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Abstract: This workbook provides software for a three-dimensional hydrodynamic and transport model
that can be used to study the circulation in water bodies as influenced by inflows, outflows. tides.
winds, salinity, and temperature. Coupled with the model is a dissolved oxygen depression model, a
particulate-based nutrient and eutrophication model, and a sediment scour and deposition model. The
model is set up using provided input data files. The workbook goes through the steps of setting up an
example application for its bathymetry, its input data file, and specification of the desired output,
followed by execution of the example. Further example applications are presented showing the setup of
the model for different types of water bodies and for the different water quality models provided in the
software. The results of the 30 example applications are provided in example output folders. Following
the example applications are chapters on the theoretical basis and formulation of the hydrodynamic and
transport model, the first-order decay relationships, the surface heat exchange relationships, the
dissolved oxygen depression model, the nutrient and eutrophication model, and the sediment scour and
deposition model.
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INTRODUCTION

This workbook on hydrodynamic and water quality modeling evolved from workshops
and seminars in which the participants requested introductory software for learning
water body modeling techniques and problem solving. It is designed for students in
environmental engineering and environmental sciences programs to supplement their
courses in water quality and to provide hands-on experience in combined numerical
hydrodynamic and water quality modeling. The models included in the workbook are
suitable for use as class assignments and term projects, and have sufficient detail and
flexibility that they can be used for many types of creative studies relevant to a wide
range of water quality problems and practical applications.

The introductory models are designed to simulate steady flow situations where the
inflows into a water body equal the outflows, or for stationary-state situations when
tidal elevation boundary conditions are specified. The introductory models are used in
practice for many purposes, including the following:

making a rapid assessment of a water body problem
o determining sensitivity to model grid detail and to changes in bathymetry

e determining sensitivity of the model results to different parameters such as
surface winds and water quality rate parameters

e determining the response to waste discharge rates, intake and discharge
locations, river inflow rates, and different tidal conditions

¢ aiding in the design of field data sampling programs

The modeling of water quality throughout a water body can be done only to the detail
to which the flow field transporting the water quality constituents is known. The flow
field in a water body can most accurately be computed using a hydrodynamic and
transport model to which the water quality model is coupled. The hydrodynamic and
transport model presented in this workbook is the Generalized Longitudinal Lateral
Vertical Hydrodynamic and Transport model (GLLVHT) described in Edinger and
Buchak (1995). The GLLVHT model and four water quality routines are incorporated
in the INTROGLLVHT operating system that couples the models with input data and
allows one to specify the kinds of outputs desired. INTROGLLVHT is a simplified
learning version of the more complete and detailed Generalized Environmental
Modeling System for Surfacewaters (GEMSS), to which it is compared in Chapter 9.

The GLLVHT hydrodynamic model is driven by the inputs of inflows and outflows,
boundary tides and winds, and horizontal density gradients due to stratification that
results from the circulation. Background to the hydrodynamic and transport relations
and organization of the INTROGLLVHT computations are presented in Chapter 1,
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Section 1.1. The complexities of the flow regimes that can be generated by GLLVHT
are presented in Section 1.2.

Three water quality models and a sediment model are provided for coupling to the
hydrodynamic and transport model. These are the following:

e atemperature, salinity, and arbitrary first-order decay constituent model (TSC)
¢ adissolved oxygen depression model (DOD)

e aeutrophication model (WQDPM)

¢ asediment scour and deposition model (SED)

The water quality models allow one to study a wide range of realistic water quality
problems in all types of water bodies including river reaches, lakes, reservoirs,
estuaries, and coastal waters. The models allow one to start with the simplest case
(TSC) to determine the effects of inflows, outflows, tide, wind, and density
stratification on circulation and residence time throughout a water body. The TSC
model allows one to study the distributions within a water body of the fate of first-
order decay constituents, dilution of discharges, residence times, salinity distributions,
and temperature distributions due to inflows, heat sources, and surface heat exchange.
The DOD model allows one to study the impact of a discharge on lowering the
dissolved oxygen within a water body without having to do full dissolved oxygen
modeling. The WQDPM model performs complete dissolved oxygen modeling and
allows one to study algal growth and eutrophication. The SED model allows one to
study the sediment scour and deposition rates as influenced by bathymetry and by
structures such as breakwaters. Most water body water quality modeling studies will
progress from one model to the other as more complex features of a particular problem
are examined. Background to the water quality models is presented in Chapter 1,
Section 1.3.

The model software includes routines for setting up the water body bathymetry file,
the model input data file, and the routine for executing the combined hydrodynamic
and water quality model. The bathymetry routine is presented in Chapter 1, Section
1.5, along with its application to an example project that is followed through the next
two chapters to execution. The input routine is presented in Chapter 2 along with its
application to the same example project. These two steps allow the user to execute the
example application in Chapter 3. It is important that the user work through these
chapters to learn input file notation and how to apply the software before trying to set
up an independent project.

Chapters 4 and 5 show the setup of the hydrodynamic and transport models for
different types of water bodies including estuaries, coastal waters, and lakes. They
illustrate the use of different combinations of boundary conditions, and provide a
description of the circulation, salinity, and temperature structure that results.
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Chapters 6, 7, and 8 present the application of the DOD, WQDPM, and SED models.
Basic properties of the DOD and WQDPM models are illustrated using tank test and
stream simulation results. The latter allow one to compare some of the numerical
simulation results to analytical solutions for the simpler cases. Each water quality
model is then applied to estuary, lake or reservoir, and coastal water projects. These
example applications illustrate how to set up different types of boundary conditions
and how the water quality within a water body adjusts to inflows, outflows,
discharges, tides, and wind. The theoretical basis of the hydrodynamic and transport
relationships and the details of the different water quality models used in
INTROGLLVHT are presented in Chapters 9 through 14.

More than 30 example applications are presented in Chapters 4 through 8. The
preparation of so many example applications led to the file naming and organization
presented in Chapter 1, Sections 1.6 and 1.7. The example applications were all
reworked during the final preparation of the workbook to test the executable form of
the model codes. Presented with each example application is a set of problem
exercises for further study that illustrate additional techniques and uses of the models.
Not all of the problem exercises for futher study have been set up and tested.

This workbook presents a water body hydrodynamic and transport model and a set of
water quality models that can be run with it. The workbook is mostly about how to use
the INTROGLLVHT modeling system, how to set up the models for different types of
water bodies and water body problems, and different ways of examining and
interpreting the model results. The workbook allows one to learn different water body
hydrodynamic and water quality modeling techniques and learn the properties of
different models by operating them. The workbook is not intended to be a treatise on
water body hydrodynamics or on water quality modeling. A good background to water
body hydrodynamics as applied to water quality modeling can be found in Martin and
McCutcheon (1999). The ASCE Engineering Mechanics Division book on
Environmental Fluid Mechanics (Shen, et al. 2002) includes good basic descriptions of
turbulent processes, estuarine hydrodynamics and basic mechanics and case studies of
water quality modeling in lakes and reservoirs. The classic work on water quality
modeling is Thomann and Mueller (1987). A more recent volume on water quality
modeling is Chapra (1997). Another introductory text on water quality modeling is
Lung (1993). An important document for the formulation of water quality model
processes and associated rates, constants, and kinetics is EPA (1985). These six works
should be consulted for more in-depth background in water body hydrodynamics and
water quality modeling. A good qualitative treatise on limnology with plenty of
illustrative data is Wetzel (2000). A good volume on many estuarine topics is Lauff
(1967).

A NOTE ABOUT THE SOFTWARE

For help in running the software, please write a brief message of what problem seems

to be occurring, and attach your BATH.dat, INP.dat and WQM.dat files to an
email addressed to John.Edinger@jeeai.com
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System Requirements

1486™ or Pentium® processor-based personal computer

Microsoft Windows® 95, Windows® 98, Windows NT® 4.0 or Windows® 2000

20 MB of available RAM

Minimum 30 MB of available hard-disk space (16 MB are required for the program. 14
MB are required for Acrobat Reader)

Installation Instructions

1. Insert CD into CD-ROM drive. Autorun should start the installation after the CD has
been inserted in the CD-ROM drive. If it doesn’t start, then follow steps 2—4.

Select Run from the Start menu.

Type “e:\setup.exe”, where “e” is the CD-ROM drive name/letter.

Press Enter key or click OK button.

Follow instructions provided by the software on your computer monitor.

The software will not be installed under any program group.

SAINANE Il N

Uninstall Instructions

1. Insert CD into CD-ROM drive

2. Click the Next button

3. Select “Remove”

4. Follow instructions provided by the software.

Operating Instructions

Read “ExecutableProgramsandFilesinlntrogllvhtModelFolder.pdf” (located in the sub-
directory Introgllvht Model With DMAWin under the root directory Book Software and
Applications) using Acrobat Reader 4.05 for a description of the model program files and
information as how to run the program using DMAWin. Access the website
www.adobe.com for support as how to install the Acrobat Reader on your computer.

Technical Support

Should you have any questions or problems with the installation of this software or with
accessing the example applications, please contact the author at John.Edinger@jeeai.com

with a brief informative description of the problem along with the _bath.dat, inp.dat and
_wqgm.dat project files.
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1. INTROGLLVHT HYDRODYNAMIC AND WATER QUALITY
MODELING

In this chapter, the fundamentals of the Generalized Longitudinal Lateral Vertical
Hydrodynamic and Transport (GLLVHT) model are presented along with various
examples of the kinds of flow regimes it can generate even for simple input
conditions. Details of four water quality models are given. This is followed by a
presentation of the contents of the INTROGLLVHT modeling system folder included
on the CD-ROM. In addition, the use of the bathymetry setup routine included in the
modeling system is presented with an example application. Finally, an important part
of the INTROGLLVHT modeling system in organizing input and output file names
for a project application is described.

1.1 The Hydrodynamic and Transport Model

The GLLVHT hydrodynamic and transport model, shown schematically in Figure 1-
1, computes the horizontal and vertical velocity components (U,V,W), the water
surface elevation (Z), and the density and constituent concentrations (p, C) at each
model grid cell over time. The six basic relationships that are used to compute the six
unknowns are as follows:

¢ the horizontal fluid momentum in the x-direction, used to evaluate U
e the horizontal fluid momentum in the y-direction, used to evaluate V
¢ the internal continuity of fluid, used to evaluate W

o the continuity of fluid integrated to the free water surface, used to evaluate Z
the continuity of mass for n constituents, used to evaluate C,

e an equation of state relating fluid density to temperature and salinity, p(T,S)

Fluid density enters the horizontal fluid momentum relationships as horizontal
density gradients. The horizontal density gradients are important internal driving
forces that produce density flows within a water body. There is feedback between the
constituent relationships and the momentum relationships, because the former are

used to determine the temperature and salinity distributions throughout the water
body.

The external inputs (or boundary conditions) for a water body model are the inflows,
the outflows, and the temperature of the inflows. For tidal boundaries, the external
inputs are tidal elevation, salinity, and temperature at the boundary. Then there is
surface winds, surface heat exchange, and bottom friction. For water quality
modeling, there is the concentration of constituents in the inflows and at the tidal

boundaries for each constituent included in the particular water quality model being
used.



2 WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING

The GLLVHT is a time-varying, finite difference numerical model. It is set up in the
INTROGLLVHT modeling system for computations on a rectangular grid with
vertical layers of uniform thickness, except for the top layer, which varies in
thickness spatially and temporally. As will be shown in Chapter 9, the solution
technique used in the GLLVHT model is derived by numerically substituting the
horizontal momentum balances into vertically integrated continuity to arrive at a
relationship for time-varying surface elevations in the two horizontal directions. The
surface elevations in the two horizontal directions are solved simultaneously on each
time step. This is called an implicit solution, which is not limited by the
computational time step. Because of the substitution of the U and V momentum
relationships into vertically integrated continuity, the surface elevation Z and the U,
V, and W velocity components are solved for simultaneously.

Table 1-1 presents an outline of the numerical computational code; it shows the steps
to be taken, from reading the input files from the control files to using the data they
supply to perform the hydrodynamic and water quality transport computations. The
forcing functions evaluated in Step 9 include the spatial momentum terms, the surface
wind shear, internal velocity shear between the layers, and bottom friction. The
surface elevation, Z, is evaluated implicitly, and then the velocity components are
computed. The velocity components and surface elevation along with the source/sink
terms for the particular water quality model being used are inputs to the constituent
transport relationship for evaluating constituent concentrations. The results of the
computations for the time step are placed in the various output files, and the
computations are repeated for the next time step.

The major conditions and limitations of the form of the GLLVHT model used in the
INTROGLLVHT system, and of the INTROGLLVHT system itself, are shown in
Chapter 9 by comparing it with a more complete version of the model and modeling
system.

1.2 Example Flow Regimes

Examples of different types of flow regimes generated by the GLLVHT
hydrodynamic model for simple water body configurations are presented and
examined in this section. Examples of baroclinic flow and barotropic flow show that
relatively complex circulation patterns are established even for simple boundary
conditions imposed on a long rectangular channel. Another example is presented that
demonstrates the velocity field the GLLVHT model produces when the Coriolis
acceleration dominates. The distribution of water quality constituents within a water
body can only be determined to the accuracy that the flow field is known. These
examples demonstrate the need to perform detailed hydrodynamic computations, with
which water quality models can then be coupled.
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1.2.1 Barotropic Flows

Part of the flow field within a water body results from the surface slope through the
water body. The component of flow related to the surface slope is called the
barotropic flow. An example of a barotropic flow field is the result of wind shear on
the surface of a long channel. The surface slope along the channel and the
midchannel velocity profile are shown in Figure 1-2 for a 4 m/s surface wind. The
surface wind moves currents in the surface layer in the direction of the surface wind,
and the latter produces a surface slope setup in the direction the wind is blowing. The
surface setup produces a bottom layer current flowing in the opposite direction. The
bottom currents are due to the surface slope and move from the higher surface
elevation toward the lower surface elevation. The bottom current is a barotropic flow.
The surface current is approximately 2% of the surface wind speed that is typical of
observed values.

