrum estimates which are needed to
observe the complex energy structure of wave fields in strong shear currents.

9.7 LAKE SIMCOE STUDY

Previous studies of Lake Simcoe have documented the retention of phosphorus and
metals in the sediments, along gradients from points of input to Cook Bay and
Kempenfelt Bay (Johnson and Nicholls, 1988, 1989). Also, a feasibility study of the
potential for artificially enhancing bottom water 29.88 dissolved oxygen concentra-
tions in Kempenfelt Bay, with aeration/oxygen injection systems, has been carried out
(Neil, 1990). Water quality monitoring and modelling of phosphorus loading and
dissolved oxygen depletion in Kempenfelt Bay, and in the main basin of the Lake, are
continuing (Draper et al., 1985; The Land Sub-Group, 1985; Snodgrass and
Holubeshen, 1993). None of this work has had the benefit of information about
current patterns in the lake, especially information relating to exchange of bottom
water masses between Kempenfelt Bay and the main lake. At this stage of the Lake
Simcoe limnology program, an understanding of water movement patterns in the lake
and the flow exchange between Lake Simcoe and Kempenfelt Bay is essential. The
mass balance of the water quality parameters in Kempenfelt Bay require knowledge of
flow and pollutant exchange between Lake Simcoe and the bay. To achieve this goal,
the model VHI3D was used to simulate the temporal and spatial current distribution
in Kempenfelt Bay and Lake Simcoe. The study area is shown in Figure 9.70.

Figure 9.71 gives the wind speed and direction of a storm on December 3, 1990.
The wind was blowing, for the first 24 h, from the east, with the wind speed
gradually increasing from 4-14 m/s. During the last 14 h, the wind speed dropped to
about 3-4m/s and the wind shifted to the west. During the last 10 h, the wind speed
was 5-6m/s and the wind shifted to the north. Figure 9.72 shows the depth-
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averaged circulation for 12 and 36 h from the beginning of the last storm (May 17,
1990), for the east wind direction.

The currents close to the shore are in the wind direction, while the currents in the
middle of the lake are in the opposite direction to the wind. The currents are
stronger in the shallower parts of the lake.

Also simulated were the structure of the currents at the surface and the bottom.
Figures 9.73(a) to (c) show the depth-averaged, surface and bottom circulation, 12 h
from the beginning of the storm, in Kempenfelt Bay. Figures 9.74(a) to (c) show
the depth-averaged, surface and bottom circulation for the same period in Cook’s
Bay. The changes in the wind direction are reflected in the circulation features in
these bays.

The monthly mass volume flux between Kempenfelt Bay and Lake Simcoe was
calculated: (a) based on monthly averaged currents; and (b) time-averaged flux over
the month. The first method resulted in a flux of about 1000 m?/s, while the second
method resulted in a flux between 2000 and 2500 m?®/s. The mean current between
station 1 (south station) was 0.81 cm/s from an NE direction, while the mean
current from station 2 (north station) was 1.31cm/s from a SW direction. This
indicates that the mean monthly flow from Lake Simcoe is directed into Kempenfelt
Bay from the north side and leaves the bay from the south side. The flow exchange
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............

Case = 901203 Case = 901203

Time = 12 hours Time = 12 hours T
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Fig. 9.73. (a—) Depth-averaged circulation, surface currents, and bottom currents in
Kempenfelt Bay, 12h from the beginning of the storm (Tsanis and Wu, 1993).
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Fig. 9.74. (a—c) Depth-averaged circulation, surface currents, and bottom currents in Cook’s
Bay, 12h from the beginning of the storm (Tsanis and Wu, 1993).

between Lake Simcoe and Kempenfelt Bay is approximately 2000m®/s (see
Table 9.12).

9.8 LITTLE LAKE AND CRARY PARK MARINA STUDY'?

This section addresses the need for remediation of contaminated sediments
within Little Lake (see Fig. 9.75). This figure shows the location of a sewer pipe
discharging contaminated sediments into the Crary Park Marina within Little Lake.
It is suspected that, during periods of high flow, contaminated sediments are
becoming dislodged and transported downstream. This scouring may be the
primary factor in the movement of contaminated sediments from Peterborough to
Rice Lake and eventually to the Bay of Quinte. Painter concluded that the
sediments in the Crary Park Marina are probably highly susceptible to scouring

2Material in Section 9.8 is reproduced from Tsanis et al. (1996), copyright with permission
from Environmental Technology.
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Table 9.12. Mass flux between Kempenfelt Bay and Central Basin of Lake Simcoe.

(a) Flux based on monthly averaged currents

Period: 13:00 2100992-07:00 181092
Data: Total number of data = 1972
Mean currents: Station 1-speed = 0.81 cm/s; direction = 58°

Station 2-speed = 1.49 cm/s; direction = 251°
(from the north)
* Um = ul*(hl + (h2—h1)/2) + u2*((h2—h1)/2
+(h3—h2)/2) + u3*((h3—h2)/2 + H—h3)

Mass flux: Flux = (um1%3.28*0.65 + Um2*33.0*%0.35)*2700.0
=932.365m’/s

(b) Time-averaged mean monthly flux

Period = 210692-210792 Mean flux = 2497.7m’/s
Period = 210892-010992 Mean flux = 2031.3m%/s
Period = 210992-181092 Mean flux = 2008.0 m?/s

Source: Tsanis and Wu (1993).

Fig. 9.75. Crary Marina and source of contaminants (Tsanis et al., 1994a).
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during the spring freshet. He recommended further study to determine if scouring
of the sediments has indeed occurred. Also, if movement of the deposit is observed,
then removal of the contaminated sediment may be desirable, depending on the
timetable of the clean-up at the source, even though the area may become
contaminated again.

MacLaren Plansearch (1989) conducted a field study that examined current
movement in Little Lake and in the Otonabee River, on August 1987 and May
1988. Survey stations, in conjunction with drogue releases, provided current
data, meteorological data, and dispersion results for high and low flows typically
experienced along the Otonabee River in the summer season. Also, Geo-Logic
Inc. (1994) conducted a sediment survey of retrieved soil samples taken in the
Crary Park Marina area of Little Lake. Their investigation identified lake and
river bottom characteristics to provide baseline conditions prior to the spring
freshet.

The objective of this study was to identify potential areas susceptible to scouring
of contaminated sediments. The analysis was based only on the magnitude of the
currents provided by the model, and the type of sediment. The study area consisted
of Little Lake, from where the Otonabee River enters the Lake, downstream to
Whitlaw Creek. The highest priority was the Crary Park Marina, located where the
Otonabee River enters the Lake.

Little Lake was sub-divided into two sections. The first section involved the
Otonabee River flowing into Little Lake near the Crary Park Marina. In this case a
4 x 4m grid was established. The second section focused on the lake, excluding river
inputs and for this case a 20 x 20m grid was created. The effect of grid size on
shoreline input information is illustrated in Figures 9.76A and B.

-
Fig. 9.76. (A, B) 4 x4 and 20 x 20 m grids for Little Lake and Crary Marina (Tsanis, et al.,
1994a).
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The depth data from these grids and the gridded shorelines were used in the
hydrodynamic model. The purpose of the hydrodynamic models was to simulate
the current distribution within the Crary Park Marina, Otonabee River, and Little
Lake. This information, coupled with information obtained by Geo-Logic Inc.’s
field survey (1994), was used to determine the possibility and extent of scouring.

A 2D hydrodynamic model was used to simulate the combined hydraulic and
wind-induced circulation in Little Lake and in the Crary Park Marina, for certain
flows. However, the very high flows of the 100 year rain event on the Otonabee
River produced certain problems for the quasi-3D circulation model. In this case,
the hydrodynamic modelling necessitated the use of a less-sophisticated, but
accurate depth-averaged, 2D circulation model.

9.8.1 Circulation Patterns in Little Lake

The finite difference method was used for the hydrodynamic models of Little Lake
and the Crary Park Marina. High-resolution grids are used for both areas in order
to represent the detailed shorelines and provide the detailed circulation pattern. The
models were verified using data from the study conducted by MacLaren Plansearch
(1989).

A 20m grid was used for Little Lake, as shown in Figure 9.77. Figure 9.78 shows
the depth contours in the model and a typical wind speed of 5m/s wind was used in
all the simulations. A mean annual flow condition for the Otonabee River was
taken as 55m’/s.
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............
-------

....................

.......
.......

Peterborough

..............

Fig. 9.77. Grid discretization of hydrodynamic model, Little Lake, Peterborough. The grid
size is 20 m (Tsanis et al., 1996).



9.8 Little Lake and Crary Park Marina Study 275

- WA KON @O

Fig. 9.78. Depth contours in the hydrodynamic model of Little Lake, Peterborough (Tsanis
et al., 1994a).
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Fig. 9.79. Simulated depth-mean circulation pattern in Little Lake, Peterborough.

Figure 9.79 presents the depth-averaged circulation patterns in Little Lake under
55m?/s flow conditions. An example of multi-layered circulation patterns for a 5m/
s west wind and 55m?/s river flow is presented in Figures 9.80. The streamlines in
Figure 9.81 demonstrate drifter movement under certain circulation pattern.
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Fig. 9.80. Simulated circulation pattern at various layers in Little Lake, Peterborough. The
discharge of Otanabee River is 55m?/s. The wind speed is 5m/s from the west (Tsanis et al.,

1994a).
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Fig. 9.81. Streamlines in the depth-mean circulation pattern in Little Lake, Peterborough.
The discharge of Otonabee River is 55 m’/s. The wind speed is 5m/s from the west (Tsanis et

al., 1994a).

9.8.2 Circulation Patterns in the Crary Park Marina

A 4m grid was used for the Crary Park Marina, as shown in Figure 9.82, which also
shows the station locations where sediment grain size analysis was conducted.
Figure 9.83 shows the depth contours in the model. A typical wind speed of 5m/s
wind was used in all of the simulations and a 55m’/s flow condition used for the
Otonabee River. The discharge of Jackson Creek was taken as 20 m’/s.

Figure 9.84 presents the depth-averaged circulation patterns in the Crary Park
Marina. An example of multi-layered circulation patterns for a 5 m/s west wind and
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5 :Crary Pw'_k Murma:

Fig. 9.82. Grid discretization of Crary Park Marina in Little Lake, Peterborough and
sediment sampling locations. The grid size is 4 m (Tsanis et al., 1994a).

Fig. 9.83. Depth contours in the hydrodynamics model of Crary Park Marina of Little Lake,
Peterborough (Tsanis et al., 1994a).
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Fig. 9.84. Simulated depth-mean circulation pattern in Crary Park Marina in Little Lake,
Peterborough. The discharge of Otonabee River is 55m?/s and the discharge of Jackson creek
is 20m?/s. The wind speed is 5m/s from the west (Tsanis et al., 1994a).

a 55m°/s river flow rate is presented in Figures 9.85. The streamlines in Figure 9.86
demonstrate drifter movement under a certain circulation pattern. Figure 9.87
presents the contours of bottom shear velocity under a 55m?/s flow condition.

Figure 9.88 presents the depth-averaged circulation pattern under a 10 m/s wind.
The lower diagram in the figure demonstrates the detailed current structure in the
southwest corner.

9.8.3  Analysis of Sediment Movement

The potential for sediment is primarily determined by the sediment size and the
bottom shear velocity. The Shield’s diagram is a useful tool for determining the
onset of sediment motion. Its use, however, rests on the designation of a
characteristic sediment size for a given sample. Simons and Senturk (1992) indicate
that Shields used the median sediment size from a cumulative sediment size
distribution curve, or D5y, when constructing the initiation of motion curve.

They also indicate that more recent investigators pinpoint Dss as the
characteristic grain size of a sample. Since analysis of a smaller sediment size
would produce more conservative results, both sizes are considered in this section.
These characteristic sizes are shown below, in Table 9.13, for the seven stations
where Geo-Logic Inc. (1994) conducted sediment grain size analysis (see Fig. 9.75).

The analysis from the hydrodynamic modelling provided the depth-averaged
velocity components u and v for each of the seven stations. The total depth averaged
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Fig. 9.85. Simulation circulation pattern at various layers, Crary Park Marina of Little Lake,
Peterborough. The discharge of Otonabee River is 55m’/s and the discharge of Jackson
Creek is 2m?/s. The wind speed is 5m/s from the west (Tsanis et al., 1994a).
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Fig. 9.86. Stream lines in the simulated depth-averaged circulation pattern, Crary Park
Marina of Little Lake, Peterborough. The discharge of Otonabee River is 55m?/s and the
discharge of Jackson Creek is 2m?/s. The wind speed is 5m/s from the west (Tsanis et al.,

1996).
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Fig. 9.87. Shear velocity contours near the bottom (Ux), Crary Park Marina of Little Lake,
Peterborough. The discharge of Otonabee River is 55m?/s and the discharge of Jackson
Creek is 2m®/s. The wind speed is 5m/s from the west (Tsanis et al., 1996).
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Fig. 9.88. Simulated depth-mean circulation pattern in Crary Park Marina in Little Lake,
Peterborough. The discharge of Otonabee River is 55m?®/s and the discharge of Jackson
Creek is 2m?/s. The wind speed is 5m/s from the east. The lower figure shows the detailed
current in the southwest corner of the Marina (Tsanis et al., 1994a).

velocity U is simply the square root of the sum of the squares of these components.
The bottom shear velocity U* was determined from the following equation:

U’n’g

T (9.16)

U=
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Table 9.13. Characteristic sediment sizes.

Grid Dss (pm) Dso (um)
01 300 450
1]8] 340 625
N 190 260
9F 150 200
12D 75 175
15A 850 2400
16F 350 425

Table 9.14. Average velocities for a 5m/s wind.

Station Depth (m) u (cm/s) v (cm/s) U (cm/s)
01 1.63 —0.14 0.50 0.5
ou 1.30 1.12 1.48 1.9
TN 2.49 0.65 2.02 2.1
9E 1.93 —1.84 1.33 2.3
12D 2.13 —3.09 1.50 3.4
15A 1.54 —1.49 0.16 1.5
16F 2.61 —2.99 1.18 3.2

The bottom shear stress can be determined from the bottom velocity with the
following equation:

1. = pU? 9.17)

The density of fine sand is typically 2.64 g/cm® and the specific weight (y,) is
approximately 26,000 N/m®. If the point determined by the two equations

T
Yoo =—— 9.18
(ys - V)DA ( )
«Dy
X, = Uv (9.19)

lies above the Shields curve, then that sediment size will be scoured.
The analysis was conducted for the 55m?/s flow rate. Since the Manning’s n used
in Eq. (9.16) is unknown, a range of Manning’s n from 0.035 to 0.02 was considered.

9.8.4 Results and Discussion

Table 9.14 below lists the average velocity components that were transferred to this
analysis from the hydrodynamic modelling in Section 4. U is the average velocity
over the entire depth for each of the four flowrates.
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Fig. 9.89. Shield’s diagram and placement of D3s and Ds, characteristic sediment sizes.
Manning’s n = 0.035 (Tsanis et al., 1994a).

1 x
001f------- R AR e R R
: La ) ‘ :
5 e
5 0.001 : SRR : .
. -3 xA : : .
0.0001 -~ -~~~ - e WG R
. . ° .,
x . s . ) .
IBOSE------- Rl P R R
. . L . . .
1E-3 1E-2 1E-1 1E0 1E1 1E2 1E3
Xcr

Fig. 9.90. Shield’s diagram and placement of D3s and Dso characteristic sediment sizes.
Manning’s n = 0.02 (Tsanis et al., 1994a).

Figures 9.89 and 9.90 show the seven stations on the Shield’s curve for the
55m’/s flowrate and both characteristic sediment sizes, for the two values of
Manning’s n, respectively. The figures show that there is no movement within that
range of Manning’s n for the range of typical spring freshet flows in the Otonabee
River. The values of ordinate and abscissa for each of the seven stations are, for all
intents and purposes, far from the Shield’s curve.

Figure 9.91 shows the effect of an increase in westerly wind from 5-10 m/s, used
by the hydrodynamic model for a flow rate of 55m?/s. The figure plainly shows that
the wind magnitude increase has only a marginal effect on the possibility of
transport. The higher wind could possibly produce sediment movement at those
stations which border the Shield’s curve, for certain Manning’s .
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Fig. 9.92. Scouring contours for a flowrate of 55m>/s (Tsanis et al., 1994a).

The figures imply that, under typical annual conditions, there is no transport at
any of the sampling station areas, which in turn implies that there is no scouring in
the Crary Park Marina area under typical annual conditions.

A second approach considered the variation in sediment size in determining the
potential for sediment transport. Figure 9.92 shows contours of sediment sizes that
would be scoured under the flowrate detailed in the figure. For the two low flows,
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only the very fine sediment is re-suspended, and this sediment size is much smaller
than any of the characteristic grain sizes. The figures show that the majority of
sediment transport occurs in the trunk section of the river.

The bottom friction coefficient, or Manning’s n, and horizontal eddy viscosity,
are major parameters in the circulation model which will affect the magnitude of the
current. Although model verification with field data is necessary to determine these
parameters, those used in the present model are based on the literature. The bottom
friction coefficient is given as 0.0025, which is broadly used for shallow waters.
According to Fischer et al. (1979), the horizontal mixing coefficient varies from 0.12
for large smooth rivers to 1.1 m?/s for large rough rivers. This coefficient for smooth
laboratory open channel models is about 0.001 m?/s, while for irrigation channels it
is 0.01 m?/s.

The Crary Park Marina area is a short reach in a small river. The horizontal
eddy viscosity used in the model (0.16 m?/s, where 7, = 0.992 m?/s) is reasonable for
the river section. For the relatively closed southwest corner of the basin, this
coefficient may be smaller; A test run is performed in which the horizontal eddy
viscosity is 0.06m?/s (t, = 0.997m?/s). The current magnitudes increase by
1-1.5cm/s in the corner and the influence of this increase on potential scouring is
presented in Figure 9.93. For Figure 9.93, the flowrate is 55m?>/s, the wind is 10 m/s,
the Manning’s n is 0.035, and the characteristic grain size is Dss. These choices of
wind and Manning’s n, etc., should produce the greatest possibility of scouring for
the high annual flow. Both the table and the figure indicate that no sediment
transport should occur with the decrease in horizontal eddy viscosity.

This study concludes that, based on the 3D and 2D models used in the
hydrodynamic modelling of the Crary Park Marina, there is no sediment transport
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Fig. 9.93. Effect of varying the horizontal eddy viscosity on scouring. Flowrate = 55m?/s,
west wind = 10 m/s, n = 0.035, and characteristic sediment size is D35 (Tsanis et al., 1994a).
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in the immediate vicinity of the sewer pipe that discharges contaminated sediments,
for typical annual flowrates of the Otonabee River (17-55m?/s).

For high flow rates, such as those associated with the 100 year return storm and
the regional storm, some scouring may occur. In this case, it is recommended that
the piers be retained in the marina since they impede fluid flow and prevent
washout, which may increase the potential for scouring. Also, the potential for
washout due to local inflows into the marina (from point and non-point sources
other than the sewer outfall discharging the contaminants) should be investigated,
since they may contribute to sediment transport.

Other manufactured phenomena may also contribute to scouring, such as the
extensive action of boaters in the marina. Boat propellers can generate vortices that
can propagate to the bottom and cause high enough shear stresses to re-suspend
sediment. This phenomenon however is outside the hydrodynamic model’s
predictive ability. The model only considers fluid inflow, outflow, fluid input from
the contaminant source, wind effects, and tributary inputs for its analysis.

Further verification of the hydrodynamic models is required in order to obtain
more conclusive evidence concerning areas subject to scouring. The results obtained
depend on the coefficients and parameters used in the model and these variables
were chosen from the literature. The simple reason for this is that every situation is
unique in hydrodynamic modelling, and it is only possible to verify the choice of
parameters used by conducting a field study of the area in focus. Furthermore, the
model at present cannot consider disturbances in the fluid flow created by boating
activity, non-point sources and other outfall inflows which may affect fluid speeds
close to the shore. A field study would collect information that could allow the
model to incorporate the effects of these phenomena by adjusting parameter and
coefficient values accordingly.
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Chapter 10

MODEL APPLICATIONS TO OTHER LAKES AND COASTAL
WATERS

10.1 MODEL APPLICATION IN GRETAN PELAGOS
(MEDITERRANEAN SEA)

10.1.1 Northern Crete Waterfront

The Mediterranean Sea lies between Europe, Asia, and Africa, and, excluding the
Black Sea, it covers about 2.5 million km?, with an average depth of about 1.5km
and a volume of 3.7 million km? (Jeftic, 1990). It connects with the Atlantic Ocean
through the Strait of Gibraltar. This narrow (14km) and shallow (330m) strait
isolates the deeper waters from a direct exchange with the Atlantic (Jeftic, 1990).

The Mediterranean Sea consists of a series of interacting parts and adjacent seas,
with two major basins, Western and Eastern. The Western Mediterranean (~0.85
million km?) contains the Alboran Sea, the Algero-Provencal Basin, the Ligurian
Sea, and Tyrrhenian Sea. The Eastern Mediterranean (~1.65 million km?) includes
the Adriatic Sea, the Ionian Sea, the Aegean Sea, and the Levant (Jeftic, 1990).

The physical aspects of the Mediterranean, that is, circulation, sea levels, tides,
currents through straits, the dynamics of the Western and Eastern Mediterranean,
etc. are given in a special issue of the Dynamics of Atmospheres and Oceans Journal
(Malanotte-Rizzoli and Robinson, 1991).