1.2.2  Baroclinic Flows

The component of flow related to the horizontal density differences is called the
baroclinic flow. A baroclinic or density-induced flow is seen, for example, when
there is a vertical salinity profile at the mouth of the channel, with lower salinity
water in the top layer and higher salinity water in the lower layer. For this example,
there is no freshwater inflow at the closed end head of the channel. The velocity
profile near the mouth of the channel and the salinity profiles near the mouth and the
head of the channel are shown in Figure 1-3. The velocity profile shows an up
channel surface and bottom flow and a midlayer outflow.

Examination of the density profiles shows that the lighter surface water at the mouth
of the channel is sliding over heavier surface water at the head of the channel, and the
heavier bottom water at the mouth of the channel is sliding under the lighter bottom
water at the head of the channel. The density profiles also show that significant flows
can develop with relatively small longitudinal density differences. The midlayer
outflow from the head of the closed channel is equal to the sum of the surface and
bottom inflows. Cameron and Pritchard (1965) demonstrated the existence of this
type of three-layered baroclinic circulation in Baltimore Harbor.

The outcome of discharges into a closed channel with a baroclinic flow is strongly
related to the flow pattern. Nutrient constituents entering the channel with surface
runoff would first flow up the channel and return as a midlayered flow. This could
have consequences relative to processes such as reaeration, temperature structure as
related to surface heat exchange, and how much of the loading actually flows out of
the channel.

Further analyses would show that the greater the differences in density between the
surface and bottom at the mouth of the channel, the stronger the three-layered
baroclinic flow. The largest density difference is produced when the salinity profile at
the head of the channel is uniform from top to bottom at a concentration equal to the
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average salinity over the profile at the mouth of the channel. The latter requires a
longer channel than used in the example.

1.2.3 Combined Barotropic and Baroclinic Flows

Figure 1-4 is the velocity profile resulting from a combination of the salinity profile
boundary condition at the mouth of the channel and a wind of 4 m/s blowing from its
head to its mouth. It illustrates how complex the flow field can become when both the
barotropic and baroclinic forces are acting on a water body at the same time.

1.2.4 Effects of Coriolis Acceleration

The GLLVHT hydrodynamic and transport model includes the Coriolis acceleration
resulting from the earth’s rotation, which becomes important in very large water
bodies. It can be illustrated by simulating a large 100 km by 100 km basin using a 5
km by 5 km grid with a 5 m/s wind blowing from south to north on the surface. The
basin is at 40 north latitude. The results are given in Figure 1-5 as the velocity spiral
of V versus U over depth for a 20 m and 60 m deep basin.

These results differ from the ideal analytical Ekman spiral solution in which the
surface current is at an angle of 45" to the right of the surface wind. This is because
the basin is not of infinite horizontal extension or depth, and because the vertical
eddy viscosity is not constant but rather a function of vertical shear resulting from the
vertical velocity profiles. The results in Figure 1-5 are similar to those obtained by
Neumann and Pierson (1966), who showed that the ideal Ekmann result is
approached as the basin deepens. In both cases, the surface current speed is
approximately 3% of the wind speed, which is consistent with previous observations.

The Coriolis acceleration can deflect tidal currents and currents due to freshwater

inflows in large bays and estuaries. For example, it is an important force affecting the
wind- and inflow-induced circulation in the Great Lakes.

1.3 The Water Quality Models

Four water quality models are described in this section. They are numbered and
identified as follows:

1. temperature, salinity, first-order decay constituent (TSC) model
2. the dissolved oxygen deficit (DOD) model
3. dissolved- and particulate-based eutrophication (WQDPM) model

4. the sediment scour and deposition (SED) model
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The constituents included in each of the water quality models are summarized in
Table 2-2. The constituent transport of heat (temperature) and salinity is computed
regardless of the water quality model being run. They are required for the
computation of density, which is important to the momentum balances and
temperature-dependent kinetic reaction rates in the different water quality models.

1.3.1 The Temperature, Salinity, First-Order Decay Constituent Model

The TSC model is presented by itself so that circulation computations can be
performed before the more elaborate water quality models are run. The TSC model
includes a constituent that can undergo first-order decay and the surface heat
exchange terms for temperature computations. Both are applied in Chapter 4 and
Chapter 5. The first-order decay relationships are derived in Chapter 10, and the
surface heat exchange computation used to evaluate temperature is derived in Chapter
11.

1.3.2 The Dissolved Oxygen Deficit Model

The DOD model computes how much the dissolved oxygen is changed in a water
body due to inflows of organic nitrogen, ammonium, and biochemical oxygen dem.
The organic nitrogen mineralizes to ammonium. The ammonium takes up dissolved
oxygen as it oxidizes to nitrate. The oxygen uptake is balanced by surface reaeration.

Each oxygen uptake stage has a temperature-dependent kinetic reaction rate. The rate
of surface reaeration is temperature- and wind speed-dependent. The dissolved
oxygen deficit model is applied in Chapter 6 and derived in Chapter 12.

1.3.3 The Dissolved- and Particulate-Based Eutrophication Model

The WQDPM model computes the dissolved oxygen in a water body due to inflows
of the dissolved forms of organic nitrogen, ammonia and ammonium, biochemical
oxygen demand, organic phosphorous, phosphate, and the particulate forms of
organic nitrogen, biochemical oxygen demand, and organic phosphorous. The
WQDPM model includes phytoplankton and zooplankton grazing. The nitrogen and
biochemical oxygen demand components undergo oxidation as in the DOD model.
The phytoplankton produce oxygen during the day (photosynthesis) and take up
dissolved oxygen at night (respiration), and the rates are nutrient-concentration
dependent. The phytoplankton produce dissolved organic nitrogen and organic
phosporous, and re-cycle carbon to biochemical oxygen demand. Zooplankton

grazing produces particulate organic nitrogen and organic phosphorous, some of
which can settle out.

Each of the individual reaction rates is not only temperature dependent, but also can
be oxygen and nutrient-concentration limiting. The particulate constituents can settle
out, and there is a release of nutrients back into the water column. The WQDPM
eutrophication model is applied in Chapter 7 and derived in Chapter 13.
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1.3.4 The Sediment Scour and Deposition Model

The SED model computes a scour rate and a sediment settling rate to determine a net
scour or deposition rate along the bottom of the water body. The scour rate
computation 1s performed from a semiempirical model. The rates depend on the
sediment particle diameter and specific gravity, and the density of the surrounding
fluid. The SED model is applied in Chapter 8 and derived in Chapter 14.

1.4 INTROGLLVHT Model Folder

The INTROGLLVHT Model folder on the CD-ROM contains routines for setting up
and executing the water body model, as well as the water quality parameter default
files. The execution routines are as follows:

Bathymetrysetup.exe, which is used to set up a water body bathymetry file.

INTROGLLVHT Input File.exe, which is used to set up the water body project input
data and output specifications.

Generalmodel.exe, which contains the hydrodynamic and water quality models and is
used to execute them from the bathymetry, input, and water quality model files
specified by the user in the ABControls.dat file.

A side computation file called Teq Cshe Computation.exe is provided for the
evaluation of surface heat exchange parameters from meteorologic data and is
discussed in Chapter 11. The INTROGLLVHT Model folder also contains the default
parameter files for each of the water quality models that are detailed in Chapter 3.

In the following sections, each of the INTROGLLVHT Model files is discussed
separately. The bathymetry routine is presented in detail and used to set up the
bathymetry for the first example project application.

1.5 The Bathymetry Setup Routine and Its Application

The bathymetry setup routine called Bathymetrysetup.exe aids in the preparation of
the bathymetry data file. In this section, it is presented and used to set up the
bathymetry for the first model application of an example estuary.

When started, the bathymetry setup routine first asks for a file name. The name
should be the water body name and the number of the bathymetric file being set up
for that water body. For instance, the example name is specified as Example 01. The
routine then asks for the maximum size of the computational grid, IM, JM, and KM.
It further asks for the size of each grid cell AX, AY, and AZ. The suffix BATH of the
file name is produced when the skeleton data table i1s generated and automatically
placed in the INTROGLLVHT Model folder.
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An example skeleton bathymetry table is shown in Table 1-2. It has default depths set
to zero at ecach I and J location over the active computational grid. In most
applications, there are a large number of land cells in the model grid indicated by the
zero depth. The zeros are replaced in the table by the water body depth at the center
of each computational grid location. The table ends with a delimiter value of —999,
indicated by “delim.” The latter checks to see if there are depth values at each I and J
location.

The spatial arrays of all the variables are dimensioned at IM = 50, JM = 50, and KM
= 30, and these dimensions define the size of the maximum grid that can be used in
the INTROGLLVHT model. The number of KM layers usually governs the time it
takes to complete a simulation.

The smallest grid for which computations can be performed is IM =3 by JM = 3 (one
cell) and a minimum of two active layers at all points throughout the grid. Sometimes
it is useful to perform a “tank test” computation on a water quality model that has one
surface cell and a few vertical active layers.

1.5.1 The Estuary Example Application Computational Grid

For most applications, a transparent grid is placed on a bathymetric map of the water
body and the depth is written in each grid cell. The computational grid for the
example application estuary is given in Table 1-3 to help define the model grid
coordinates. The grid extends from I = 2 to IM-1 (IM = maximum) from west to east

along the x-axis, and from J = 2 to JM-1 (JM = maximum) from south to north along
the y-axis.

ThecellsforJ=1fromI=1toIMand J=JM from [ =1 to IM and the cells for I = 1
for J = 1to JM and I = IM for J = 1 to JM are dummy cells. Dummy cells are not used
in the model computations or in defining the model geometry. Each cell has
dimensions of Ax by Ay. The depth of the water body at a particular 1,J location is
identified in each cell. The cells outside the water body have a depth of zero.

The thickness of the model layers is Az. The top cell of the vertical model grid is at K
= 2, and the bottom cell is identified as KO(LJ). The latter is computed from the
depths by the GLLVHT model for each LJ surface cell. Its value is KO(,J) =
INT(depth(LJ)/Az)+1, and it is evaluated only where the depth is not zero. The KM in

the vertical should be set at:
KM = INT(Maxdepth/Az)+4 (1.1)

The KM can be set larger than this value. The computations in GLLVHT are
performed only where KO(L,J) is not zero and only to its level at each I,J location.
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1.5.2 Application of Bathymetrysetup.exe Routine

The Bathymetrysetup.exe routine given in the INTROGLLVHT MODEL folder is
used to set up the model grid. When it is run, it will ask for the data given in Table 1-
3 extending from the name of the water body (given here as Estuary) through to the
Az (or dz) value. It will then generate a file with the name Estuary BATH.dat and
with default values of zero at each LJ location. This file is then opened and the
nonzero depths are substituted. The nonzero depths for the estuary example
application are obtained from the model grid data given in Table 1-3. The model grid
data shows zeros internally at I = 15 to I = 16 at J = 8, which represents an island.
Islands can be as small as a single cell. The resulting bathymetry data file for the
example application is shown in Table 1-4.

It is recommended that as a learning exercise the INTROGLLVHT user go through
the steps of using Bathymetrysetup.exe by generating the Estuary BATH.dat file in
the INTROGLLVHT Model folder. This will provide the bathymetry file for this
project that will be run as an example demonstration in Chapter 3. The generated
Estuary BATH.dat file can be checked for the example application by comparing it
with the bathymetry file shown in the Applications folder named EST TSC_01.

1.6 The Input File Routine

An imput file setup routine called INTROGLLVHT Input File.exe aids in the
preparation of the input data file. The input file setup routine will ask sequentially for
the input data, such as inflows, outflows, tidal boundaries, and their locations, needed
to drive the model. The definitions of terms in the input file routine and its
application are presented in Chapter 2.

The input file setup routine first asks for a project name. It is recommended that the
project name include the following three components: the name of the water body
being examined, the water quality model being run, and the case being run. For the
example project that is set up in Chapter 2 using the input file routine, Est TSC_01
indicates that the water body is Est, the water quality model being run is the TSC
model, and the setup is for study case 01 of that project. This name will then
automatically become the prefix to all other input and output files for that project and
case. Note that the name length should not exceed 40 characters.

The input file routine will generate the names and file suffixes for all the different
types of files read as input data to the model and store the output from the simulation.
The suffixes are listed in Table 1-5 to indicate the different types of input data files
read by the model and the types of output resulting from a simulation.

The BATH.dat file is generated by the bathymetry setup routine. The _INP.dat file,
the skeleton water quality model file WQOM.dat, and the Con.dat file are generated
by the input file routine. The bathymetry, input, and water quality model file names
go into the ABControlfiles.dat file. Their complete names are stored in the project
_Con.dat file for transfer to the ABControlfiles.dat file. Notes on the project
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application can be made in the _Con.dat file, but these notes will not transfer to the
ABControlfiles.dat file. The remaining files are generated as output when the
INTROGLLVHT model is run.