The Eastern Mediterranean consists of two major basins, the Levant, which
connects with the Aegean Sea in the north through a number of straits, and the
Ionian Sea, which connects to the Adriatic Sea in the north through the strait of
Otranto. The total water column below the seasonal thermocline is comparatively
homogeneous, with temperatures between 13.3 and 13.7°C and salinity between
38.70 and 38.75%. A layer of greater salinity, 38.8-39%, extends from the entrance
to the Sicilian passage, at depths of 400 m, and breaks out at the surface in the
Levant near the island of Rhodes. This is called Levantine intermediate water.
Atlantic water of salinity less than 38% moves eastward at the surface near the
African coast and sinks beneath the surface after passing Libya. It continues to
pervade the eastern waters past Libya, as a thin stratum at 100 m depth (Ketchum,
1983).

The Aegean Sea is characterized by a strong, deep seasonal overturn (Miller,
1972), that reduces the surface salinity from greater than 39% (winter stirring and
convection) to 38.9% (a characteristic salinity at great depths). Water of lower
salinity, 38.7%, enters the Aegean through the connecting straits at mid-depths.
The deep-water oxygen content of the Aegean Sea is greater than 5SmL/L,
indicating a rapid and deep convective phenomena.
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Evidence of the effect of Aegean water on the deep water of the Eastern
Mediterranean was not found in 1951 by Miller (1972), but in 1962, when the
research vessel Atlantis made a section south of the Strait of Scarpanto, and
observed Aegean water at depths of 1300 m. This water had the characteristics of
deep Aegean water, with 14.3°C temperature, and a salinity of 38.9% found on the
northern side of the Strait. Nearby stations supported this identification of an
overflow.

An interdisciplinary program called the “Mediterrancan Targeted Project”
(MTP), is underway (period 1993-1995) to better the understanding of physical
processes and biogeochemical cycles in the Mediterrancan Sea. Tasks are
distributed among three major research themes: (a) general circulation studies;
(b) biogeochemical studies; and (c) ecosystem analysis. One of the sub-projects,
with acronym “PELAGOS”, will study the hydrodynamics and biogeochemical
fluxes in the straits of the Cretan Arc (Aegean Sea, Eastern Mediterranean Basin).
The general objectives of PELAGOS are to improve knowledge of the
hydrodynamics of the South Aegean Sea and, in particular, the Straits of the
Cretan Arc, and to estimate the exchanges of water and of dissolved and particulate
matter between the Aegean Sea and the adjacent open sea region of the Eastern
Mediterranean Basin.

The circulation in the nearshore of Northern Crete, which is the subject of this
study, is determined by the wind, inflows and tides. The tidal effect is very small and
can be neglected (Environmental impact of the sewage disposal in Iraklion Bay,
1993). The inflows from creeks and sewage treatment plants affect the circulation
only within a small distance from the source. Their influence will be studied in high-
resolution local circulation studies, that is, a grid size of 100m. In the general
circulation modelling studies that cover the northshores of Crete, a grid size is of the
order of 2km is selected. The only remaining significant factor is the wind.
Measurements from the meteorological station of Iraklion indicate that the
prevailing winds are from the north, northwest, and south directions.

The Princeton oceanic model (POM) (Blumberg and Mellor, 1987) and the
hydrodynamic model IDOR (Tsanis and Shen, 1994a) are applied to the nearshore
areas of Northern Crete. In this study, the 2D hydrodynamic components of the
POM and IDOR models are used to describe the depth-averaged currents and
transports in this nearshore area. The simulation run included a wind speed of 10 m/
s, from two directions, west and northwest. This information is crucial to evaluating
the impact on receiving water from four sub-merged outfalls discharging into the
bays of Chania, Rethymno, Iraklion, and Agios Nikolaos.

10.1.2  Princeton Model versus IDOR Model

The common characteristics of the POM and IDOR models are that they use: (a)
fully 3D primitive equations (non-linear) and depth-averaged equations (2D
option); (b) shallow water assumption and Boussinesq approximation; (c) (k—I)
turbulence model or constant eddy viscosity; and (d) Arakawa-C staggered grid and
Cartesian coordinates. The POM model also uses ¢ coordinates, an implicit scheme
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for vertical mixing and a leap-frog scheme for time differencing. The IDOR model
uses the control volume method, an implicit time scheme for the barotropic mode
(SIMPLER method solved by SOR method), the Adams—Bashforth scheme for
time differencing and the Donor-cell/Quadratic Upstream Interpolation for
Convection Kinematics (QUICK) scheme for the advective terms. Although the
two 3D models use different numerical schemes, the numerical schemes used for the
2D components (external mode) of the two models are the same. The only
difference between the external modes of the POM and IDOR model is that the
external mode equations of the POM and IDOR are expressed by vertically
integrated velocity and water transport per unit width, respectively. This difference
in formulation of governing equations will give different results when taking the
average of velocity or flux in the discretization of the governing equations. When
the bottom is flat, this formulation by velocity and flux gives the same results. The
steeper the bottom topography, the larger the difference between the formulations
by velocity and flux (Tsanis et al., 1994b).

Figure 10.1 shows a map of Greece indicating the study area. A morphological
map of Crete is shown in Figure 10.2, in which the elevation contour lines are
plotted in 200 m intervals. Figure 10.3 shows the map of Crete Island indicating the
areas of environmental concern (Chania Bay, Rethymno Bay, Iraklion-Malia Bays,
and Agios Nikolaos Bay). Figure 10.4 shows the spot depth location in Crete and
Figure 10.5 shows the bathymetry contours in Cretan Pelagos. The grid
discretization used was 1.2ft. (1826 m in longitude and 2219 m in latitude) and
there were 135 x 44 = 5940 grids for the study area. The 2D hydrodynamic
components of the POM and IDOR model were used to simulate the wind-induced
circulations under different environmental conditions. Three open boundaries were

Study Area/ E:JQW ’&

Fig. 10.1. Map of Greece indicating the study area (Tsanis and Shen, 1994a).
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Fig. 10.2. Morphological map of Crete (Tsanis and Shen, 1994a).
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(A) Chania Bay, (B) Rethymno Bay, (C) Iraklion-Malia Bay, (D) Agios Nikolaos Bay ;

Fig. 10.3. Map of Crete indicating areas of environmental concern (Chania Bay, Rethymno
Bay, Iraklion-Malia Bays, and Agios Nikolaos Bay) (Tsanis and Shen, 1994a).

Fig. 10.4. Spot depth locations in Crete (Tsanis and Shen, 1994a).
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Fig. 10.5. Bathymetry contours of northern Crete (Tsanis and Shen, 1994a).

defined at the north, east, and west sides of the study area. Since no field data at the

open boundaries were available, free radiation open boundary conditions were

used. The horizontal eddy viscosity was chosen as 25m?/s for both models. The

simulated results for all cases are structured in different groups as follows:

(a) Depth-averaged velocities in Northern Crete for a 10 m/s west wind by the
Princeton model.

(b) Depth-averaged velocities in Northern Crete for a 10m/s west wind by the
IDOR model.

(c) Total kinetic energies in Northern Crete for a 10 m/s west wind by the Princeton
and IDOR models.

(d) Depth-averaged velocities in Area A for 10 m/s west wind by the Princeton and
IDOR models.

(e) Depth-averaged velocities in Area B for 10 m/s west wind by the Princeton and
IDOR models.

(f) Depth-averaged velocities in Area C for 10 m/s west wind by the Princeton and
IDOR models.

(g) Depth-averaged velocities in Area D for 10 m/s west wind by the Princeton and
IDOR models.

Figures from groups (a) and (b) (Figures 10.6 and 10.7) reveal that both models

gave similar depth-averaged velocity patterns, but the magnitude differed

significantly in the areas of steep bottom topography. For the west wind, strong

currents along the shoreline occurred in the nearshore areas, and very small

currents in the central areas.

In Figure 10.8, the total kinetic energy for the west wind obtained by the two
models are compared. The total kinetic energy was found to be up to 30% different
with the POM being higher and the IDOR model reaching steady state faster than
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Princeton model

West wind: 10m/s

Depth-averaged velocity 30cm/s
Free radiation open boundary conditions

% Q
Fig. 10.6. Depth-averaged velocities in northern Crete for a 10m/s west wind by the
Princeton model (Tsanis and Shen, 1994a).

IDOR model

West wind: 10m/s

Depth-averaged velocity 50cm/s
—_—

Free radiation open boundary conditions

Fig. 10.7. Depth-averaged velocities in northern Crete for a 10 m/s west wind by the IDOR
model (Tsanis and Shen, 1994a).

POM. The difference in total kinetic energy between the two models is largest for
the west wind and increases with wind speed. This difference can be attributed to
the different formulation of the governing equations. When the bottom topography
is not steep, this difference is small. But in the case of very steep bottom
topography, as in areas of the Cretan Pelagos, this difference is large, because there
are areas with bottom slopes of up to 50%.
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Fig. 10.8. Total kinetic energy in northern Crete for a 10 m/s west wind by the Princeton and
IDOR models (Tsanis and Shen, 1994a).

Figure 10.9 illustrates comparisons in the simulated depth-averaged velocities in
Area A (Chania Bay) of Northern Crete, between the POM and IDOR models. For
the west wind case, a counterclockwise eddy could be seen in the eastern area of
Chania Bay. It is evident that the resultant eddy in the area of steep bottom
topography is smoother in the IDOR model, especially for a 10 m/s west wind case.

Figure 10.10 compares the simulated depth-averaged velocities in Areca B
(Rethymno Bay) of Northern Crete, in the POM and IDOR models. For the west
wind case, strong currents occurred in the nearshore area of Rethymno Bay and a
counterclockwise eddy could be seen in the central area, from the water transport
patterns. Both the Princeton and IDOR models gave very similar depth-averaged
velocity patterns because no steep bottom topography exists in Rethymno bay.

Figure 10.11 compares the simulated depth-averaged velocities in Area C
(Iraklion-Malia Bay) of Nortern Crete, in the POM and IDOR models. For the
west wind case, strong eastward currents occurred in the nearshore area and two
clockwise eddies could be seen in the eastern area of Iraklion-Malia Bay. Both the
Princeton and IDOR models show very similar depth-averaged velocity patterns for
both cases.

Figure 10.12 compares the simulated depth-averaged velocities in Area D (Agios
Nikolaos Bay) of Northern Crete, based on the POM and IDOR models. For the
west wind case, similar eastward currents occurred in the nearshore area. The
currents obtained by the two models could be seen in the northeast corner of Agios-
Nikolaos Bay. This could be attributed to the existence of steep bottom topography
in the area. The IDOR model was found to perform better than POM in this
particular case, which had steep bottom topography. In addition, the IDOR model
needs less CPU time than POM to reach to steady state for the same simulation (see
Figure 10.8).
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Fig. 10.9. Depth-averaged velocities in Area A for a 10 m/s west wind by the Princeton and
IDOR models (Tsanis and Shen, 1994a).

10.2 MODEL APPLICATIONS TO LAKE BIWA

In Lake Biwa, shown in Figure 10.13, many kinds of flow are often observed, for
example, wind-driven flow, circulation, internal Kelvin wave, and density current.
In this section, some numerical methods are applied to Lake Biwa. Barotropic flow,
baroclinic flow, and internal Kelvin wave are reproduced by simplifying the
computational conditions, and then the flows during the destratification period are
simulated. In the computations, Lake Biwa is divided into 891 columns (including
10054 cells) by mesh intervals Ax = Ay = 1 km, Az = 2.5m for depths shallower
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Fig. 10.10. Depth-averaged velocities in Area B for a 10 m/s west wind by the Princeton and
IDOR models (Tsanis and Shen, 1994a).

than 50 m, and Az = 10 m for depths deeper than 50 m. The parameters used in the
calculations are given as follows: the eddy viscosity and diffusivity coefficients are
K,=30m?%s, N,=10m?/s, K, =0.0lm?s, and N, =0.00lm?/s; and the
parameters of the upstream schemes are 6, = 6, = 0.7. Table 10.1 shows five cases
(or methods) which combine different numerical schemes. When the barotropic
component of the pressure term is treated implicitly, the time increment At is taken
as 300s; if it is treated explicitly, Ar is chosen as 20s.
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Fig. 10.11. Depth-averaged velocities in Area C for a 10 m/s west wind by the Princeton and
IDOR models (Tsanis and Shen, 1994a).

10.2.1 Barotropic Flow

Barotropic flow has a great influence on the transport of mass and momentum and
is a result of the variation in water stage, which is possibly wind-induced. It can
also be approximately considered as wind-driven flow in the case of uniform
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Fig. 10.12. Depth-averaged velocities in Area D for a 10 m/s west wind by the Princeton and
IDOR models (Tsanis and Shen, 1994a).

temperature distribution. In order to investigate the barotropic flow (or wind-
driven flow) in Lake Biwa, it is assumed that the temperature distribution is
uniform over the whole lake and does not vary with time. The southwestern wind,
with a velocity of 5m/s, blows for 12 h, and no inflow and outflow rivers are taken
into account. The computation period is chosen as 72 h and the method of Case 2 in
Table 10.1 is adopted.

Figures 10.14 and 10.15 illustrate the velocity distributions of the surface layer
and fifth layer at different times. It is observed from these figures that the water of
the surface layer is driven by the wind, and the energy gradually transferred to the
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Sosui River ¢

Seta River

Fig. 10.13. Sketch map of Lake Biwa (Shen, 1991).

Table 10.1. Different computational cases for comparison.

Case Time difference Advective term Pressure term At (s)
1 Leap-frog Donor cell Implicit 300
2 Adams—Bashforth Donor cell Implicit 300
3 Adams—Bashforth Donor cell Explicit 20
4 Adams—Bashforth QUICK Implicit 300
5 Fractional step Donor cell Implicit 300

lower layers at the initial period of the wind blowing, after the wind calmed down.
However, the velocities of the surface layer and the fifth layer tend to become
uniform, while attenuating gradually. Figures 10.16 and 10.17, which are the
velocity vectors in the vertical section, and the depth-wise distribution of velocity
component u in the north basin, respectively, also verify the above characteristic.

In Figures 10.14 and 10.15, no horizontal circulation of large scale can be
observed, and the currents in the central area of the north basin rotate clockwise
with time, which can be considered as the inertia oscillation due to the Coriolis
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Fig. 10.14. Velocity distributions in the surface layer (Shen, 1991).

5th layer

—_
20 cm/s
2 hours 8 hours 14 hours

Fig. 10.15. Velocity distributions in the fifth layer (Shen, 1991).

force. Figure 10.18 is the temporal variation of the water stage at point S1 (see
Fig. 10.13). In this figure, it is observed that the surface water is set up by the wind
and the water stage at S1 falls down while the wind is blowing. After the wind
stopped, the water surface is released and the water stage oscillates due to the
seiche. The period of the surface seiche is estimated as 4 h, which is often observed
in Lake Biwa.
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Fig. 10.18. Temporal variation of the water stage at S1 (Shen, 1991).
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10.2.2  Baroclinic Flow

According to observations, large-scaled circulation is sometimes observed in the
north basin of Lake Biwa. Though the mechanism of the circulation has not been
clearly understood, there are two theories about the formation of the circulation,
the so-called wind theory, and the heat theory. In the wind theory, the water of the
lake is driven by wind, especially wind with velocity, and circulation occurs due to
the topography of the lake. On the other hand, according to the heat theory, the
circulation is possibly caused by non-uniform temperature distribution. This kind
of circulation has been verified by laboratory experiments (Ookubo et al., 1984). In
order to study the circulation in relation to the heat theory, it is assumed that a
mass of water, with a temperature 4°C lower than the surroundings, exists in the
central area of the north basin at the initial state, and the flows produced by it are
calculated by using the method of Case 1 (Iwasa et al., 1985).

Figure 10.19 illustrates the velocity distributions of the various layers and
Figure 10.20 shows the velocity and temperature distributions in the vertical plane
of the C—C cross-section (see Fig. 10.13), after 3 h have passed. From the velocity
distribution in the vertical plane, it is observed that the currents move toward the
centre of the cool water mass at the surface layer, and outward at the lower layers.
It is because the cooler water mass with a larger density moves downward that the
water stage falls. As a result, the surrounding water with higher temperature
concentrates to the central area. This kind of current can also be verified in the
temperature distribution of the vertical plane, in which the isothermal lines in the
lower layers have a concave shape. In the surface layer, strong circulation, rotating
counterclockwise, occurs, because the Coriolis force acts on the currents
concentrating toward the cooler water mass. Therefore, circulation due to a non-
uniform temperature distribution could be verified in the calculation. However, the
circulation attenuates quickly, whereas the circulation observed could last rather

30 cm/s

1st layer Tth layer 9th layer 15th layer

Fig. 10.19. Velocity distributions in the various layers (Shen, 1991).
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Fig. 10.20. Velocity and temperature distributions in the vertical plane of C—C section (Shen,
1991).

longer and therefore, further studies are required to clarify the mechanism of
circulation.

10.2.3  Internal Kelvin Wave

It is well known that the internal Kelvin wave occurs in the north basin of Lake
Biwa during the summer and plays a great role in the transport of momentum and
mass. The condition which develops the Kelvin wave is a strong wind blowing for
half the period of the internal Kelvin wave. In order to reproduce the internal
Kelvin wave clearly, the computational conditions are simplified. The metalimnion
is assumed to exist in the layer of water depth 20-22.5m, at the initial state, and the
water is set in motion by the wind. The method of Case 1 is adopted to simulate the
internal Kelvin wave (Iwasa and Inoue, 1985).

Figure 10.21 shows the temperature distribution in the horizontal plane near the
metalimnion, after the wind has calmed. In the figure, that portion of the west shore
with the lower temperature rotates counterclockwise. In other words, the isothermal
surface in the north basin is not horizontal but inclined, and the inclined surface
rotates counterclockwise in the central portion of the north basin. Its period is
estimated to be about 56 h. According to the two-layer model (Csanady, 1967), the
internal Rossby radius R, of Lake Biwa and the speed ‘¢’ of the internal Kelvin
wave are given by Egs. (10.1) and (10.2), respectively:

1 [(py —p)) ghihy
Ry=—-/——= 10.1
Tf Py hi+h (10.1)
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Fig. 10.21. Temperature distributions in the horizontal plane near the metalimnion (Shen,
1991).

1 [(py —p)) ghihy
Ry=—-/———= 10.2
T Py hi+h (102)

If p; = 998.234kg/m* (corresponding to 20°C), p, = 999.848 kg/m? (corresponding
to 8°C), h; = 20m, and s, = 40m are given, R, = 4.13km and ¢ = 0.458 m/s are
calculated. Since the equivalent radius of Lake Biwa is calculated as 14.0 km (the
area of the north basin is 620 km?), the period of the internal Kelvin wave is 62.5 h.
Therefore, the internal wave reproduced by the calculation can be considered as the
internal Kelvin wave.
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10.2.4  Flows during Destratification Period

In autumn, the water of the lake becomes cool with the falling of air tempera-
ture, and the stratification gradually collapses due to the mixing effect. The
destruction of stratification exerts great influence over the flows in the lake. In this
sub-section, the flows during the destratification period in Lake Biwa are simulated
under actual meteorological conditions and the hydraulic properties of the flows are
investigated. In the calculation, 19 main inflow rivers and two outflow rivers are
taken into account and the observed meteorological data and inflow—outflow
discharges are used. The lake flows are calculated from September 21 to October 5,
1982. The meteorological data and inflow—outflow discharges are shown in
Figure 10.22. The initial condition is assumed to be the still state, with a smooth
stratification, and the five numerical methods in Table 10.1 are adopted in turn
(Shen et al., 1990a).

Figure 10.23 shows the depth-wise distribution of temperature at point S3. In
this figure, the solid line shows the initial distribution of temperature and dotted
lines express the temperature distributions on September 28 and October 5. It is
clear that the temperature near the water surface is falling and becoming uniform,
by the mixing. The stratification is gradually collapsing with time due to the cooling
of the water surface during the destratification period. Figure 10.24 shows the
velocity distributions in the surface layer, and from this figure it is found that the
flows in the north basin, depending mainly on the magnitude and the direction of
the wind, rotate counterclockwise in the central area, due to the Coriolis force. It

Wind(m/s)

10r

T(*C)

——mmmm—f

Smme e pmma————

Ist 5th
Q,: discharge of Seta River; Q,: discharge of Sosui River;
Qs: discharge of all inflow rivers; Cr: degree of cloudiness;
11,: relative humidity; T: air temperature;
Q.o: solar radiation(x 10°J /m?/day)

Fig. 10.22. Meteorological data (1982) (Shen, 1991).
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Fig. 10.23. Depth-wise distribution of temperature at S3 (Shen, 1991).

seems that the flows in the north basin are not greatly influenced by the inflow
rivers; on the other hand, the flows in the south basin are mainly determined by the
outflow discharge to the Seta River.

Figure 10.25 illustrates the water stage variations with time at points S1 and S3.
The variations of water stage which are caused by the variation of inflow-outflow
discharges are reproduced in both points, but the variation of high frequency can
obviously be seen only in point S1. The period of this high-frequency variation is
approximately 4 h, and it can be considered as the surface seiche, often observed in
the south basin. Therefore, it is verified that the surface seiche is very weak
compared to the strong wind-driven currents in the north basin, but is an extremely
important flow in the south basin.

10.2.5 Comparison of Numerical Methods

Table 10.2 shows the time increments and CPU times of the five cases described, to
simulate the flows during the destratification period. Figures 10.26 and 10.27 show
the velocity variation with time at point S2; no great difference among the results
can be seen, except in Case 3. From Table 10.2, it is seen that Case 2 spent the least
CPU time, compared with the other cases.