The input file routine generates a skeleton (blank) file for the water quality
parameters ( WQM.dat). The default parameters for the specified water quality
model (the TSC, DOD, WQDPM, and SED models) are placed in this skeleton table
and set to any desired values. The TSC water quality model table is always blank,
because all of the parameters required to run it are specified under external
parameters within the input data table. The default parameters in the DOD, WQDPM,
and SED models are discussed in detail in Chapter 3, Section 3.3 and in various case
applications in Chapter 4 through Chapter 8.

1.7 The Generalmodel.exe Routine

After the file names for BATH.DAT, INP.DAT, and WQM.DAT of the project
being run are placed into the ABControlfiles.dat file, the GLLVHT model is ready to
be run. This is done using the Generalmodel.exe routine. The running of an example
project and the types of problems that might arise when executing the model are
presented in Chapter 3.

1.8 Example Applications

Example applications are presented for different types of water bodies and with
different water quality models in Chapter 4 through Chapter 8. The bathymetry,
input, and water quality model is given for each example. The examples illustrate
different features of water body modeling that can be performed with the
INTROGLLVHT Model system. It is intended that the user work through each of the
example applications by using the routines given in the INTROGLLVHT Model

folder to set up the bathymetry, input, and water quality default parameter files from
the example data.

The input files needed to run a project are kept in the INTROGLLVHT Model folder
while that project is being executed and studied. The output files from the project
execution also appear in the same folder. The number of input and output files for a
particular project can get quite large, and it can become confusing to have the files for

more than one project, or even different cases for the same project, held in the
INTROGLLVHT Model folder.

To keep individual project files together, an Example Applications folder is provided.
This folder has a set of subfolders, one for each workbook example application. Each
of the subfolders contains the files for that application, which are listed in Table 1-5.

Additional application folders and subfolders can be set up by the user to save the
results obtained from running the suggested additional study applications and for
completely new user projects. The project files are not automatically transferred from
the INTROGLLVHT Model folder to the project subfolder. They need to be copied
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specifically from the INTROGLLVHT Model to an applications folder. Similarly, if
an existing project application is being modified slightly to develop a new project, the
files of the former need to be transferred into the INTROGLLVHT Model folder for
modification and execution.

1.9 The DM AWin.exe

As an alternative to the file cut and paste procedure presented in Section 1.8, one will
eventually want to learn to use the DMAWin.exe or the direct modeling access
routine. It allows using a project folder containing an ABControlfiles.dat file along
with associated project bathymetry, input and water quality files, run the model from
those files in the folder, and have the output files returned to that folder.

When using DMAWin, none of the files within the project folder should be a read
only file. The use of DMAWin.exe is explained further in the file named “Programs
and files Included in the INTROGLLVHT Model” file included in the
INTROGLLVHT Model folder.
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-  X-momentum (z, p, u, v, w)
- Y-momentum (z, p, u, v, w)
Continuity (v,w)
- Vertically Integrated Continuity (v,w)
- Constituent Transport (u,v,w)
-  Equation of State (C)

caNsg<cq

Figure 1-1. Definition diagram for the Generalized Longitudinal Lateral Vertical

Hydrodynamic and Transport (GLLVHT) model configuration and basic
relationships.
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Figure 1-2. Velocity profile at the mid length of a channel produced by a surface
wind illustrating a barotropic flow resulting from a surface slope.
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Figure 1-3. Velocity profile near the mouth of a closed channel produced by a
salinity profile at the mouth of the channel. The figure also shows the resulting
salinity profile at the head of the channel.
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Depth, m

Figure 1-4. Velocity profile near the mouth of the channel for a combined boundary
salinity profile at the mouth of the channel and a 4 m/s wind blowing from the head
to the mouth of the channel.
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Figure 1-5. Results of simulating a large basin with a south to north surface wind of
5 m/s to demonstrate the effects of Coriolis acceleration at 20 m and 60 m depth.
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Table 1-1. Steps in Generalized Longitudinal Lateral Vertical Hydrodynamic
Transport (GLLVHT) hydrodynamic and water quality modeling computations.

1. Read ABControlfiles.dat
2. Read bathymetry data file
3. Initialize computations (set up computational grid)

4. Read input data file

5. Read water quality model data file

6. Begin time loop

7. Evaluate inflows, outflows, elevation, and boundary conditions from input
data file

8. Evaluate water quality reaction source/sink terms for particular water quality
model

9. Compute forcing functions in each horizontal direction

10. Compute water surface elevation implicitly from previous (p, Z, U,V,W)

11.  Compute U and V from barotropic and baroclinic slopes, and forcing
functions
12.  Compute constituent transport from (Z,U,V,W) and source/sink terms

13. Write out results to different files at selected intervals

14. Continue time loop
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Table 1-2. Example of default bathymetry table generated by bathymetrysetup.exe

routine.
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Table 1-3. Estuarine bathymetric grid.
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Table 1-4. Estuary bathymetric file, Estuary BATH.dat, after using
BATHYMETRYSETUP.EXE and filling in nonzero depths from Table 1-3.
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Table 1-5. Summary of file suffixes for input and output files produced by the
INTROGLLVHT INPUT FILE.EXE routine.

_BATH.dat Generated by bathymetry input routine
_INP.dat Input data file

_WQM.dat Water quality parameter file

_SPO.dat Spatial output results file

_TSO.dat Time series output file

_PLT SUR.dat Plotting data for water body surface

_PLT BOT.dat Plotting data for water body bottom

_PLT POl.dat Plotting data for the first profile specified

_PLT _PO2.dat Plotting data for the second profile specified
_BATH_PLT.dat | Plotting data for bathymetry

_Con.dat Stores files required in control file AbControlfiles.dat
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2. THE INPUT DATA FILE

The most complex file needed to run the INTROGLLVHT model is the input data
file, suffixed as INP.dat. It specifies the locations and flow rates of inflows and
discharges into the water body, the constituent concentrations of the inflows, the
outflows and withdrawal locations and rates, and the tidal boundary elevation and
constituent concentrations at the boundary. In addition, it contains all of the
information necessary to drive the model hydrodynamics for the particular project
and water body being examined, as well as specifies the details of what will be
contained in the output files. For a project simulation to run correctly, it is necessary
to become familiar with the parameters that must be specified in the input data file
and how they should be specified.

In this chapter, the input data file is first described in general terms and then in the
form required for an example project application. The use of the INTROGLLVHT
Input File.exe routine is then explained and used for the project application.

2.1 Description of Input Data File

The model input data file is a form that needs to be filled out for each project
application. An idealized version of the form is shown in Table 2-1. The lines and
symbols preceded by a dollar sign (§) describe what needs to be entered in the data
boxes. The data in the latter are identified in italics. Note that the $ descriptor lines
and symbols are a permanent feature of the table and should not be changed.
Following is a detailed, line by line discussion of each parameter and section of the
model input data file.

The first line on the form is the project name that will be printed out as the prefix to
all project input and output files except for the bathymetry file. It can contain any
information about the water body and the conditions for which the simulations are
being run. It is useful to include in the project name the water body name,
identification of the water quality model being used, and the case number for that
project. These should be connected by an underscore () so that all of the information
in the project name appears in the output file names.

2.1.1 Water Quality Model
Each set of input data is linked to a particular water quality model. The nwqm

specifies which water quality model is being used. Table 2-2 lists the nwqm for the
different water quality models.

2.1.2 Inflow Conditions

The ninflows is the number of inflows into the water body. Inflows are river inflows

and facility discharges into the water body. The ninflows should be set to zero if there
are no inflows.

19
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Three lines of data are required for each inflow:

The first line specifies the inflow rate and location as: ginflow in m/s, and the
iinflow, jinflow, and kinflow.

The second line specifies if the inflow to the water body is connected to an intake
withdrawing from the water body. The intake is set to 0 for no connection and 1 for a
connection. The location of the intake is specified as iintake, jintake, and kintake. If
intake is set to zero, then default values of zero should be used for the intake location
coordinates.

The third line specifies the concentrations of constituents and the temperature in the
inflow. For a facility discharge connected to an intake, only the increase in
concentration and temperature between the intake and discharge should be specified.
The number of constituents for which concentrations need to be specified and the
order in which they are specified depends on the water quality model being used.
These are summarized in Table 2-2.

No blank lines should be left between the descriptor lines and the data, and no blank
lines should be left between the data for the individual inflows. If there are no inflows
to the water body (ninflows = 0), there are no data lines, and no blank lines should be
left.

2.1.3 Outflow Conditions

The noutflows is the number of outflows or withdrawals from a water body. Outflows
are releases at dams and withdrawals by a facility. If a facility discharge is connected
to an intake, then there should be a withdrawal at the same flow rate and location.

There is one line of data for each outflow or withdrawal. It contains the outflow rate
goutflow in m*/s, and its location ioutflow, joutflow, and koutflow.

2.1.4 Elevation Boundary Conditions

The nelevation is the number of elevation boundaries. Usually there is one elevation
boundary for an estuarine situation, two elevation boundaries for a canal, and three or
more elevation boundaries for a coastal water situation. The kts specifies the k of the
active surface layer and has a default value of 2. There are some cases where kts is set
at a value larger than 2.

The following lines of data are required for each elevation boundary:

The first line of data specifies the location of the ends of the elevation boundary. An
elevation boundary is located at the ends of the model grid and is either parallel to the
[-axis or J-axis. Its location and orientation is specified by iewest, ieeast, jesouth, and
jenorth. For an elevation boundary parallel to the I-axis, iewest is the western end,
leeast is the eastern end, and jesouth and jenorth are both either set to 2 or JM-1. For
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an elevation boundary parallel to the J-axis, jesouth is the southern end and jenorth is
the northern end, and iewest and ieeast are both either set to 2 or IM-1.

The second line of data specifies the mean elevation height zmean in meters, the tidal
amplitude zamp in meters, a time lag in hours relative to one of the other tidal
boundaries, and the tidal period tideper in hours. In most cases, tides are semidiurnal
with a period of 12.45 hours. The zmean should always be set equal to zamp so that
the water surface does not fall below the top of the model computational gird. If there
is more than one tidal boundary with different zamps, then zmean should be set equal
to the largest zamp. With two or more tidal boundaries, zmean should be the same at
both boundaries unless the tidal data indicates there is a difference in mean tidal
elevation between the two locations. If there is a boundary with a fixed elevation but
no tide, then zamp is set to zero, and tideper is set to a default value of 0.0.

The next lines are constituent concentrations at the boundary, which are required for
all the constituents in the water quality model and extend from the surface at k =2 to
the bottom at k = KM-2. For each line in this set of data, the first number is the
vertical k-level, and then listed across are the constituent concentrations for the
particular water quality model being used. The number of constituents depends on the
water quality model being used. The constituents are listed from left to right in the
order indicated in Table 2-2.

There should be no blank lines between data sets, and no blank lines if there are no
elevation boundaries.

2.1.5 Initialize Profiles

The water quality parameters can be initialized. One has the option of initializing the
water quality profiles at the beginning of a simulation, or starting at zero initial
constituent values. If ninitial is set to zero, then there will be no initialization of
profiles. It is set to 1 to indicate initial profiles are being specified.

If one chooses to initialize profiles, then the next set of lines are constituent
concentrations, which are required for all the constituents in the water quality model
and extend from the surface at k = 2 to the bottom at k = KM-2. For each line in this
set of data, the first number is the vertical k-level, and then listed across are the
constituent concentrations for the particular water quality model being used.

There should be no blank lines between data sets, and no blank lines if there is no
initialization.

2.1.6 External Parameters

The external parameters are the Chezy coefficient of bottom friction (m"” 2/s), the
wind speed component parallel to the x-axis Wx (m/s), the wind speed component
parallel to the y-axis Wy (m/s), the coefficient of surface heat exchange CSHE
(Watts/m”/°C), the equilibrium temperature of surface heat exchange Teq (C), the rate
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of decay Rdecay (per day) of an arbitrary first-order decay constituent, and the
latitude of the water body Lat, in degrees as a decimal.

It 1s always necessary to specify a Chezy coefficient. Bottom friction varies inversely
with the Chezy coefficient, which can range from as low as 17 m"%/s for high bottom
friction to as high as 70 m'"?/s for low bottom friction.

The wind speed components, Wx and Wy, determine the wind shear in each direction
across the surface of the water body. The speed and direction of the wind across the
surface of the water body is controlled by the magnitude of the wind speed

components. The wind speed averaged over a few days typically ranges from 1.5 m/s
to 3.5 m/s.

The coefficient of surface heat exchange and the equilibrium temperature, CSHE and
Teq, are derived in Chapter 11. The CSHE varies from 15 Watts/m*/°C for periods of
low temperature to 35 Watts/m>/°C for periods of high temperature.

The arbitrary first-order decay constituent can be used to represent any number of
constituents, including coliform die off, chlorine decay, simple toxic substances
decay, and radionuclide decay. Examples of rate constants for a number of
constituents are given in Chapter 10. If the Rdecay is set to zero, the arbitrary
constituent can be used to represent a tracer dye to determine the dilution and shape
of a mixing zone area, and to determine recirculation between a facility discharge and
intake.

The latitude is required for the Coriolis acceleration computation. It is given in
decimal degrees and is positive in the northern hemisphere and negative in the
southern hemisphere.

2.1.7 Qutput Profiles

Vertical profiles of velocity components and for selected constituent concentrations
can be printed out for a slice parallel to the I-axis or parallel to the J-axis. The
nprofiles is set to the number of such slices that are to be printed out. If there are to be
none, then nprofiles should be set equal to zero. There are four lines of data for each
profile slice that is to be printed out.

The first line identifies the location and orientation of the slice. A slice is either
parallel to the I-axis or J-axis. Its location and orientation is specified by ipwest,
ipeast, jpsouth, and jpnorth. For a slice parallel to the I-axis, ipwest is the western
end, ipeast is the eastern end, and jpsouth and jpnorth are both set equal to the value
on the J-axis along which the slice goes. For a slice parallel to the J-axis, jpsouth is
the southern end, jpnorth is the northern end, and ipwest and ipeast are both set equal
to the value on the I-axis along which the slice goes.

The second line identifies which velocity components are to be printed out, if any.
The u-velocity component is parallel to the I-axis, and the v-velocity component is
parallel to the J-axis. If no velocity components are to be printed out, then zero
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should be set for each u-velocity, v-velocity, and w-velocity component. If velocity
components are to be printed out, then unity should be set for the particular
component desired. If the slice is parallel to the I-axis, then either the u-velocity or
the v-velocity and w-velocity components can be printed out. If the slice is parallel to
the J-axis, then either the u-velocity or the v-velocity and w-velocity components can
be printed out.

The third line specifies the number of constituents, nconstits, for which profile slices
are to be printed out. If no constituent profile slices are to be printed out, then
nconstits should be set equal to zero.

The fourth line identifies which constituents profiles are to be printed out. In each
water quality model, a number as shown in Table 2-2 identifies each constituent and
that number is used here.

The four lines of data are repeated for each slice. There should be no blank lines
between data sets, and no blank lines if there are no slices.

2.1.8 Output Surfaces

The surface distributions of velocity components and selected constituents can be
printed out. If no surface distributions are required, then set nsurfaces to zero. For
nsurfaces set to 1, the surface values will be printed out. For nsurfaces set to 2, the
surface and bottom values will be printed out. There are three lines of data required
for the surface printout.

The first line specifies which velocity components to print out. Either or both the u-
velocity and the v-velocity components can be printed out by specifying a 0 or 1 for
each.

The second line specifies the number of constituents, nconstits, for which surface
distributions are desired.

The third line identifies which constituents surface distributions are to be printed out
for. In each water quality model, a number as shown in Table 2-2 identifies each
constituent and that number is used here. When using the sediment model, nwqm = 4,
the instantaneous sedimentation/scour rate (irate) can be printed out by specifying the
constituent number 4, and the long-term average sedimentation/scour rate (sedrate)
can be printed out by specifying the constituent number 5.

2.1.9 Output Time Series

The time series of different constituents at different locations can be printed out to a
time series file. The ntimser identifies the number of constituent/locations for which

time series will be printed out. If ntimser is set to zero, there is no time series print
out.
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There are ntimser lines of data specifying which constituent, nconts, at what location,
iconst, jconst, or konst. The nconsts identifies a particular constituent in a particular
water quality model as given in Table 2-2. The time series of algal growth rate, water
surface elevations, and velocity components can also be specified at any location
using the constituent numbers indicated in Table 2-3.

2.1.10 Simulation Time Conditions

The first line in the simulation time conditions specifies the maximum computational
time step, dtm, in seconds and the length of the simulation, tmend, in hours.

The second line specifies the frequency of the profile and surface outputs, tmeout, in
hours, and the frequency of the time series output, tmeserout, in hours. If only one set
of profile and surface plots are desired at the end of the simulation, then tmeout
should be set equal to tmend. For a tidal case, the printouts are only for the last two
tidal cycles of the simulation at a frequency of tmeout.

The dtm is limited by the Torrence condition, which states that there can be no more
flow out of a cell then the volume of the cell over computational time step. Stated
another way, the time step, dt, must be less than the minimum of either Ax/U, Ay/V,
or Az/W. The model will compute and display on the screen a limiting time step on
each iteration. If the dtm is set too high, the limiting time step will keep decreasing
until a lower value is found, or it will go to a lower value, in which case dtm should
be set at a lower value.

2.1.11 Internal Boundary Locations

Internal boundaries can be set between the faces of model cells extending down from
any k-layer to a lower k-level. The internal boundaries can be used to represent
underflow curtain walls for selective withdrawal control from stratified water bodies,
jetties extending out into a water body, and simple harbors. The internal boundaries
apply at the eastward or northward face of a cell through which the U or V velocity
component for that cell is computed.

The nintbnd identifies the total number of interior boundaries to be set up. If there are
no interior boundaries, then nintbnd should be set equal to zero.

The next line of data identifies the location of each interior boundary. A boundary is
either parallel to the I-axis or J-axis. Its location and orientation is specified by
ibwest, ibeast, jbsouth, and jbnorth. For a boundary parallel to the I-axis, ibwest is the
western end, ibeast is the eastern end, and jbsouth and jbnorth are both set equal to
the value of the J-axis where the slice starts.

For a boundary parallel to the J-axis, jbsouth is the southern end and jbnorth is the
northern end, and ibwest and ibeast are both set equal to the value of the I-axis along
which the boundary runs. The top of the internal boundary is set at ktop and the
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bottom of the internal boundary extends to kbottom, which can be set equal to kmax
if there is to be no underflow.

2.1.12 Constituent Average Values

It is often useful, particularly in tidal situations, to have profile and surface averages
of velocity and constituent components. The section on constituent averages is
designed to provide these results for each of the chosen profile and surface averages.

If no constituent averages are to be printed out, then nconarv should be set to zero. If
constituent averages are desired, then nconarv should be set to the number of
constituents desired. The desired constituent in each water quality model is indicated
on the next line by a number as given in Table 2-2 and is used here. The time-
averaged values of the velocity components specified for the output profile slices and
surfaces are automatically printed out.

The constituent average value is also used to indicate that residence times at different
locations in a water body should be printed out. Its use for this purpose will be
illustrated by an example application in Chapter 7.

2.1.13 Groundwater Inflows

The ngrndwtr specifies if a groundwater inflow is included in the model. If it is, then
ngmdwtr is set to 1; if not, then 0.

If there is a groundwater inflow, then the total groundwater inflow to the water body,
qgrndwtr, is specified, and the k-levels over which it extends, kgmdU and kgmdL,

are specified. Specified on the next line are the water quality constituent values of the
groundwater inflow.

2.2 Application Input Data File

An application input file is first set up for a project application that uses almost every
feature of the input data file except interior boundaries. The input data file for the first
estuary project application, Est_TSC_01_INP.dat, is shown in Table 2-4. The project
is set up for an estuary with salinity stratification at the tidal boundary, a river inflow,
and a facility with a discharge and intake. The model grid for the estuary is given in
Table 1-3 and its data file is given in Table 1-4. The facility discharge is dyed to
determine recirculation and the size of its mixing zone. Reading down the table:

The project title is Est TSC 01.
The nwgm = 1, indicating that the TSC model is being used.

The ninflows = 2, indicating that there are two inflows to the water body.
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The first inflow is the river inflow at an inflow rate of ginflow = 5 m’/s located at
iinflow = 2, jinflow = 4, and kinflow = 4. This inflow is not connected to an intake,
and has no constituent concentrations.

The second inflow is the facility discharge and has an inflow rate of ginflow = 1.0
m?*/s located at iinflow = 10, jinflow = 3, and kinflow = 2. The facility is connected to
an intake within the estuary indicated by setting intake = 1 and located at iintake = 8,
jintake = 2, and kintake = 2. For the discharge, there is no temperature or salinity
increase between the intake and discharge, but a dye is injected that maintains the dye
concentration increase at 100 mcg/l across the facility. With recirculation taking
place, the concentration at the intake is automatically added to the increase across the
facility to give the discharge concentration.

There is one outflow, or withdrawal, from the estuary, noutflows = 1, which is the
facility intake or withdrawal at a flow rate of qoutflow = 1.0 located at ioutflow = 8§,
joutflow = 2, and koutflow = 2.

The estuary has one elevation boundary, nelevation = 1. The elevation boundary is
located at iewest = ieeast = 20 (IM-1), extending from jesouth = 3 to jenorth = 5. It
has a mean elevation of zmean = 0.4 m, an amplitude to zamp = 0.4 m, no time lag,
and a tidal period of tideper = 12.45 hr. At the boundary the temperature profile has
been set to zero. The salinity profile is 10 ppt for k =2 to k = 4, is stepped up from k
=5 to k = 7 to represent the halocline at the boundary, and is 20 ppt for k =8 to k =
km-2. There is no dye concentration at the boundary.

The water quality profiles are initialized, ninitial = 1, from k =2 to k = 11 at zero for
temperature, 0 ppt for salinity, and zero for dye.

The external parameters are set with Chezy = 35 m'"%/s, Wx = 0, Wy = 0, CSHE = 25
W/m?, Teq = 0, and Rdecay = 0. With zero inflow temperatures, zero temperatures at
the boundary, and zero initialized temperature, there will be no surface heat exchange
with Teq = 0. Surface heat exchange could also be turned off by setting CSHE = 0.
The latitude of the estuary is 30.3° north.

One profile slice, nprofiles = 1, will be in the spatial output file. It will extend from
ipwest = 2 to ipeast = 20 along jpsouth = jpnorth = 4. The u-velocity = 1 component
will be printed out, but v-velocity = 0 and w-velocity = 0 will not be printed out. For
this profile slice two constituents, nconstit = 2, will be printed out; they are
I Const(1) =2 (salinity) and I_Const(2) = 3 (dye).

Surface values will be printed out, nsurfaces = 2, for both the estuary surface and
bottom. Printouts are for two constituents, nconstits = 2. The u-velocity component is
to be printed out, u-velocity = 1, but the v-velocity component is not, v-velocity = 0.
The two constituents to be printed out are I Const(1) = 2 (salinity) and I_Const(1) =

3 (dye).

There will be time series printed out in the time series file for three constituent
locations, ntimser = 3. The first and second ones are for dye, nconst = 3, located at
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iconst = 8, jconst = 2, kconst = 2, and iconst = 10, jcons = 4, and kconst = 2,
respectively. The third one is salinity, nconst = 2, located at iconst = 2, jconst = 4,
and kconst = 5.

For simulation time conditions, the maximum time step is dtm = 120 sec. The end of
the simulation is set for tmend = 480 hr. The time interval of the profile, surface, and
plot printouts is tmeout = 1.556 hr, which is one eighth of a tidal cycle with a 12.45-
hour period. The time interval of the time series printout is tmeserout = 1.0 hr.

For the first estuary project, there are no internal boundaries, nintbnd = 0.

For constituent averages, nconarv = 2 for two constituents, which are indicated on the
next line to be constituent 2 and 3 or salinity and dye.

For the first estuary project, there is no groundwater inflow.

2.3 Applying the INTROGLLVHT Input File.exe Routine

The INTROGLLVHT Input File.exe routine can be used to set up the
Est TSC 01 INP.dat file in the INTROGLLVHT folder for running the project. The
INTROGLLVHT Input File.exe routine will ask for the different input data as it
proceeds. Use the data in Table 2-4 as input, and have the name of the bathymetry
data and the KM from that data available. For the estuary project, these are from
Table 1-4, and are Estuary and KM = 13.

The input file setup routine will only ask for the data required. For example:
If two inflows are specified, it will only ask for the data for these two inflows.

For the particular water quality model specified, it will only list the water quality
constituents that need values specified.

When doing profiles at tidal boundaries, it will automatically indicate the number of
the tidal boundary and the K value for which the constituent data is to be provided
and will only ask for data specifically through the KM-2 level.

When doing initialization profiles, it will automatically indicate the K value for
which the constituent data is to be provided and will only ask for data specifically
through the KM-2 level.

When doing profiles at tidal boundaries and initialization profiles, it will
automatically ensure that only the required constituent data is provided on each line.

Through the remaining routines, it will keep track to see if the required number of
data points are inserted.

If errors are made when entering the data, it is best to keep going to complete the
routine, and to then go back and correct the input data file after it is placed into the
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INTROGLLVHT Model folder. Check the generated input data file, named
EST TSC_ 01 INP.dat, against Table 2-4.

Running the INTROGLLVHT Input File.exe routine will automatically generate the
EST TSC 01 _Con.dat file and the skeleton EST_TSC_01_WQM.dat file.
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Table 2-1. Schematic of input file.

Twam
$2.Inflow Conditions
$ninflows
$qinflow jinflow Jinflow,kinflow
$intake,iintake jintake kintake
$temp,sain,const,bod_d,on_d,nh3,0p_d,pod,phyt,bod_p,on_p,op_p
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Tinflow inflow nAow
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‘Outflow Condifions
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 Elevation Boundary Conditions
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$k,temp,sain,const,bod_d,on_d,nh3,0p_d,po4,phyt,bod_p,on_p,op_p
Tewest Teeast esouth _ jeno
—
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nitialize Water Quality Profiles
$ninitial
$k,temp,saln,const,bod_d,on_d,nh3,0p_d,po4,phyt,bod_p,on_p,op_p
Z]lemp saln const cbod on AR3 G nog op 504 phyT bod_p on_p o0_p
J|temp Saln const chod on nh3 do{d) 703 op PG3 DRYT bod_p on_p 0p_p
T|lemp samn const chod on h3 do(d) GEX] 0P 009 Dhyl bod_p on_p o0_p
_W_TW'_J san const chod on ik} dord) no3. op 0% DhyT bod_p on_p op_p
mﬁiﬁfe‘rs
$Chezy, Wx, Wy, CSHE, Teq, Rdecay, Lat.
Chezy Wx iWy [CSAE TTeq [Rdecay "JLaf B
§7.0utput Profilés
$nprofiles
$ipwest, ipeast, Jpsouth, jpnorth
$U-velocity, V-velocity, W-velocity
$nconstits
$nconstt, nconst2, nconst3, nconstd, etc
[lowest Toeast [psouth _jproth |
U-vel V-vel w-vel
8- 0uip!
$nsurfaces, nconstits
$U-velocity, V-velocity
$nconst1, nconst2, nconst3, nconstd, efc
@v__rn_mwns& [nconsts_[nconstd_|
. Output Time Series
$ntimser
$nconst, iconst, jconst, kconst
ACONS! const const Kcons
.ommulation Time Conditions
$dtm, tmend mend
$tmeout,tmeserout imeserou
$11.internal Boundary Locations
$nintbnd H
$ibwest, ibeast, Jbsouth, jbnorth, ktop, kbattom
bwesl ibeast [jbsouth_Jbnorih”_TkIop Tkbottom |
- Constituent Averages
$nconarv
$nconstarvs
nconsti nconstZ  |nconst3  [ncons|
roundwater inflow
Sngrndwtr
$qgrndwtr  kgrndU  kgrndL
emp,saln,const,bod_d,on_d,nh3,0p_d,pod,phyt,bod_p,on_p,op_p
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Table 2-2. Identification number, Nwqm, for each water quality model included in INTROGLLVHT and the constituent
values that need to be specified for inflows, at elevation boundaries®.