In Case 1, more CPU time is required because Matsuno’s scheme is involved for
every six time steps, to avoid numerical oscillation. In comparing Case 4 with Case
2, it can be seen that the QUICK scheme has a higher spatial accuracy than the
Donor-cell scheme, and the velocity of lake flows is usually not so large that
convective terms have a small weight in the momentum equations; therefore, the
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188 hours

1991).

Fig. 10.24. Velocity distributions in the surface layer (Shen,

Donor-cell scheme is accurate enough to be applied to the advective term for lake
flows and can save CPU time. As mentioned before, since the implicit scheme for

the barotropic mode

allows much larger time steps than the explicit scheme, it is

natural that Case 3 consumed much more CPU time than Case 2. What has to be
noticed is that the implicit scheme for the barotropic mode cannot reproduce the
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Fig. 10.25. Water stages with time at S1 and S3 (Shen, 1991).

Table 10.2. CPU times of the different computational cases.

Case At (s) Period (days) CPU time (s)
1 300 15 1810
2 300 15 1442
3 20 2 2305
4 300 15 1761
5 300 15 1834

Source: Shen, 1991

waves of short periods, due to its long time step (see Fig. 10.25). Case 5 was
expected to be able to save CPU time; unfortunately, it consumed more CPU time
than Case 2. The reason is that part of the calculation performed by the double-
sweep method cannot be vectorized (a FACOM VP—400 vector computer is used in
this study) so that the advantages of the vector computer were not fully utilized.
However, it is believed that the operator-splitting method will be an efficient and
flexible method of promise if the computational technique is a little improved. In
summary, the method used in Case 2 is considered the best method to simulate lake
flows for long periods.

10.2.6  Density Current between the South and North Basins

Computational conditions

In order to investigate the basic characteristics of the density current and analyze the
main factors which influence the flow, the computational conditions are simplified
and the numerical simulations of the following two cases are carried out. It is
assumed that the water surface of the whole lake coincides with the standard water
surface and the water body is still at the initial state. The initial distribution of water
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Fig. 10.26. Velocities at S2 obtained by different cases (Shen, 1991).
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Fig. 10.27. Velocities at S2 by Cases 2 and 3 (Shen, 1991).
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Fig. 10.28. Initial water temperature distribution (Shen, 1991).

temperature is uniform in the south basin at 8°C and is stratified in the north basin,
as shown in Figure 10.28. Both inflow and outflow discharges are assumed to be zero,
and wind is not taken into account. The purpose of this case is to investigate the
properties of the density current produced only by the difference in density. The
water of the south basin is assumed to have a tracer of concentration 100% and the
temperatures of the inflow rivers are 13°C when they are taken into account.

Figure 10.29 illustrates the velocity distributions in the surface layer. It is
observed from the figure that, initially, the flow is predominant only at the
boundary of the two basins, and then it gradually rotates clockwise in the north
basin, with time passing. Figure 10.30 illustrates the isothermal lines and velocity
vectors of cross-section A—A (longitudinal direction of Lake Biwa) shown in
Figure 7.14. This figure shows that the cooler water in the south basin moves into
the north basin, and the warmer water in the north basin flows toward the south,
which means a density current between the two basins occurs. This density current
can be observed more clearly in Figure 10.31, which illustrates the depth-wise
distribution of velocity component v at point B. It has been known that the
influence of Coriolis force on the density current is large (Ookubo, 1988). For
clarity, the isothermal lines are illustrated with the velocity vectors in Figure 10.32.
In this figure, it can be observed that the current is almost moving toward the north,
12h after the computation starts, but it gradually turns to the east and the
isothermal lines also swell toward the east at the same time. This turn of direction
can be considered an effect of Coriolis force.
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Fig. 10.29. Velocity distributions in the surface layer (Shen, 1991).
10.2.7 Flows Near the Inflow Estuaries

Yasu River
The Yasu River, whose catchment area is the second largest in Lake Biwa, next to
the Ane River catchment, flows into the lake at the eastern shore from a
southeastern direction, as shown in Figure 7.14. There is a great amount of
sediment run-off in Yasu River and it has been considered a “suspended river”, due
to sedimentation. After the flood discharge improvement works in the river in 1981,
the sediment run-off problem remained unsolved. In order to investigate the
behavior of the inflow water and sediments in Lake Biwa, the coarse-fine grid model
is applied to the inflow estuary.

Choosing the mesh sizes of the fine grid as Ax, = Ay, = 250m is appropriate
because the width of the river is 300 m. In this study, a simple case is assumed in



10.2 Model Applications to Lake Biwa 311

12 hours

1 km Scm/s

36 hours 48 hours

Fig. 10.30. Isothermal lines and velocity vectors of A—A cross-section (Shen, 1991)

which the thermocline exists in the 20m depth below the water surface. The lake
water is still at the initial state. As the external force, a northern wind with a
velocity of 5m/s is assumed to blow for 20 h and the outflow discharges of the Seta
River and the Sosui River are given as 200 and 22m?/s, respectively. The same
amount of inflow discharges are distributed to five rivers proportionally to their
catchment areas, so that the discharge of Yasu River is approximately 50 m>/s.

Furthermore, since the water temperature of the inflow river is usually lower
than that of the lake water during a rainfall period, its temperature is given as 2°C
lower than the surface layer of the lake.

In investigating the spread of the sediments in the lake, the settling velocity of
sediments should be evaluated. Usually, the settling velocity is dominated by the
grain size; however, it is neither easy nor necessary to assume the distribution of the
grain size in this study. Here, the spread behavior of the river water is investigated
by using the tracer without settling velocity and the sediments with a uniform
settling velocity of 107> m/s, respectively.

First, the way in which the river water spreads (the case where settling velocity is
zero, Case 1) is considered. The concentration distributions in the surface layer,
third layer, and the lowest layer, are illustrated in Figures 10.33, 10.34 and 10.35,
respectively. It is observed from these figures that the spread in the third layer
was faster than that in the surface layer. This can also be observed from
Figure 10.36, which illustrates the vertical concentration distribution at point C.
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Fig. 10.31. Depth-wise distribution of velocity component v at point B (Shen, 1991).

The largest is approximately 21°C and higher than the water temperature of Yasu
River. Comparing the temperature of the inflow water and the initial water
temperature of the lake, it was expected that the water of the Yasu River would
spread horizontally in the lower layer, but the simulation results show the spread in
the upper layers. This is because the water from the river gave rise to a density
inversion in the estuary and the instantaneous convection was assumed to happen in
the calculation.

Considering the settling of sediments (Case 2), if the settling velocity is 10™>m/s,
the grain sizes are calculated as 10~*-10~°> mm, from the Stokes formula, and can be
considered as fine grains. Because the maximum value of the vertical velocity in this
calculation is about 107> m/s, this settling velocity can be used to describe the
settling process of sediments. Figures 10.37-10.39 illustrate the concentration
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Fig. 10.32. Isothermal lines and velocity vectors near the boundary of the north and south
basins (Shen, 1991).

distributions in the surface layer, third layer, and lowest layer, respectively.
Compared to Figures 10.33-10.35, the spreads in the surface layer and third layer
were a little smaller, while the spread in the lowest layer was larger. This difference
is more remarkable between Figures 10.36 and 10.40. Therefore, when the settling
velocity is zero, the sediments spread mainly due to horizontal convection, as a kind
of tracer, while the sediments with settling velocity tend to spread toward the lower
layers.

Since the estuary of Yasu River is close to Lake Biwa, sediments may possibly
spread into the south basin. Figure 10.41 shows the proportion of tracer entered
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Fig. 10.33. Concentration distributions in the surface layer (Shen, 1991).
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Fig. 10.34. Concentration distributions in the third layer (Shen, 1991).
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Fig. 10.35. Concentration distributions in the lowest layer (Shen, 1991).

into the south basin compared to the total inflow discharges; the solid line and
dotted line express the results of inflow water (Case 1) and sediments (Case 2) from
Yasu River, respectively. In this calculation, it is observed that the water from Yasu
River took about 40h to arrive at Lake Biwa Bridge, while the sediments with
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Fig. 10.36. Depth-wise concentration distribution at point C (Shen, 1991).

settling velocity moved into the south basin and gave rise to a turbid water problem.
The spread of river water is influenced by the water temperature of the lake, while
sediments, accepting little influence from water temperatures, spread toward the
lower layers, because of settling velocity.
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Fig. 10.37. Concentration distributions in the surface layer (Shen, 1991).
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Fig. 10.38. Concentration distributions in the third layer (Shen, 1991).
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Fig. 10.39. Concentration distributions in the lowest layer (Shen, 1991).
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Fig. 10.40. Depth-wise concentration distributions at point C (Shen, 1991).

Ane River
Since Lake Biwa is located in the snow and cloud path from the Japan Sea to the
Pacific Ocean, the northern area of the lake is among the few heavy snowfall areas
in Japan. As the snow melts away and pours into Lake Biwa from the rivers and
from underground, it plays an important role in water resources in the dry season,
and a great role in improving the water quality of Lake Biwa. In this example, the
Ane River, which is located in the heavy snowfall area, is examined, and the
spreading process of the river water, due to the temperature difference between the
river water and lake water, is analyzed.

In order to investigate the flows in the estuary of the Ane River in detail, the
estuary is sub-divided, as shown in Figure 10.42. Since the Ane River pours into
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Fig. 10.41. Proportion of tracer entranced the south basin compared to the total inflow
discharges (Shen, 1991).
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Fig. 10.42. Combined use of coarse-fine grid to the Ane River (Shen, 1991).

Lake Biwa from the northeastern direction, which is the diagonal direction to the
mesh, the discharge of the Ane River must be divided into x- and y-wise
components. However, this treatment makes the width of the Ane River 500 m, and
therefore the velocity at the estuary of the Ane River is underestimated in the
computation. Because the water temperature of the lake is quite different from that
of the inflow river, and the density current in the river estuary is assumed to occur,
it is problematic to assume the uniform distribution of velocity in the depth-wise
direction at the river estuary. In this calculation, a 2km river from the estuary
toward the upstream direction is assumed and added to the computational domain.
A uniform distribution is given at the upstream section, and the initial water
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Fig. 10.47. Concentration distributions in the surface layer (Shen, 1991).

temperature of the river is given as 6°C. The calculated results are illustrated in
Figure 10.43. In this figure, the predominant flow toward the river estuary, seen in
Figure 10.44, cannot be observed, and the velocity is larger in the upper layers and
smaller in the lower layers. Therefore, if the upstream river is included in the
calculation, a fairly large velocity gradient in the vertical direction at the estuary
results, but it must be verified by observation whether the velocity distribution in
the vertical direction at the Ane River estuary actually exists. Moreover, though the
river portion is assumed to be 2km, by trial, in this calculation, there is little
evidence to verify that this length is appropriate. At the initial condition, the water
temperature distribution in the lake is shown in Figure 10.45. The water
temperatures of the inflow river are given as the same as those in the lake, that
is., 10°C at the surface layer (Case 1) and 6°C at the lowest layer (Case 2).
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Fig. 10.48. Concentration distributions in the fourth layer (Shen, 1991).