T s c CBOD_LJON_D |NH4_D [pO(D) | NO3_D|OP_D |PO4 D [PHYT [CBOD P [ON_P |OP_P
WQM  |[nwgm/ncon 1 2 3 4 5 6 7 8 9 10 11 12 13 14
TSC 1ld d d
|DOD 2id d d d d d d d
IEutro_P 3id d d d d d d d d d d d d d
Sed 4id d d

*The “d” indicates required data values. Those blanked out are not specified.

C, constituent; CBOD_D, dissolved carbonaceous biochemical oxygen demand; CBOD P, particulate carbonaceous
biochemical oxygen demand; DOD, dissolved oxygen deficit; DO(D),dissolved oxygen ; Eutro P, Eutro5 particulate
model (WQDPM) ; NH4 D,ammonium ; NO;_D,nitrate; ON_D,dissolved organic nitrogen ; ON_P ;particulate organic
nitrogen OP P, particulate organic phosphorus PO, D,dissolved phospahte; PHYT,phytoplankton; S,salinity; Sed,
sediment scour and deposition model; T,temperature ; TSC, temperature salinity arbitrary constituent model; Sed, sediment
scour and deposition model, WQM, water quality model.
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Table 2-3. Constituent numbers for specifying net algal growth rate, surface
elevation, and velocity components for the time series output.

Constituent number (nconstit.) Variable

15 Net algal growth rate

20 Elevation (specify k =2)
21 U-velocity component
22 V-velocity component

Table 2-4. Example input file for Est TSC 01 project.

Est_Tsc_01
$1.nwgm 1
$2.Inflow Cond1t1ons
$ninflows

$ginflow,iinflow, J1nf1ow kinflow

$intake, 1n1ntake jintake, kintake

$temp,881n,cogst,cbgd,on,gh3,do(d),no3,op,po4,phyt,bod_p,on_p,op_p
5.

0 0 0 0
0.00 0.00 0.00
1.00 10 3 2
1 8 2 2
0.00 0.00 100.00
$.4 outflow Conditions
$noutflows 1
$qoutflow,ioutflow, joutflow, koutflow
1.00 8 2 2

$4.Elevation Boundary Conditions

$nelevation kts 1 2

$iewest,ieeast, jesouth, jenorth

zmean, zam tme]ag t1deper

kk temp saln,const,cbod,on,nh3,do(d),no3,op, po4, phyt,bod_p,on_p,op_p for
_,m—

20 20 3 5
0.40 0.40 0.00 12.45
2 0.00 10.00 0.00
3 0.00 10.00 0.00
4 0.00 10.00 0.00
5 0.00 12.00 0.00
6 0.00 15.00 0.00
7 0.00 18.00 0.00
8 0.00 20.00 0.00
9 0.00 20.00 0.00
10 0.00 20.00 0.00
11 0.00 20.00 0.00
$5.Initialize water Qua11ty profiles
$ninitial

kk tﬁmp25a1n ,const, cbod on,nh3,do(d),no3,0p, po4,phyt, ,bod_p,on_p,op_p for
._ s m_

2 0.00 0.00 0.00
3 0.00 0.00 0.00
4 0.00 0.00 0.00
5 0.00 0.00 0.00
6 0.00 0.00 0.00
7 0.00 0.00 0.00
8 0.00 0.00 0.00
9 0.00 0.00 0.00
10 0.00 0.00 0.00
11 0.00 0.00 0.00
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Table 2-4 (continued)

$6.External Parameters
Chezy, wx,Wy,CSHE, TEQ, Rdecay, Lat
35.00 0. 0.00 25.00 0.00 0.00 30.30
$7 .output Profiles
$nprofiles 1
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel

$nconstituents
$I-const(1l),I-const(2), I-const(3), etc
2 20 4 4
1 0 0
2
2 3
$8.0output surfaces
$nsurfaces $nconstituents 2 2
$u-vel v-vel 1.000000 1.000000

$I—const(1%, I-const(2), I-const(3), etc.

2

$9.0utput Time Series

$ntimser 3

$nconst, iconst, jconst,kconst
3 8 2 2

3 10 4 2

2 2 4 5
$10.simulation time conditions
$dtm tmend  120.0000 480.0000
$tmeout tmeserout 1.556000 1.000000
$11.Internal Boundary Locations
$nintbnd

$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
$12. Constituent Averages

$nconaryv 2

$nconstarvs

$13. Groundwater Inflow
$ngrndwtr 0



3. EXECUTING THE MODEL, OUTPUT FILES, AND WATER QUALITY
MODEL DEFAULT PARAMETERS

In this chapter, the steps required for executing the example application project set up
in Chapter 1, Section 1.5 and Chapter 2, Section 2.3 are explained, followed by a
description of what will appear on the screen while the model is running. Also
covered are some diagnostics if the model does not run as set up. This is followed by
an examination of the different output files, their content, and format.

For running the water quality models beyond the TSC model, default parameters for
the models are required. The default parameter files for the DOD, WQDPM, and SED
models are also presented and discussed in this chapter.

3.1 Executing the Model

With the EST_TSC 01 Con.dat, Estuary BATH.dat, EST TSC 01 INP.dat, and the
skeleton EST TSC 01 _WQM.dat files available in the INTROGLLVHT Folder, the
GLLVHT model is just about ready to run. Two steps are required before it can be
run, however:

First, place the default values for the water quality model being run into the
_WQM.dat file. For the TSC model all the default values have been specified as
inputs and the EST TSC 01 WQM.dat file should be left blank as it is. See Section
3.3 for the default files of the DOD, WQDPM, and SED water quality models.

Second, the file names for running the project should be transferred from the
EST TSC_01_Con.dat file to the ABControlfiles.dat file. Only the file names should
be transferred, not the project notes made in the former.

The project can now be run by double-clicking on the GENERALMODEL.exe icon.

3.1.1 Screen Display During Execution

The first display on the screen is a list of the names of the bathymetry, input, and
water quality model files entering the simulations. The simulation will pause so that
these can be checked to ensure that the correct project is being run. This list is
identical to the file names in ABControlfiles.dat. If they are the correct project files,
type 1; if not, type O and the simulation will terminate.

During execution, the screen will display a number of parameters that aid in
monitoring the simulation as it progresses. Shown on each time step are the
following:

e the maximum time step dtm

e the actual time step of integration, dt, which should normally be 0.75 times
dtm

33
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o the cumulative simulation time, in hours

o the K level of the top layer. This should always be K = 2. If not, then there is
a water imbalance as might occur in a reservoir case when the sum of the
inflows do not equal the sum of the outflows. This is not usually a problem for
tidal cases.

o the sum of the inflows when a reservoir case is being run

The main indicator of the status of the simulation is the actual time step, dt. One
indication that the actual time step is too large is that it will degrade fairly rapidly to a
very low value that is less than 0.1 of the original dtm. The actual time step may also
vary between higher and lower values when tidal projects are run; however, if the two
values keep decreasing, the dtm is too high. It is recommended that short simulations
be run by setting tmend to a few hours to find a smaller time step.

3.1.2 Possible Execution Errors

The model may not run the first time it is executed, particularly if a new project is
created by modifying existing project files. There are a number of common errors that
can occur that will stop the execution of the model or cause it to show errors when it
attempts to run. Possible execution errors include the following:

¢ The name of the files listed in the ABControlfiles.dat file may not correspond
to available files. Compare file names carefully, looking for too many spaces
or different spellings of parts of the names.

e There are extra lines of data or not enough lines of data in the INP.dat file.
Check the INP.dat file carefully against the template in Table 2-1.

e The wrong water quality model identifier, nwqm, has been specified. The
model is therefore looking for an incorrect number of water quality
parameters.

e There are extra lines of data or not enough lines of data in the  WQM.dat file.
Check the project file against the default water quality model being used.

e The KM may not be large enough. Reset KM to a larger value in the
bathymetry file, and remember to add sufficient lines in the tidal boundary
and initialization files so that they go from K =2 to KM-2.

3.2 Description of Output Files

The output files generated by the EST TSC_01 project simulation are presented here
to provide a description of output file format and content. Only portions of each file
are shown. The complete printout results can be examined from the output files that
show up in the INTROGLLVHT Model folder at the end of the simulation. They are
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also stored in the Example Application folder in a subfolder named EST_TSC-01.
Interpretation of the results describing the estuarine dynamics and constituent
distributions can be found in Chapter 4.

The two tabular output files are the spatial output file, SPO.dat, and the time series
output file TSO.dat. These are presented in a format that can be used to directly
interpret the model results.

The format of the plot files are designed to be used directly in TECPLOT® software.
For use in other plotting software such as MATLAB®, the files can be transferred to
a spreadsheet for editing. Alternatively, a separate small program can be written that
reads the files and edits them to the format required by other software.

3.2.1 Spatial Output File SPO.dat

The spatial output file contains the profile slice results and the surface results for the
conditions specified in Chapter 2, Section 2.1.7 and Section 2.1.8. The spatial output
file will be output at a time interval of tmeout hours. For tidal cases, it will output
results at the time interval of tmeout over the last two tidal cycles. This allows the
spin-up of a tidal application to stationary state before the results are printed out.

For the estuary project set up in Chapter 2, the name of its spatial output file (SPO)
file is EST TSO 01 SPO.dat. This output file can become very lengthy if too many
constituents are selected for display as profile slices or as surface results at too
frequent a time interval.

A portion of the SPO file for the example project is shown in Table 3-1. The first part
of the table is the K-levels, which gives the KO(I,J) values at each horizontal grid cell
over the computational grid extending from I = 2 to IM-1 from left to right (west to
east) and J = 2 to J = JM-1 from bottom to top (south to north). The zero values
indicate land and the remaining values indicate water. This table is used to check that
specified inflows and outflows are within the range of K = 2 to K(L,J) at their
particular location. The K-level table enters the SPO file before the first time step is
iterated. The computation can be stopped and the KO(I,J) values examined before a
long simulation is performed.

The names of the project bathymetry, input, and water quality files used to generate

the output are listed. They are given so that there is a record of the files that produced
the output.

The simulation time of the profile and the surface output results that follow it is
printed. The profile slice results along J = 4 are then shown. First, the water surface
elevation along the slice is shown. Next, the U-velocity profiles at each I location
along J = 4 extending from K = 2 to KM-2 are shown. This is followed by the profiles
of salinity and the constituent (i.e., tracer dye) concentration. The profile tables for

the velocity component and constituents can be copied to a spreadsheet for plotting
individual profiles at specific I locations.
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The surface and/or bottom output is for the velocity components and constituents
specified in the _INP.dat file. They are also shown in Table 3-1. Examination of the
full project example application SPO shows that the previous set of output is repeated
for the next output time interval.

If a number of conarv constituents are specified, the last part of the SPO.dat file will
contain the velocity components specified for the profiles or surfaces, but only the
constituents specified for the conarv. The velocity components and the constituent
concentrations are averaged over the last two tidal cycles of the simulations.

3.2.2 Time Series Output File _TSO.dat

The time series output file contains the results for the conditions specified in Chapter
2, Section 2.1.9 and gives the concentrations for selected constituents at selected
locations at each time interval of tmeserout hours. The time series file is named
EST TSC 01 _TSO.dat, and a portion of it is shown in Table 3-2. The constituent
values in the table are in exponential notation, which allows one to examine values
that might be too large or small to show up in the SPO.dat files.

The time series of constituent concentrations at a number of locations throughout a
water body are used to determine if steady-state conditions have been reached for
steady inflow outflow cases, or if time-varying stationary-state cases have been
reached for time-varying tidal cases. The time series output file can be placed into a
spreadsheet for time series plots of model results.

3.2.3 Plot Output Files

The plotter files contain the velocity vectors and all constituent concentrations of the
particular water quality model being used at the grid locations for the specific
longitudinal-vertical profiles that are printed out, and for the surface and/or bottom
results that are printed out.

A limited portion of the profile plot file named EST_TSC_01_PLT POl .dat is shown
in Table 3-3. In the name, PLT identifies the file as a plot file, and PO1 identifies it as
a profile plot file for the first specified profile slice. A second profile slice would be
named P02.dat, and so on.