From the velocity distributions of the E-E section, shown in Figure 10.46, it is
observed that the velocity distribution at the estuary in Case 1 is almost uniform,
while the current in Case 2 tends to move into the lower layers of the lake. In order
to observe the spread of the river water, the tracer with concentration 100% is given
as the boundary condition of all the cells included in the column of the river.
Figures 10.47 and 10.48 present the concentration distributions in the surface layer
and fourth layer, respectively (the diffusive equation of the tracer is solved only in
the lake). In Case 1, the tracer spread greatly at the surface layer and did not reach
the fourth layer, while in Case 2, the tracer spread greatly into the fourth layer. This
difference can be seen more clearly in Figure 10.49 at point F. Ordinarily, when the
water from a river whose density is relatively large flows into a stratified lake, the
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Fig. 10.49. Depth-wise concentration distributions at point F (Shen, 1991).
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Fig. 10.50. Temporal variation of depth-wise water temperature distribution (Shen, 1991).
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river water mixes with the lake water and advances along the bottom as density
current; upon arriving at a layer which has the same density as its own, it will shift
to a horizontal direction and spread toward the center of the lake. In this
calculation, although the spread at the low layers in Case 2 is larger than in Case 1,
the spread toward the deeper layers is not so obvious. As mentioned above, this is
possibly because the density current along the lake bed has not been reproduced
completely. In the grid system in this example, the bathymetry is expressed by the
“stairs” topography, which deepens along the direction of the density current
moving forward, and the gradient of the lake bottom at the Ane River estuary is
steep; thus, the water depths of the columns along the density current are quite
different. Therefore, the stratification will become unstable, due to the density
inversion, and instantaneous convection will occur in these columns in computa-
tion. Figure 10.50 shows the temporal variation of depth-wise water temperature
distribution at the neighborhood of the estuary. The portion where water
temperature distribution becomes vertically uniform is the result of instantaneous
convection, due to the computational reason mentioned earlier. Although the large
vertical velocity along the inclined lake bottom could not be evaluated completely,
due to the instantaneous convection, it was understood that the spread of river
water depends strongly on the inflow water temperature, and the process of spread
was well reproduced by this calculation.
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Chapter 11

THE FUTURE IN HYDRODYNAMIC MODELLING

Three-dimensional hydrodynamic models have been used for the last 25 years to
study the hydrodynamic properties of lakes, bays, and estuaries (Table 11.1, Tsanis
and Wu, 1994; Tables 11.1 and 11.2, Cheng and Smith, 1990). These models are
used as diagnostic and prognostic tools in lake and coastal water studies. A
successful application of the 3D models in water bodies should be accompanied by
adequate field data for proper calibration.

A proper simulation of the hydrodynamic behavior of a water body requires a
large computational effort. Many applications of these models are executed in
supercomputers with vector and parallel processing. A 3D code should be
vectorized in order to reduce substantially the required computational time. The
trend toward the use of supercomputers for execution of large 3D models will
continue. Use of 3D models will also be increased in the coming years; one major
reason being the faster PC computers that can allow execution of smaller-scale
applications of these models in reasonable time, and medium-scale applications in
multi-processing workstations.

Advanced Technologies such as Geographic Information Systems (GIS) will be
used as a management tool for the pre-processing model inputs and the post-
processing model results. GIS is an efficient database management system with
exceptional graphic capabilities. Improved and versatile data management will aid
in model calibration and verification. Use of advanced graphics will permit the
visualization of large volumes of data in both space and time that represent
different processes. User-friendly interfaces will help in disseminating research
results to both technical and non-technical audiences.

Study of the ecological health of lakes and coastal waters requires hydrodynamic
studies for longer time periods, that is, weeks or months. With the increasing
computer speed hydrodynamic simulations longer than the short time span studies
reported to the literature, will be possible and subsequently will improve the
understanding of processes in ecosystems. Many field studies over the last 25
years have designed independent from any modelling, often leading to inadequate
field program design and to incomplete results. Any field program designed in
the future should be based on numerical modelling in order to achieve optimum
results, that is, data collection and numerical modelling should be the two
components of an integrated program. In addition, due to the complexity of the
ecosystems, new technologies such as “Hydroinformatics™ or in general terms,
“Environmental Information Systems (EIS),” taking advantage of the rapid
advancements of information technology, will be necessary to better manage
complex ecosystems.
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Table 11.1. Approximation and features used in 3D estuarine models.

Features or approximations™ Abbreviations
Advection
Non-linear AN
Neglected AL
Bottom friction
Quadratic
Drag coefficient BFD
Turbulent boundary layer BFT
Linearized BFL
Density
Homogeneous (constant density) CD
Stratified
Baroclinic, diagnostically BD
Baroclinic, coupled BC
Turbulence models
Constant or empirical CE
One-equation model Tl
Two-equation model T2
o-Transformation ZT
No transformation ZNO
x,y transformation
No transformation XYNO
Algebraic XYA
Curvilinear orthogonal XYCO
Boundary fitted XYBF
Treatment of z-variable
Ekman dynamics ZEK
Eigenfunction expansion ZEF
Galerkin 7G
Numerical, finite difference ZNFD
Numerical, finite element ZNFE
Treatment of x,y variables
Finite difference XYFD
Finite element XYFE
Treatment of time variable
Time stepping TSP
Internal-external mode splitting T™S
Spectral SPL
Wetting and drying
Allowed YWD
Not allowed NWD

Source: Adapted from Cheng and Smith (1990), with permission from American Society of Civil
Engineers.

*Common approximations include incompressible flow, hydrostatic approximation, Boussinesq
approximation.
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Table 11.2. Examples of 3D numerical estuarine models.

Models

Features™

Backhaus (1980)

Blumberg and Herring (1987)
Blumberg and Mellor (1987), Oey
et al. (1985a, b, ¢)

Caponi (1976)

Davies (1980)
Davies (1983)

Feng (1977)

Gordon and Spaulding (1987)
Heaps (1972, 1973)
Kawahara et al. (1983)

King (1985)

Leendertse and Liu (1975), Liu
and Leendertse (1978)

Lynch and Werner (1987)
Owen (1980)

Sheng (1987)

Stephens (1986)

Tee (1987)

AN, BFD, BC, CE, ZT, XYNO, ZNFD, XYFD,
YWD, TMS

AN, BFT, BC, T2, ZT, XYCO, ZNFD, XYFD,
NWD, TMS

AN, BFT, BC, T2, ZT, XYNO, ZNFD, XYFD,
NWD, TMS

AN, BFD, BC, CE, ZNO, XYNO, ZNFD, TSP,
XYFD, NWD

AL, BFD, CD, CE, ZT, XYNO, ZEK, XYFD

AL, BFL, BC, CE, ZT, XYNO, ZG, ZEF, XYFD,
NWD

AL, BFT, CD, CE, ZNO, XYNO, ZEK, XYFD, SPL,
NWD

AN, BFD, CD, CE, ZT, XYNO, ZG, XYFD, TMS,
NWD

AL, BFL, CD, CE, ZNO, XYNO, ZEF, XYFD, TSP,
NWD

AN, BFT, CD, CE, ZNO, XYNO, ZNFE, XYFE,
TSP, NWD

AN, CD, CE, ZT, XYNO, ZNFE, TSP, NWD

AN, BFD, BC, T2, ZNO, XYNO, ZNFD, TSP,
XYFD, NWD

AL, BFL, CD, CE, ZT, XYNO, ZNFE, XYFE, SPL,
NWD

AN, BFD, BC, CE, ZT, XYNO, ZG, XYFD, TSP,
NWD

AN, BFT, BC, CE, ZT, XYA, XYBF, ZNFD, XYFD,
TMS, NWD

AN, BFD, BC, BD, CE, ZT, XYNO, ZNFD, XYFD,
TSP, YWD

AL, BFD, CD, CE, ZNO, XYNO, ZEK, XYFD, SPL,
NWD

*See footnote in Table 11.1

11.1 ENVIRONMENTAL INFORMATION SYSTEMS (EIS)

Environmental Information Systems is a domain of interaction of Information

Technologies such as GIS, artificial intelligence, and visualization systems with
environmental models such as hydrodynamic, pollutant transport, ecological, and
econometric models. With the rapid changes in information technologies, involving
software as well as hardware developments, environmental information systems will
play a significant role bridging information and fundamental and applied
knowledge produced through research, engineering, and management practice.
This interaction enables these systems to support decision making in environmental



332 The Future in Hydrodynamic Modelling

engineering and management. As a result, EIS will aid in sustainable development,
protection of the ecosystems in a healthy environment.

Environmental Information Systems applications in the aquatic domain are
usually referred to as hydroinformatics systems. These systems can handle the flow
of information and knowledge within hydrology and hydraulics in all its aspects.
Knowledge about the aquatic environment must be presented in a fast and flexible
manner, but the speed and flexibility must not jeopardize the limitations and
constraints built into the actual knowledge that is presented. Knowledge must be
presented in framework systems that handle not only the hydroinformatics but also
present information from other related sources. These can be achieved by
introducing the types of electronic knowledge encapsulators that are currently
being brought together and integrated in real-time-control, alarm-handling,
computer-aided design, computer-aided management, and other systems (Abbott,
1991).

A decision-support system for the management of the North Sea is a successful
application of hydroinformatics. This Database Management and Modelling
System (DMMS) is a tool which encapsulates model and data and provides
different users the means to use different components without the need to have
knowledge about and technical expertise. The system’s interface allows the user to
see directly the links between model data and ecological or economical problems of
the study domain (Van Zuylen et al., 1994). Another system dealing with scenarios
concern hydrodynamic tide, wind and location of waste outfalls is the Coastal
Modelling System (CMS). The different user tasks in CMS are (Van Zuylen et al.,
1994):

(a) Project definition—selection of geographical area

(b) Scenario definition—selection of physical process, entry of parameters

(c) Scenario execution—hydrodynamics, mid-field water quality

(d) User interface—far field water quality, sediment transport, waves

(e) Visualization of results—screen and hard copy plots, animations, export of
results

(f) Copy, archive, unarchive, remove, create—scenario or project results.

The goal of such a system is to minimize possible effects of waste water disposal
by examining and comparing different options. The users can decide which options
are acceptable, ensuring compliance to local laws and legislation.