The first line in Table 3-3 gives the names of the variables in the columns. They are
as follows: the x coordinate distance i meters from west to east, a z elevation
measured from a zero reference level, the u and w velocity components for that
location, and all of the water quality constituents in the water quality model specified.
In the project being examined, it is the TSC water quality model and the constituents
are as indicated in the heading: temperature, salinity, and the constituent
concentration.
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The second line gives the time of the plot data and the number of data points
horizontally and vertically. A limited portion of the x—z plane follows the second line.
A complete profile plot file is found in the EST_TSC_01_PLT_PO1l.dat project file.

A profile specified from a value of jesouth to jenorth along a specific I value that is in
the y-z plane would include the v and w velocity components and all of the
constituents of the specified water quality model.

The surface or bottom plot files designated as EST TSC 01 PLT SUR.dat and
EST TSC 01 BOT.dat for the example application would contain the coordinates of
the x—y plane, the u and v velocity components, and all of the constituents of the
specified water quality model.

If a number of conarv constituents are specified, the last part of the plotter files will
contain their appropriate coordinates and velocity components, but only the
constituents specified for the conarv. This last file can be plotted to give the tidally
averaged velocity vectors and constituent contours.

3.24 The BATH PLT.dat File

The Estuary BATH PLT.dat file contains the x and y coordinates at each I, J grid
location and the depth at the center of the cell at that location. This file is updated
each time a project run is made, but will only change if there has been a change in the
bathymetry data file itself. The BATH PLT.dat file is used to make plots of the
water body with contoured depths. The Estuary bathymetry plot is shown in Figure 3-
1. It gives the depths to the nearest meter, and shows the remnant river channel, a
reasonable representation of the estuary shape, and the island in the northeastern arm.

3.2.5 Plot Files for Animations

Plot files for animations may require output at small tmeout steps. It is helpful to
produce these files without lengthy SPO.dat files. This can be accomplished by
specifying the number of profile slice files and giving only their orientation (i.e.,
iewest, ieeast, jesouth, jenorth), and not specifying that any velocity components or
constituents be printed out.

The same can be done to get surface and or bottom plot files without generating
lengthy _SPO.dat files. Specify a surface or surface and bottom and do not specify
any velocity components or constituents. Also, do not specify any time series data
output because the _TSO.dat file could get lengthy.

What shows up in the _SPO.dat file is the KO(LJ) table; the name of the bathymetry,

input, and water quality model files used to generate the output; and a listing of the
times of the output.

To avoid overwriting previous output, a new _INP.dat file should be set up with a
new project name and the aforementioned specifications. The new INP.dat file can
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be produced by copying the one for which the plotter animations are desired,
changing the project name (which will change file names), updating the skeleton
water quality file, and making the remaining changes in specifying the profile slices
and the surface and or bottom output.

3.3 Water Quality Model Default Parameter Files

The water quality model files provide the rate coefficients and parameters required to
run the model. Each model has a different set of rate coefficients and a different
default parameter file format.

3.3.1 The Temperature, Salinity, First-Order Decay Consituent Model

The parameters used in the TSC model are the coefficient of surface heat exchange,
the equilibrium temperature of surface heat exchange, and the first-order decay rate
for the arbitrary constituent. All of these parameters are specified in the INP.dat file
because the TSC constituents are used in all water quality models. The default file for
the TSC model in the INTROGLLVHT Model folder is named tsc_wqm.dat. This
default file is blank because all of the TSC rate parameters have been specified.

Estimates of the coefficient of surface heat exchange and the equilibrium temperature
are presented in Chapter 11. First-order decay rates for various substances are
presented in Chapter 10.

3.3.2 The Dissolved Oxygen Depression Model

The default values of the parameters required to run the DOD model are found in the
DOD WQM.dat file of the INTROGLLVHT Model folder. These default values
should be copied into the project WQM.dat file and modified for the project
application.

The contents of the DOD WQM.dat default file are shown in Table 3-4. The rates are
specified at 20° C and temperature effects are accounted for in the model. The table
first identifies the water quality model number nwgm and should not be changed. The
default values of the rate parameters and their definitions are given in the table.
Further, definition of the rates are summarized in Chapter 12, where the derivations
of the DOD relationships are given.

3.3.3 The Eutrophication Model

The default parameters for the WQDPM model are found in the file named
WQDPM_WQM.dat of the INTROGLLVHT Model folder. The rates and constants
required by the WQDPM model can be found in Table 13-3 of Chapter 13, where the
WQDPM model is presented in detail. The major WQDPM parameters made
available in INTROGLLVHT for adjustment are given in Table 3-5. The table lists
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the constituent equation being examined and its key parameter. One has the option to
use the particular constituent equation or not. For example, to run a simple CBOD
and dissolved oxygen balance, only the CBOD and DO equations are turned on and
the rest are turned off. The key parameter for a dissolved constituent is its decay rate,
and the key parameter for a particulate constituent is its settling rate. For each
parameter, a default value is given, as well as a typical range of the parameter

There are many parameters related to the phytoplankton equation. First are the key
rates of maximum growth rate, death rate and respiration rate, and the settling
velocity. Next is the saturation light intensity for a particular alga species. Algae have
the potential to produce the most oxygen at their saturation light intensity. After this
is the assimilative efficiency of the zooplankton. An assimilative efficiency of close
to unity means that the zooplankton will retain a particular constituent from the algae
rather than pass it on to the particulate form of that constituent. An excretion fraction
of carbon directly from the algae to dissolved CBOD is specified. Both the
assimilative efficiency and the excretion fraction are included in Table 3-5, rather
than given as fixed default values, because of their wide range of uncertainty. The
default values of the zooplankton grazing rates given in Table 13-3 can be changed
using the gzoo term. Setting gzoo to zero turns off zooplankton grazing.

There are two ways to evaluate sediment oxygen demand (SOD) and the release of
nutrients from the sediments in WQDPM. The first method is to use Equation 13.6.4
in Table 13-2, similar to that developed by Pamatmat (1971) in which the SOD is a
weighted sum of the rate of CBOD_P, ON P, and phytoplankton carbon reaching the
sediment. The rate at which each reaches the sediment is the product of the settling
velocity and the concentration near the bottom. Each is weighted by the indicated
fractions. The second method is to specify a measured SODm that is constant
throughout the water body. In either case, the rate at which ammonium is released from
the sediment can be taken proportional to the SOD using the spnh3 term (Pamatmat
1971). Alternatively, the spnh3 can be set to zero, and the measured SedNH3m
specified. The rate of release of PO4 from the sediment also needs to be specified.

Last are the environmental parameters. The clear sky solar radiation and the cloud
cover are used to compute the incident solar radiation to the surface of the water
body. Clear sky solar radiation is given as a function of latitude and month in Table
11-1. The incident solar radiation is attenuated downward through the water column
by a light extinction coefficient and the algal density as shown by Equation 13.4.3 in
Table 13-2. The last environmental parameter is the reaeration wind speed. The
Mackay (1980) surface reaeration formula is used in WQDPM. Further definition of

the rates and parameters are given in Chapter 13, where the WQDPM relationships
are presented.

3.3.4 The Sediment Scour Deposition Model

The default values of the parameters required to run the SED model are found in the
Sed WQM.dat file of the INTROGLLVHT Model folder. These default values
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should be copied into the project WQM.dat file and modified for the project
application.

The default parameters for the SED model are given in Table 3-6. They are the
particle diameter (diasedmm), the specific gravity (spgr), the Shields parameter
(Shldp), and the bottom minimum sediment concentration at which resuspension
starts (cbotmin). The relationships between diasedmm, spgr, and cbotmin, as well as
the range of Shldp, are discussed in Chapter 14.
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3-1. Contour map of estuary bathymetry produced from
Estuary BATH PLT.dat file. Axis distances and depths are given in meters.
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Table 3-1. Portion of spatial output file for the EST TSC 01 example application project.
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Table 3-1 (continued)
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Table 3-1 (continued)
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.00
.00
.42
.00

.17

1.02

-14
.61

0.00

10.
10.
10.
10.
10.
10.
10.
10.
10.

.62
.44
.04
.49
.46
.73
.15
.15

O A N w o O O O O

-1.
-3.
-5.
~3.

(=)

10.
10.
10.
10.
10.
10.
10.

.00
.00
.00
.00
.00
.02
.76
.63
.00
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Table 3-1 (continued)

surface Constituent for const

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

0.52 0.60 0.67 0.77 0.
0.00 0.00

0.00 0.67 0.73 0.79 0.
0.00 0.00

0.00 0.00 0.00 0.00 0.
0.00 0.00

Bottom West-East U-bottom velocities, cm/sec
0.00 0.00 0.00 0.00 0.

00
00
00
00
00
00
90
88
00

0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 .00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
3.69 3.69
-1.27 -2.48 -1.63 -3.72 -1.84
0.54 0.54
0.00 -0.10 -1.10 -0.09 -0.54
1.07 1.07
0.00 0.00 0.00 0.00 0.00
0.00 0.00
Bottom South-North v-bottom velocities,
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00
0.00 -1.80 0.57 -2.64 0.47
0.39 -0.39
0.00 00 0.00 0.00 0.00
0.00 0.00

-2.
-0.
0.

H B B O O O © © ©O

0
0
0.
0
0
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NO N O O O O O O
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cm/sec
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.00
.00
.00
.00
.00
.00
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.35

o o N O O O O O ©

H = 2 O O O O O ©

o O O O o o ©o

S O A D QO O O O
A OO A O O O O O O

.00
.00

00
00

.00
.00
.23
.77
.00

.00
.00
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00

.00
.00
.00
.61
.37
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O W - O O O O O

H O O O © O

o B O O O O o O ©

(=]
(=)

.00
.00
.00
.00
.05
.43
.13
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.00
.00
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.00
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.63
.00

o »H ©O O O O ©O

o

o O O O o o ©o

c o H O O O O O O

.00
.00
.00
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.00
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.00
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.00
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.63
.03
.54
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.80
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.48
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.00
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00
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.00
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.93
.00
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OO w o O O O O

©c O O O O O O O ©

.00
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.33
.32
.72
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.62
.90

44

.00
.00

o
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.00
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.60

00
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.00

© O O B O O © O o©o
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.00
.00
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.24
.21
.32
.00
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.65
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.00
.00
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.00
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.00
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©C O O O O O o o o
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.00
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.17
.19
.18
.15
.17
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.53
.52
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.00
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.00
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.00
.14
.15
.17
.00
.07
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.00
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.06
.07
.09
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.53
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33

= O © O VB O

1.44
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.14
.12
.11
.09
.05
.03
.03
.04
.08

.00
.05
.49
.00
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.82
.33

& O O O O O O O

o O O O O O o O o
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.00
.00
.10
.08
.05
.03
.02
.02
.06

.00
.00
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.13
.19
.00

.00
.00
.00
.00
.18
.00
.00
.75
.67
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Table 3-1 (continued)

Bottom Constituent for
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.0 0.00 0.00
0.00 0.00
0.00 .00 0.00
12.00 12.00
12.66 12.81 13.88
20.00 20.00
0.00 11.76 11.80
20.00 20.00
0.00 0.00 0.00
0.00 0.00
Bottom Constituent for
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.00 0.00 0.00
0.00 0.00
0.86 0.88 0.89
0.00 0.00
0.00 0.85 0.95
0.00 0.00
0.00 0.00 0.00
0.00 0.00

saln
0.00

.00
.00
.00
.00
.00
14.14
12.76

o o © © ©

const
0.00

0.00
0.00

.00
.00
.90
.96
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.71
.06
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.02
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11.

18.
19.
19.

©C O O O o o O © ©o

.00
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74
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Table 3-2. Portion of time series output file for the EST TSC_01.

Estuary_BATH.dat
EST_TSC_01_INP.dat
EST_TSC_01_wQM.dat

Const.NM. const const saln
I-Location 8 10 2
J-Location 2 4 4
K-Location 2 2 5
Time, hrs
0.10256+01 0.7029e-04 0.8666E-02 0.4961E-29
0.2050E+01 0.1268e-02 0.1012e-01 0.3355e-20
0.30756+01 0.6802E-02 0.1306E-01 0.2076E-14
0.4100E+01  0.1590e-01 0.3026e+00 0.2619e-11
0.51256+01 0.1942e-01  0.4482e+00 0.1131£-09
0.6150E4+01 0.1614-01  0.3854e+00 0.1235E-08
0.7175+01 0.1302e-01  0.3153E+00 0.2606E-07
0.8200E+01 0.1087E-01 0.2609E+00 0.1512E-05
0.9225e+01  0.9920E-02 0.2250e+00 0.1407e-03
0.1025e+02  0.9859e-02 0.2101e+00 0.6158€-02
0.1127e+02 0.1028e-01 0.2194E+00 0.1942E+00
0.1230e+02 0.9843e-02 0.2333e+00 0.7794E+00
0.1332e+02 0.8830e-02 0.2211E+00 0.1734E+01
0.14356+02 0.8250E-02 0.2844e+00 0.3134E+01
0.1537e+02 0.7806E-02 0.3378E+00 0.4416€E+01
0.1640E+02 0.7856E-02 0.3045e+00 0.5494e+01
0.1742e+02 0.8587e-02 0.2658£+00 0.6454£+01
0.1845e+02 0.9428e-02 0.2613E+00 0.7325E+401
0.1947e+02 0.9760e-02 0.2905E+00 0.8120E+401
0.2050E+02 0.9799e-02 0.3212e+00 0.8854E+01
0.2152E+02 0.9829e-02 0.3589e+00 0.9547e+01
0.22556+02 0.9864E-02 0.4302e+00 0.1013e+02
0.2357e+02  0.9976E-02  0.5535e+00 0.1051E+02
0.2460E+02 0.1058e-01 0.6958E+00 0.1073E+02
0.2562E+02 0.1173e-01 0.8278E+00 0.1085E+02
0.2665E+02  0.1324e-01 0.7898E+00 0.1094E+02
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Table 3-3. Portion of plot file for a profile slice for the EST TSC 01 example
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application project

LR TR T T T SR L S TONE L I 1)

variables="x
zone T="
11,F=Point

MmO e Rk O 00D 000000 0 0 O N PO O O O O

1000.
.5231
1500.
.5961
2000
.6715
2500
.7718
3000.
.8990
3500
.1153
4000
.4411
4500
.4293
5000
.9896
5500.
.0289
6000
.7233
6500
.3172
7000
.1701
7500
.0997
8000.
.0556
8500.
.0296
9000
.0183
9500
.0000
10000
.0000
1000
.7663
1500
.8079
2000.
. 8680
2500.
.9640
3000.
. 0662
3500.
.2343
4000.
.4213
4500.
.4193

0000
0000

.0000
.0000

0000

.0000
.0000
.0000
.0000

0000

.0000
.0000
.0000
.0000

0000
0000

.0000
.0000
.0000
.0000
.0000

0000
0000
0000
0000
0000
0000

Lzt ut, W, Ttemp

10.
10.
10.

10

10

10

10

10

10
10

-
O

O W VW W YW YW YW Y

1

0000
0000
0000

.0000
10.
10.
10.
.0000
10.
10.
10.

0000
0000
0000

0000
0000
0000

.0000
10.
.0000
10.

0000

0000

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

456.6750
3.
3.
4.

O O BN R N NN A A

U

y S

4984
7733
0163

.0356
.0758
.8322
.5896
.3101
.6201
.4468
.5217
.1602
.0312
.1219
.1693
.0195
.7625
.0173
.8859
.7954
.1251
.5370
.9586
.6108
.8725
.4216
.5305

aln ",
Hr.",I=

0

0.

const"”

.0413
0121
.0128
.0347
.0376
.0724
.0413
.0146
.0797
.0745
.0666
.0739
.0765
.0574
.0301
.0015
.0052
.5384
.0260
.0254
.0239
.0003
.0236
.0419
.0467
.0441
. 0467

[
O

O O O O O O 0 0O 0O 0O 0 O O 0O 0 0o 0o 0o O o0 o o o o o o o

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

.0000

.0000
.0000
.0000
. 0000
.0000
.0000
.0000
.0000
. 0000

.0000

. 0000
.0000
.0000
. 0000
.0000
.0000
.0000

O W 0 N

10

10.
10.
10.
10.
10.
10.
10.
10.
.9273
10.
11.
11.
11.

10

.3676
.2848
0711
L7719
10.
10.
10.
11.
11.
11.
10.
10.
10.

2368
6005
8753
0072
0244
0012
8808
7619
6354

.4878

3570
2672
2437
0000
0000
7294
8686
9090

9561
1096
1579
1907
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Table 3-4. Default values of the rate parameters for the dissolved oxygen deficit
water quality model

W—_

nwqgm Model number
$kbod 0.15 Decay rate, per day
$knh 0.05 Ammonium decay rate, per day
$kon 0.10 Organic nitrogen decay rate, per day
$WAD 1.5 Reaeration wind speed, m/s

Table 3-5. Key Parameters in water quality dissolved particulate model water quality
model.

Parameter Default RENTIY Description Units

NH4

NH4 yes 1 Oorl

K12 0.15 0.09-0.20 NH4 decay rate day”’

ON D

OND yes 1 Oorl

K71 0.075 0.01-0.15 ON_D decay rate day’

ON P

ONP_yes 1 Oorl

Vs7 0.08 0.05-0.20 ON _P settling rate | m/day

NO3

NO3 yes 1 Oorl

Kad 0.09 0.09-0.16 Denitrification rate | day™

PO4

PO4_yes 1 Oorl

BOD D

BODD_yes 1 Oorl

kd 0.15 0.02-0.20 BOD_D decay rate | day™

BOD_P

BODP_yes 1 OQorl

Vs5 0.07 0.05-0.20 BOD _P settling m/day
rate

DO

DO yes 1 Oorl

OP D

OPD_yes 1 Oorl

K83 0.22 0.10-0.30 OP_D decay rate day”

OP_P

OPP_yes 1 Oorl

Vs8 0.08 0.05-0.20 OP_P settling rate
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Table 3-5 (continued)

Parameter Default Range Term Units
PHYT
Phyt yes 1 Oorl
Kic 2.0 1.5-3.5 Maximum growth rate day’
Kid 0.3 0.2-0.6 Death rate day™
Klr 0.07 0.05-0.2 Respiration rate day”
Vs4 0.09 0.05-0.50 Settling velocity m/day
Is 90.0 30-150 Sat. light intensity Wim®
As 0.70 0.5-0.9 Assim. effic. zoo.
fe 0.10 0.1-0.8 Excret. Fraction phyto
8200 1.0 0.0-2.5 Mult def graze rate
Sediment
S4 0.02 0.01-0.09 Fraction settled phyto to
SOD
SP5 0.07 0.01-0.09 Fraction settled BOD_P
to SOD
SP7 0.05 0.01-0.09 Fraction settled ON_P to
SOD
Spnh3 0.45 0.2-0.6 Fraction SOD released as
NH3
SODm 0.0 0.5-5.0 Measured SOD g-0,/
m*/day
SedNH3m 0.0 0.3-3.0 Measured NH3 release g-N/
from sediment m*/day
SedPO4m 0.2 0.01-1.5 Measured PO4 release g-P/
from sediment m?/day
Environ.
Hsc 100.0 50-350 Clear sky solar rad. (See
Table 11-1)
Cloud Cover 6.0 1-10 Cloud cover Tenths
Wad 2.5 0.5-5.0 Reaeration wind speed . m/s

BOD D, dissolved particulate carbonaceous biochemical oxygen demand; BOD P,
particulate carbonaceous biochemical oxygen demand; NH3;, ammonia; NH,,
ammonium; O,, oxygen; ON _D.dissolved organic nitrogen ; ON_P,particulate
organic nitrogen ; PO4, phosphate; SOD, sediment oxygen demand.

Table 3-6. Default parameters for the sediment scour and deposition model.

Parameter Default Value Definition and Units

$diasedmm Sediment particle diameter in mm
$spgr 1.2 Particle specific gravity
$Shldp 0.08 Shields parameter

$cbotmin 1.0 Bottom minimum sediment concentration, mg/1




4. APPLICATION OF THE TEMPERATURE, SALINITY, FIRST-ORDER
DECAY CONSTITUENT MODEL TO ESTUARIES AND COASTAL
WATERS

The first application of INTROGLLVHT is for the estuarine project Est TSC_01 for
which the bathymetry was set up in Chapter 1, Section 1.5; the input file was set up in
Chapter 2, Section 2.3; and which was then executed in Chapter 3, Section 3.1. The
TSC model should generally be applied first to a project to make sure that the
bathymetry is set up correctly, to ensure that the model will run for the specified input
file conditions, and to examine the model spatial output file (SPO) and the time series
output file (TSO) output results for circulation patterns to determine if they are
reasonable.

Some of the TSC output for the example application project EST TSC 01 is
examined to illustrate what circulation looks like in a drowned river mouth estuary
with freshwater inflow at its head and salinity stratification at its tidal mouth. A
second estuary application project, EST TSC 02, is set up to illustrate the data
entering the input file so that residence times can be output through the length of the
estuary. A third project, EST TSC 03, is set up to illustrate the inclusion of
groundwater inflow in the input file and its influence on salinity and velocity
distributions.

An example open coastal project, Coastal Brine Discharge 01, is used to illustrate
the setup of open coastal boundary conditions in the input file. This project is
designed to examine the offshore distribution of a brine discharge from a distillation
facility.

The input file and water quality file are presented for each project, along with the
bathymetry file if it was not displayed previously. Only summary results of the model
outputs are presented in this chapter. The full set of files for the example projects are
saved in the Example Applications folder as individual subfolders. The latter may be
referred to when describing additional detail about an example project. Additional
examples that the user can try are listed with each application.

4.1 The Estuarine EST_TSC_01 Application

The complete set of input and output files for the example application project
EST_TSC_01 are saved in the Example Applications folder as a subfolder named 4.1
EST_TSC_01 and can be viewed there.

4.1.1 Approach to Stationary-State Conditions

As shown in Table 2-4, the project simulation extends over 480 hours or 20 days to
bring it to a stationary state where constituent concentrations, salinity, and velocities
repeat themselves from tidal cycle to tidal cycle. The approach to stationary-state
conditions can be determined from the time series output results, a portion of which is
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shown for this project in Table 3-2, and for which the full table is given in the project
subfolder as the file named EST TSC 01 TSO.dat.

One indicator included in the time series results used to measure the approach to
stationary-state conditions is the salinity at the head of the estuary for location1=2,7J
=4, and K = 5. The project input table shows that the salinity is initialized from zero
and its distribution builds up over time. This would take longest near the head of the
estuary. The full time series table in the Example Application subfolder shows that
the salinity does reach stationary state at the head of the estuary over the simulation
time. The time series of salinity at the upestuary location is shown in Figure 4-1,
which was prepared by placing the time series file in a spreadsheet. Figure 4-1 shows
that salinity at the head of the estuary reaches stationary-state conditions in
approximately 100 hr.

The facility discharge is connected to an intake within the water body and
recirculation can build up. The second indicator of the approach to stationary-state
conditions is to examine if the constituent dye concentrations off the intake and
discharge repeat themselves over the last few tidal cycles. The locations of I =8, J =
2, and K = 2 near the intake and I = 10, J = 4, and K = 2 near the discharge are chosen
for examination of the dye concentration time series. The complete time series shows
that the dye concentrations do reach stationary-state conditions over the simulation
time.

Another important indicator of the approach to stationary-state is the velocity time
series as output in the next project application EST_TSC_02. Figure 4-2 shows the U
velocity component at the I = 8, J = 2, K = 2 location. It indicates that it takes up to
300 hr for the velocity to reach stationary-state conditions at this location.

4.1.2 Salinity Stratification and Circulation

The tidally averaged salinity stratification and velocity profiles are first examined for
this project. The tidally averaged values are simply the values of the parameters
averaged over the last two tidal cycles. The tidally averaged values for the chosen
profile and surface display and chosen parameters are shown at the end of the spatial
output table, EST TSC 01 SPO.dat. The longitudinal-vertical profiles of salinity and
velocity are extracted from the latter and are shown in Table 4-1 for a slice along J =
4,

The salinity and tidal boundary conditions apply at I = 19 and I = 20. The salinity
profiles at the boundary are as specified for the tidal boundary condition in the project
input file. The velocity values at the tidal boundary are fictitious, and the first real
velocity profile generated by the inputs is at I = 18. Examination of the salinity
profiles show that there is less salinity stratification up the estuary than at the mouth.
The average salinity over the top layers at stations upestuary from the mouth are
greater than at the mouth; for example, the average salinity over the top four layers at
I =14 is 10.78 ppt, whereas at the mouth it is 10.50 ppt. The less dense water in the
surface layers at the mouth tends to push inward over the more dense water in the
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surface layers upestuary. In the bottom layers, the more dense water at the mouth
tends to push inward under the less dense bottom waters upestuary.

This density-induced, or baroclinic, flow shows up in the velocity profiles given in
Table 4-1, where there are inflows in the bottom and top layers. These flows, along
the freshwater inflow at the head of the estuary, pass outward in the middle layers
through which the average salinities are more uniform up and down the estuary. A
tidally averaged three-layered flow is not uncommon in estuaries. It tends to be
stronger where there is no freshwater inflow when the upestuary salinity profiles near
the head of the estuary have little or no stratification and an average salinity nearly
equal to that at the mouth. They tend to disappear as the freshwater inflow increases.

4.1.3 The Tracer Dye Distributions and Surface Circulation

The tidally averaged surface distribution of the tracer dye discharge, sometimes
called a virtual tracer in simulations, is shown in Table 4-2. The surface distribution
extends from I =2 to I = 20 west to east and J = 2 to J = 10 from south to north. The
pattern of the dye concentrations shows the distribution of the discharge plume. The
increase in dye concentration across the facility was set at 100 ug/1.

The ratio of the increase in dye concentration across the facility to the dye
concentrations on the surface indicates the amount of dilution the discharge
undergoes. For the model cell receiving the discharge (I = 10, J = 3, K = 2), the
dilution is 100/6.8 or approximately 15:1. The discharge dilutes very rapidly on the
surface outward from the discharge. The tidally averaged dye concentration profiles
along the J = 4 slice are also shown in Table 4-2. The profiles indicate that there is
almost 10:1 additional dilution between the surface and bottom layers.

The surface west to east U-velocities are given in Table 4-2. It clearly shows the
freshwater inflow moving downestuary to about I = 8 and mixing downward after
entraining salinity. There is a complex surface flow around the discharge and intake
area and around the island which extends from I =15to 16 at J = 6.

Both the surface and profile velocity fields show that the circulation within a water
body can be quite complex. In an estuary, most of the transport of any water quality
constituent is primarily determined by the tidally averaged flow. The distribution of

water quality constituents can only be determined to the detail with which the flow
field is known.