An example of this type of integrated system may be found in the hydrodynamic/
GIS interface system developed in the EIS Laboratory in the Department of Civil
Engineering at McMaster University. This application makes use of GIS
technology for the management of shoreline geometry, bathymetric data, and
monitoring station data. Figures 11.1 and 11.2 show the Metropolitan Toronto
waterfront area in Lake Ontario and the Thessaloniki Bay in the Aegean Sea. This
menu-based system generates 3D models of water bodies, permits sub-areas to be
extracted for analysis, provides surface quality control procedures, produces
gridded shoreline files, and provides easy reporting, display, and plotting of
database layers (Tsanis et al., 1996). In addition model output, such as pollutant
concentrations and velocity vectors, may also be integrated. An example of a closely
coupled hydrodynamic pollutant transport GIS model is the IDOR?P GIS (Tsanis
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Fig. 11.1. GIS interface for the Thessaloniki Bay, Greece.

Fig. 11.2. GIS interface for the Metropolitan Toronto waterfront, Ontario, Canada.
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Ship Yards

Fig. 11.3. Arc view GS interface for IDOR?P GIS.

and Boyle, 1997). The arc view interface for IDOR? GIS is shown in Figure 11.3.
This tool enables non-GIS users the ability to perform advanced tasks within this
user-friendly environment.

The coupling of information technology tools and environmental engineering/
water resources models will enhance decision making in engineering and manage-
ment practice. Until the last decade the practice was to operate separate modelling
systems by well-experienced users. The new integrated systems with state-of-the-art
interfaces will allow all levels of users to apply them with a minimum of operational
effort and generate high-quality output. Environmental problems are inter-
disciplinary in nature. The users do not need to have expertise in all kinds of
technical issues, so water resource managers, engineers and scientists, decision
makers and politicians that have the task to solve environmental problems, can use
these systems. Possible alternative strategies, feasibility and impact of measures in
solving an environmental problem can be evaluated by the users and solutions can
be found that result in an acceptable environmental impact.
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Appendix

DOCUMENTATION OF A TWO-DIMENSIONAL
CIRCULATION MODEL

In this appendix, the FORTRAN code for a 2D circulation model is included. It
also has an option for quasi 3D simulations. The model predicts the depth-averaged
currents under steady state and variable wind conditions. Users can use the sample
depth and wind data for demonstration runs. The program can be executed easily
by simply following and responding to the programs’ prompts. The user should use
one of the commercial graphics packages to view and plot the simulation results.

INPUTS

Sample depth data (file name = depth.dat)

The model basin is a 10°km x 10°km rectangular lake with uniform depth along
the west—east direction and shallow near the northern and southern shores. The
center basin is 15deep. The grid size is 500 m.

22 22500.43.5
o. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. O. O. O. 0. 0. 0. O. 0. 0. O.
0. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 5. 0.
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Sample wind data (file name = wind.dat)

The input wind can be steady (the wind speed and direction are required) or
variable (hourly wind speed and direction for a period specified by the user are
required). Here is an example of hourly wind data:
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Title: sample wind data

48

1 2.5 245.0
2 2.5 250.0
3 4.5 300.0
4 6.0 355.0
5 7.0 331.0
6 5.6 301.0
7 6.0 266.0
8 8.0 188.0
9 2.0 155.0
10 2.5 245.0
11 2.9 244.0
12 2.5 250.0
13 4.5 300.0
14 6.0 355.0
15 7.0 331.0
16 5.6 301.0
17 6.0 266.0
18 8.0 188.0
19 2.0 155.0
20 3.4 160.0
21 2.5 245.0
22 2.5 250.0
23 4.5 300.0
24 6.0 355.0
25 7.0 331.0
26 5.6 301.0
27 6.0 266.0
28 8.0 188.0
29 2.0 155.0
30 2.9 180.0
31 2.5 245.0
32 2.5 250.0
33 4.5 300.0
34 6.0 355.0
35 7.0 331.0
36 5.6 301.0
37 6.0 266.0
38 8.0 188.0
39 2.0 155.0
40 8.0 177.0
41 2.5 245.0
42 2.5 250.0
43 4.5 300.0
44 6.0 355.0
45 7.0 331.0
46 5.6 301.0
47 6.0 266.0
48 8.0 188.0

The first line of the wind data file is reserved for title information such as station
location, elevation, sample rate. The second line specifies the number of hours for
the episode under consideration. Each of the remaining lines indicates the time,
wind speed, and wind direction.
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PROGRAM EXECUTION

Save the code as 2d.f90, compile the program using a FORTRAN compiler and
create an executable file 2d.exe. Choose one parameter from the brackets just below
the input prompts. The following example considers at a steady wind case with
parameter choices shown within the brackets.

Wind condition? (1 = variable; 0 = steady)
0

Input wind components: wx =? wy =7? (m/s)
(Use wind vector, for example: wx =35., wy = 0. for a west wind)
5. 5.

Input the simulation time (hours)= ?
48.

Input a filename for the model output= ?
out.dat

The simulation begins with the following major parameters:

Time step dt = 15. second
Wind velocity wx=5. wy=0.
Coriolis coefficient f=0.00051
Surface drag coefficient cs = 0.0000018
Bottom drag coefficient cb =0.025

##%%% The program is running ****%*

The program then displays the kinetic energy and the kinetic energy difference
between two consecutive time steps every hour.

#*%%% End of the Program *%##%%*
The following prompts and user responses are for a variable wind case.

Wind condition ?
1

Input wind data file (wind.dat) = ?
wind.dat

Four output times (t1, t2, t3, t4) = ?
12 24 36 48

Four output files = ?
outl.dat
out2.dat
out3.dat
outd.dat
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SOURCE CODE

| s program 2d.f90
! Two-Dimensional and Quasi Three-Dimensional Hydrodynamic Model

! imax=number of grids in x-direction (i=1,2, ...imax)

! jmax=number of grids in y-direction (j=1,2, ...jmax)
1is(j),ie(j)=the start and end grid index along each j

! calculated from the depth in subroutine <domboun>
! d(i,j)=water depth in meters at center of each grid

! h(i,j)=free-water elevation above the bottom
'u,v(i,j)=velocity components along x and y directions

! ib,jb,nb=boundary grid types and numbering by the program

! dx,dt=grid size and time step

! wx,wy=wind speed

! cs=wind drag coefficient

! tcheck,tlast=K_.E check and calculation time

! th=smooth factor (horizontal diffusivity)

! phi=mean latitude of the waterbody

! n_model=model options: n_model=1 for 2-D model;
! n_model=2 for Q3D model

dimension umn(100,100),um(100,100),vmn(100,100),vm(100,100)
dimension z(100,100),zn(100,100),is(100),ie(100),ib(1000)
dimension tws(100),twd(100),jb(1000),h(100,100),nb(1000)
character mac*60,fn1*20,fn2%20,f1*20,£2*20,£3*20,f4*20

write(*,'(/)")

write(*,'(” sfe sfe steshe st st e she sfe st she sfe sk st she st sk ste st skesie st skt ste sk kst st sttt skotokotokolokokolokok 1 ’/)‘)
write(*,'(" Circulation Model ",//)")

write(*,'(” sfe sfe steshe sfe st e she sfe sheshe sfe sheshe st st s ste st skeste st skt ste skt st skostoste skotokotokokokokolokolor 1 ’/)')

write(*,'(" Wind condition (1=variable; O=steady) "./)")
read(*,*) n_wind

if(n_wind.eq.0) then
write(*,'(" Input wind components: wx=? wy=?(m/s)",/)")
read(*,*) wx,wy

else
write(*,'(/," Input wind data file (wind.dat)=? ",/)")
read(*,'(a)") fnl

endif

write(*,'(/," Input the simulation time (hours)=",/)")

read(*,*) tlast

if(n_wind.eq.0) then
write(*,'(/," Output filename (out.dat)?",/)")
read(*,'(a)") fn2

else
write(*,'(/," Four output times: ")")
write(*,'("(For example: 12,24,36,48) ",/)")
read(*,*) t1,t2,t3,t4
write(*,'(/," Four output files:")")
write(*,'("(example: outl.dat, out2.dat, out3.dat, out4.dat)"./)")
read(*,'(a)") f1,£2,f3,f4

endif
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! open depth file
open (unit=20,file='depth.dat’)

!--- n_model is set to 2 in this version
|

n_model=2

dt=15.0
tlast=tlast*3600.00
th=0.95
¢s=0.0000018
¢b=0.0025

! read in wind data
if(n_wind.eq.1) then
open (unit=10,file=fn1)
read(10,'(a)") mac
write(*,'(a)') mac
read(10,*) npwind
do i=1,npwind
read(10,*) iq,tws(i),twd(i)
write(*,*) iq,tws(i),twd(i)
enddo
endif
read(20,*) imax,jmax,dx,phi
do j=jmax,1,-1
read(20,*)(h(i,j),i=1,imax)
enddo
call domboun(imax,jmax,nob,h,is,ie,ib,jb,nb)

pi=3.14159/180.0
cf=2.0*pi*180.*sin(phi*pi)/24/3600
wx0=wx

wyO=wy
av=(1.-th)*(dx)**2./(4.*dt)

write(*,'(/)")
write(*,'(21x," ###**#k%5% Major Parameters Used *##*")")
write(*,89) imax,jmax,dx,phi
write(*,90) dt
write(*,91) wx,wy
write(*,'(/)")
write(¥,'(21x,"*###F¥+%% Program [s Running *#**##*" /)"
89 format(/,20x,'imax,jmax,dx,phi =',2i5,2x,28.3)
90 format(/,20x, 'time step dt =',£5.2," (sec)')
91 format(/,20x,'wind velocity wx="£8.4,' wy="{8.4)

en=0.

e=0.

time=0.

100 n=n+1
time=time-+dt

! wind input
if(n_wind.eq.1) then
call wind(n,time,cs,tws,twd, WX, wy,tsX,tsy,ts,wxx,wyy)
else if(n_wind.eq.0) then
if(n.1t.300) then
wx=n/300.0*wx0
wy=n/300.0*wy0
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else
wx=wx0
wy=wy0

endif
tsx=cs*FWXFsqrt(wx*wx+wy*wy)
tsy=cs*wy*sqrt(wx*wx+wy*wy)
ts=sqr(tsx *tsx+tsy*tsy)
tss=sqrt(ts)

endif

do j=2,jmax-1
do i=2,imax-1
if(h(i,j).1e.0.0) cycle
h1=0.5*(z(i+1.j)+z(i,j)+h(i+1,j)+h(i,j))
h2=0.5*(h(i,j)+h(i-1,j)+z(i,j)+z(i-1,)))
h3=0.5*(h(i,j+1)+h(i,j)+z(,j+1)+z(,)))
h4=0.5*(h(i,j)+h(i,j-1)+z(i,j)+z(,j-1))
zn(i,j)=z(i,j)-dt*(h1*um(i+1,j)-h2*um(,j)+h3*vm(i,j+1)&
-h4*vm(i,j))/dx
enddo !i
enddo ! j

!
! Depth-Averaged Circulation Model (2DH)

if(n_model.eq.1) then
do j=2,jmax-1
do i=is(j),ie(j)

if(h(i,j).1e.0.0) cycle

hOx=(h(i,j)+zn(i,j)+h(i-1,j)+zn(i-1,j))/2.
v9=(vm(i,j)+vm(i,j+1)+vm(i-1,j)+vm(i-1,j+1))/4.
u66=(um(i+1,j)+um(-1,j)+um(,j+1)+um(,j-1))/4.
bsx=cb*um(i,j)*sqrt(um(i,j)**2+v9**2)
hOy=(h(i,j)+zn(i,j)+h(i,j-1)+zn(i,j-1))/2.
u9=(um(,j)+um(i,j-1)+um(@+1,j)+um(i+1,j-1))/4.

v66=(vm(i+1,j)+vm(i,j+1)+vm(i-1,j)+vm(,j-1))/4.
bsy=cb*vm(i,j)*sqrt(vm(i,j)**2+u9**2)
u0=th*um(i,j)+(1.0-th)*u66
ul=-um(i,j)*(um(i+1,j)-um(i-1,j))/(2.*dx)
u2=-v9*(um(i,j+1)-um(i,j-1))/(2.*dx)
u3=-9.81*(zn(i,j)-zn(i-1,j))/dx
ud=cf*v9
uS5=(tsx-bsx)/hOx
vO=th*vm(i,j)+(1.0-th)*v66
v1=-vm(i,j)*(vm(i,j+1)-vm(i,j-1))/(2.*dx)
v2=-u9*(vm(i+1,j)-vm(i-1,j))/(2.*dx)
v3=-9.81*(zn(i,j)-zn(i,j-1))/dx
v4=-cf*u9
v5=(tsy-bsy)/hOy
umn(i,j)=u0+dt*(ul4+u2+u3+ud+us)
vmn(i,j)=v0+dt*(v14+v2+v3+v4+v5)

enddo !'i
enddo ! j

endif
!

! Quasi-Three Dimensional Parabolic Model (Q3D)
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if(n_model.eq.2) then
alambda=0.020
axx=1.0/alambda*tsx/sqrt(ts)
ayy=1.0/alambda*tsy/sqrt(ts)
do j=2,jmax-1

do i=is(j),ie(j)

enddo
enddo
endif

if(h(i,j).1e.0.0) cycle
hOx=(h(i,j)+zn(i,j)+h(i-1,j)+zn(i-1,j))/2.
v9=(vm(i,j)+vm(i,j+1)+vm(-1,j)+vm(i-1,j+1))/4.
u66=(um(i+1,j)+um(-1,j)+um(,j+1)+um(,j-1))/4.
bsx=3.0*alambda*um(i,j)*sqrt(ts)-0.5*tsx
hOy=(h(i,j)+zn(i,j)+h(i,j-1)+zn(i,j-1))/2.
u9=(um(i,j)+um(i,j-1)+um(@+1,j)+um(i+1,j-1))/4.
v66=(vm(i+1,j)+vm(i,j+1)+vm(i-1,j)+vm(,j-1))/4.
bsy=3.0*alambda*vm(i,j)*sqrt(ts)-0.5*tsy
u0=th*um(i,j)+(1.0-th)*u66
ul=-(1.2*um(i,j)+axx/40.0)*(um(i+1,j)-um(i-1,j))/(2.*dx)
u2=-(1.2*v9+ayy/40.0)*(um(i,j+1)-um(i,j-1))/(2.*dx)
u3=-9.81*(zn(i,j)-zn(i-1,j))/dx

ud=cf*v9

u5=(tsx-bsx)/hOx

vO=th*vm(i,j)+(1.0-th)*v66
v1=-(1.2*vm(i,j)+ayy/40.0)*(vm(i,j+1)-vm(i,j-1))/(2.*dx)
v2=-(1.2*u9+axx/40.0)*(vm(i+1,j)-vm(i-1,j))/(2.*dx)
v3=-9.81*(zn(i,j)-zn(i,j-1))/dx

v4=-cf*u9

v5=(tsy-bsy)/hOy
umn(i,j)=u0+dt*(ul+u2+u3+ud+us)
vmn(i,j)=v0+dt*(v14+v2+v3+v4+v5)

! prediction update
do i=1,imax
do j=1,jmax
um(i,j)=umn(i,j)
vin(i,j)=vmn(ij)
2(ij)=zn(ij)

enddo
enddo

! land boundary conditions
do 200 k=1,nob

i=ib(k)
J=iblk)

nbb=nb(k)
goto (200,205,210,215) nbb
205 um(i,j)=0
go to 200
210 vm(i,j)=0.
go to 200
215 um(i,j)=0
vm(i,j)=0
go to 200
200 continue
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! check kinetic energy
e=en
en=0.
do j=1,jmax-1
iss=is(j)
iee=ie(j)
do i=iss,iee
ua=0.5*(um(i,j)+um(i+1,j))
va=0.5*(vm(i,j)+vm(,j+1))
en=en+0.5*(ua*ua+va*va)*h(i,j)*dx*dx
enddo
enddo

if(en.eq.0.0) go to 100
de=abs((e-en)/en)
if(mod(n,60).eq.0) then
write(*,390) time/3600.0,en,de
endif
390 format(' time =',f7.0,2x,'en=",e14.2,2x,'de =',f12.8)

! output velocity/elevation at four given times

tm=time/3600.00

n81=int(t1*3600.0/dt)
n82=int(t2*3600.0/dt)
n83=int(t3*3600.0/dt)
n84=int(t4*3600.0/dt)

if(n.eq.n81.or.n.eq.n82.or.n.eq.n83.or.n.eq.n84) then
if(n.eq.n81) fn2=f1
if(n.eq.n82) fn2=f2
if(n.eq.n83) fn2=f3
if(n.eq.n84) fn2=f4
call outp(fn2,imax,jmax,axx,ayy,umn,vmn,um,vm,h,z)
endif

if(int(tm).le.npwind.or.time.le.tlast) go to 100

if(n_wind.eq.0) then
call outp(fn2,imax,jmax,axx,ayy,umn,vmn,um,vm,h,z)
endif

write(*,560)
560 format(///,"*** end of run ****' //[)

stop
end
!

|
! subroutine for model output
!
subroutine outp(fn2,imax,jmax,axx,ayy,umn,vmn,um,vm,h,z)

dimension umn(100,100),um(100,100),vmn(100,100),vm(100,100)
dimension z(100,100),u3d(100,100,5),v3d(100,100,5),zh(5),h(100,100)
character fn2#20

open(30,file=fn2)

do j=2,jmax-1
do i=2,imax-1
if(h(i,j).1e.0.0) cycle
umn(i,j)=0.5*(um(,j)+um(i+1,j))*100.
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vmn(i,j)=0.5*(vm(i,j)+vm(i,j+1))*100.
enddo
enddo
kmax=4
zh(1)=.0
zh(2)=-1/6.0
zh(3)=-0.5
zh(4)=-5/6.0

do k=1,kmax
do j=2,jmax-1
do i=2,imax-1
if(h(i,j).1e.0.0) cycle
uu3=umn(i,j)/100.0
vv3=vmn(i,j)/100.0
d2=zh(k)

u3k=(3/4.¥axx-3/2.0%uu3)*(d2#*2- 1. )+axx*(d2+1.)
V3k=(3/4.*ayy-3/2.0%vv3)*(d2**2-1 y+ayy*(d2+1.)

u3d(i,j,k)=u3k*100.0
v3d(i,j,k)=v3k*100.0
enddo !'i
enddo !j
enddo ! k

do j=jmax,1,-1
do i=1,imax
write(30,500) i,j,umn(i,j),vmn(i,j),z(i,j)
enddo !'i
enddo ! j

do k=2,kmax
write(30,600) k
do j=jmax,1,-1
do i=1,imax
write(30,500) i,j,u3d(i.j,k),v3d(i,j.k),z(i,j)
enddo !'i
enddo !j
enddo ! k
500 format(2(1x,i3),3(1x,f9.4))
600 format('layer k="i3)

close(30)
return
end

!

! subroutine for determining the calculation domain
!

subroutine domboun(imax,jmax,nob,h,is,ie,ib,jb,nb)

dimension jb(1000),ib(1000),is(100),ie(100)
dimension nb(1000),h(100,100)

do j=1,jmax
mm=0
nn=0
do i=1,imax
if(mm.eq.1) cycle
if(h(i-1.j).le.0.0.and.h(i,j).gt.0.0) then
is(j)=i
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mm=1
endif
enddo !'i
do i=imax,1,-1
if(nn.eq.1) cycle
if(h(i,j).gt.0.0.and.h(i+1,j).1e.0.0) then
ie(j)=i
nn=1
endif
enddo !'i
enddo ! j

! determine the boundary grid and boundary type
kk=0
do j=1,jmax
do i=is(j).ie(j)
if(h(i,j).1e.0.0) cycle
if(h(i-1,j).1e.0.0) then
kk=kk+1
jb(kk)=j
ib(kk)=i
nb(kk)=2
endif
if(h(i,j-1).1e.0.0) then
kk=kk+1
jbkk)=j
ib(kk)=i
nb(kk)=3
endif
if(h(i-1,j).le.0.0.and.h(i,j-1).1e.0.0) then
kk=kk+1
jbkk)=j
ib(kk)=i
nb(kk)=4
endif
enddo !i
enddo ! j

nob=kk

return
end
!

!
! subroutine for time-varying wind data
!
subroutine wind(n,time,cs,tws,twd,wx,wy,tsx,tsy,ts,wxx,wyy)
dimension tws(100),twd(100)
! 3 hours warm up
time99=time/3600.00
ntime=int(time99)
if(ntime.le.2) then
wsO=tws(1)
wd=twd(1)
else
wsO=(tws(ntime+1-2)-tws(ntime-2))*(time99-ntime)+tws(ntime-2)
wd=(twd(ntime+1-2)-twd(ntime-2))*(time99-ntime)+twd(ntime-2)
endif
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! a step function for the first 100 time step for wind speed
if(n.le.100) then
ws=n/100.00*ws0
else
ws=ws0
endif

wx=-ws*cos((wd-90.0)*3.14159/180.0)
wy=ws*sin((wd-90.0)*3.14159/180.0)
tsx=cs*FwXFsqri(wx*wx+wy*wy)
tsy=cs*Fwy*sqri(wx*wx+wy*wy)
ts=sqrt(tsx *tsx+tsy*tsy)
wxx=0.415*tsx/sqrt(ts)
wyy=0.415*tsy/sqrt(ts)

return

end

DISCLAIMER

This software are in the public domain and are furnished ““as is”. The authors of
this book (1) make no warranty, express or implied, as to the usefulness of the
software;or (2) to provide technical support to users. Permission to use or modify
this software is hereby granted, provided that this disclaimer notice appears in all
copies.All modifications to this software must be clearly documented, and are solely
the responsibility of the agent making the modification.
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