4.1.4 Additional Suggested Study Examples

A description of the results of the EST_TSC_01 example application project suggests
a number of examples. These can be set up by making a copy of the
EST_TSC_01_INP.dat input file and renaming it as indicated subsequently. The
EST_TSC_01_CON.dat file should also be copied and renamed to keep track of the

new project files needed to go into the master ABControl.dat file, and can be used as
well to make notes about the example simulation.
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The circulation within an estuary can vary depending on the freshwater inflow and
tidal conditions. Pritchard (1952, 1955, 1956, 1967, 1969) showed that a relatively
deep estuary can vary from a salt wedge estuary to a partially mixed estuary or a fully
mixed estuary as these conditions vary seasonally. Many of the following suggested
study examples are designed to illustrate different salinity and circulation patterns
that can develop in an estuary.

Project EST TSC 0la. Set up a project to try different freshwater inflow rates to see
how the salinity and velocity profiles vary. Remember to change the name in the
copy of the EST_TSC_O1.INP.dat file that was made, and to change the input file
name in the _CON.dat file. Include the time series of some U-velocity components at
a few locations to determine how fast the velocity field becomes established.
Remember to set the ntimser to the correct number. Vary the freshwater inflow rate
and the mean tide and tidal amplitude levels to determine their influence on salinity
structure and circulation. At what combination of conditions does a salt wedge
estuary become established? Is there a combination of conditions for which it
approaches a fully mixed estuary?

Project EST TSC 01b. Set up a project to try different amounts of salinity
stratification at the mouth of the estuary, particularly a salinity profile that is uniform
from top to bottom. Run this case for different freshwater inflows to determine what
happens to the circulation and dilution of the discharge. Is the boundary salinity
profile important in determining the type of circulation pattern that becomes
established?

Project EST TSC 0lc. Set up a project to determine the effects of recirculation on
the virtual dye distributions. Disconnect the facility discharge from the intake. The
outflow (withdrawal) from the estuary should also be turned off.

Project EST TSC 01d. Set up a project with zero tidal amplitude at the boundary to
determine how long it takes for the salinity profiles and velocity profiles to develop
for these steady-state conditions. Determine how different the salinity distribution,
flow field, and constituent distribution is for running the model for steady-state
conditions versus running it for time varying tidal conditions.

Project EST TSC 0Ole. Set up a project with a surface wind speed component
beginning from the original EST _TSC_01 project. Compare the velocity fields and
constituent distribution with and without wind on the surface.

4.2 Determination of Residence and Flushing Times

The flushing time or residence time at different locations throughout a water body is a
very useful parameter for describing a water body. It indicates locations within the
water body where circulation is strong and weak. The flushing or residence time is an
estimate of how long it takes an initial concentration of dye within the water body to
reduce to one half its concentration. The residence time can be compared with the
half-life of a decaying material or with a half-life computed for a water quality kinetic
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reaction rate. For the latter, if the residence time is long in comparison to the reaction
rate half-life, then most of the reaction would be completed at that location. The
theoretical basis for computing residence time is presented in Chapter 10. The half-
life computation is also included in the chapter.

The flushing or residence time can be computed for each cell in the model using the
arbitrary constituent in the TSC water quality model. The computation is performed
by having no constituent dye concentrations in any of the inflows, setting the Rdecay
parameter to zero, and initializing the dye concentration to the same value, usually
100 ug/1, throughout the water body. The flushing or residence time is computed from
the concentration of dye at each location from the concentrations at the end of a
simulation.

4.2.1 The EST _TSC_02 Input and Control Files

The project EST_TSC 01 is set up to compute flushing or residence times as project
EST TSC 02. The input file for this project is shown in Table 4-3. The water quality
model is nwgm = 1, as it was previously. The inflows are left the same and
recirculation is included for the facility discharge, however, there is no dye in the
facility discharge because the dye is used for estimating the residence time
throughout the water body. The elevation boundary conditions are the same. The
water quality profiles are initialized, including placing 100 ug/l of dye uniformly
throughout the water column for all of the water body cells. External parameters
remain the same.

One output profile is indicated for the same slice as previously, and with U and W
velocity components displayed. No constituents are displayed with the profile;
however, they could be. A surface is displayed, with no velocity components or
constituents called for. There are three time series, including the time series of the
constituent dye near the intake, the U velocity component (constituent 21) at T = 10, J
=4, and K =2, and salinity at the head of the estuary. The maximum time step is 120
sec, and there is only one output at the end of the simulation (Tmend = tmeout),
which is 480 hr. The time series are output every hour as before.

Two constituent averages are called for. They are salinity, which is constituent 2, and
the dye as converted to residence time, which is 3. It is necessary to specify the latter
in the constarv to get the residence time to print out. The input file is named
Est TSC 02 INP.dat.

The same bathymetry file, Estuary BATH.dat, is used. If the project input file is
generated using the INTROGLLVHT Input File.exe routine, then a new skeleton
water quality model file is generated named Est TSC 02 WQM.dat, which can be
left blank to run the TSC model. If the project Est TSC_02 input file is generated by
copying and modifying the Est TSC 0l project input file, then the
Est TSC_01_WQM.dat file could be used. The ABControls.dat file for the project
should be as shown in Table 4-4. A copy to the ABControls.dat file should be saved
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as Est TSC_02_CON.dat and stored with the remaining project files in the Example
Applications subfolder.

4.2.2 Residence Time Results

The profile and surface distribution of residence time are shown in Table 4-5. The
residence time is lowest near the mouth of the estuary and increases the further the
distance from the mouth. They tend to be lower at the bottom of the water column
than near the surface, indicating faster exchange of the bottom water out of the

estuary.

The maximum values of about 5 to 6 days are found in the vicinity of the facility
discharge and up toward the head of the estuary. These higher values are in the upper
2 m of the water column. The facility discharge and recirculation appear to be
limiting flushing in that region. Another area of high residence time is to the north
around the island.

The spatial output (SPO) file contains the average U velocity component for
comparison to the previous results, and the vertical W velocity component. The latter
can be examined to see the upwelling of water from the bottom layers to the
middepth outflowing layers, and the downwelling of water from the surface layers to
the middepth outflowing layers.

The time series output file includes the results of the dye concentrations over time at
the location I = 8, J = 2, and K = 2. It shows the dye concentration decreasing with
time at this location due to flushing. It also includes the time series of the horizontal
velocity component at one location. The time series file is placed in a spreadsheet;
Figure 4-3 shows the results of plotting the file. The figure shows the decrease in dye
concentration at the chosen location, as well as an exponential decay fit. Computation
of the half-life from the indicated equation gives a value of 5.5 days. This compares
favorably with the results given in the surface residence time shown in Table 4-5.

4.2.3 Additional Suggested Study Examples
Following are some additional suggested study examples.

EST TSC 02a. Tumn off the facility discharge and intake (setting the facility inflow
and outflow to zero should accomplish this) to determine if the recirculation between
the intake and discharge, as well as the discharge flow itself, affects residence time in
the estuary in its vicinity.

EST TSC 02b. Set up a project to study the effects of different freshwater inflow
rates at the head of the estuary on the residence or flushing time.

EST TSC 02c. Set the tidal amplitude to zero to run a steady-state solution. Compare
the residence times computed by this technique with those from the tidally varying
project.
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4.3 Estuary with Groundwater Inflow

The groundwater flow into a water body can be an important contribution to the
body’s water budget and water quality. It can have an effect on salinity and
circulation as a relatively fresh water inflow into an estuary. Goetchius (2000) shows
that groundwater is a major source of trace organics into estuaries, and it is necessary
to include the groundwater inflow in the input data for the GLLVHT model.

An example application of the significance of groundwater into an estuary is provided
in the project Est TSC 03. The portion of the Est TSC_01 project input file
extended to include a groundwater inflow is given in Table 4-6. Item 13 in Table 4-6
shows that a groundwater inflow is specified, that the total groundwater inflow is 20
m’/s, and that it enters the estuary into the bottom cells that have KO(I,J) at and
between kgmdU = 3 and kgmdL = 4. The bathymetry KO(LJ) levels given in
Est TSC 01 _SPO.dat show that the cells with bottom KO(LJ) in this range are
located mostly north of the island, and upestuary near the river inflow. The
groundwater inflow has a dye tracer concentration of 1000 ug/l to measure its dilution
in the estuary. The output profiles are for the longitudinal-vertical slice along the
centerline of the estuary, and a slice across the estuary just west of the island.

4.3.1 Groundwater Inflow Results

Table 4-7 gives the tidally averaged velocity and salinity profiles along the centerline
of the estuary, and the profiles of salinity and tracer dye concentration across the
estuary. Compared with the results without a groundwater inflow given in Table 4-1,
the effect of the groundwater inflow is to reduce the bottom salinities and increase the
surface salinities along most of the estuary, and to change the velocity profiles. The
salinity and velocity profile at the mouth of the estuary (I = 18) is changed mostly
because there i1s a greater net outflow of freshwater from the estuary. To get the
circulation and transport of constituents correct in estuaries, it is necessary to include
the groundwater inflow rate and location.

The lateral slice across the estuary west of the island given in Table 4-7 shows that
the groundwater inflow from the extensive shallower areas north of the island
changes the salinity profiles outward as far as the main channel. The tracer dye
indicates that the initial concentrations in the groundwater are reduced to
approximately 6% of their inflow values near the main channel location. The effects
of the groundwater inflow on the lateral circulation and the longitudinal variation in
the tracer dye concentrations are in the Est TSC_03 project folder SPO.dat file.

4.3.2 Additional Suggested Study Examples
Following are some additional suggested study examples.

Est_TSC_03a. Vary the groundwater inflow to determine its influence on circulation
and salinity.
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Est_ TSC_03b. Assume that most of the groundwater enters the deeper channel
portion of the estuary from kgmdU = 7 to kgmdL = 14. Determine its effect on
salinity profiles, circulation, and tracer dilution for different groundwater inflow
rates.

4.4 Coastal Applications

Coastal applications require the specification of tidal boundary conditions at the
upcoast location, at the downcoast location, and at the outer boundary at the end of
these two locations. One must know how these boundaries are joined to specify their
locations properly.

Open boundary elevation conditions applied to the estuary project had only one
elevation boundary. Even for this case, it is required that the bathymetry for the first
three lines inward from the boundary be identical. This is because some results are
interpolated outward from the water body to the open boundary, and errors will occur
if there is an upestuary bottom KO(I, J) level which is higher than the downestuary
levels.

A more complex problem arises for open boundaries extending offshore into coastal
waters. Both the interpolation of constituent concentrations and the transport of
momentum through the open boundary require that the next line inward from the
boundary for which tidal conditions are specified be part of the tidal boundary
condition. An example of how the ends of the open boundaries must be specified and
nested is given in Figure 4-4. The coastline is at J = 1, which is a dummy
nontransport boundary. The western boundary at I = 2 extends from J =2 to J = 13,
and the column at I = 3 is implied to be part of the same boundary although it is not
specified in the input file. Similarly, the eastern boundary at [ = 21 extends from J =2
to J = 13 and the column at I = 20 is implied to be part of that boundary. The outer
boundary at J = 13 therefore needs only to extend from [ =4 to I =19, and the row at
J =12 is implied to be part of that boundary. A completely open water application
can also be set up with open tidal boundaries on all four sides. It is difficult to get
detailed tidal amplitude and phase shift data for a project application in open water.

The coastal boundaries can also be nested by letting the outer boundary at J = 13
extend from I = 2 to I = 21, and letting the row at J = 12 be the implied boundary.
Then the western boundary at I = 2 extends from J = 2 to J = 11, and the eastern
boundary at I =21 also extends fromJ=2to J=11.

The bathymetry file for the open coastal water project is shown in Table 4-8. The
shoreline is from west to east along J = 2. The bottom slopes off uniformly until it
hits a shelf at I = 11. The three open boundaries are along [ =2 and I = 21 from J =2
to 13, and along J = 13 from I = 2 to I = 21. As required for tidal boundaries, the
bottom depths are uniform inward from the boundary.

Two projects are examined. The first is for no tidal variations at the boundary. The
second is with tides on the three boundaries. For the latter case, there is a tidal lag



WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING 59

between the west and east boundaries that is stepped proportionally along the outer
boundary. These two projects allow a comparison of the brine plume for a steady-
state condition with one generated for time varying tidal conditions.

Both projects have a facility intake of 2 m*/s at a salinity of approximately 40 ppt that
is partially removed so that 1 m*/s can be used. The remaining 1 m’/s is discharged as
brine with an increase in concentration of 40 ppt above the intake or approximately at
a brine concentration of 80 ppt, depending on the amount of recirculation between the

discharge and the intake. There is a small increase in temperature across the facility
of 5° C.

4.4.1 Coastal_Brine Discharge_01 Project

The input data for this project is shown in Table 4-9. It has three elevation boundaries
each at a mean elevation of 0.20 m, but with no tide. The tidal boundaries are laid out
with the outer northern boundary nested between the western and eastern boundaries.
Detailed results of the simulation are presented in its example application folder.

Table 4-10 shows the south-north slice of velocity and salinity profiles from the
shoreline through the outfall. The salinity profiles show the plume developing on the
bottom J = 7 and extending downslope. The velocity profiles show the plume moving
downslope along the bottom. This movement generates a reverse current in the upper
layers extending from the surface to the top of the plume.

Table 4-11 shows the distribution of the south-north velocity component, and the
bottom salinity distribution. The maximum bottom concentration is near the point of
discharge, and the plume spreads northward and laterally from that point. The
velocity component shows that the maximum bottom velocity is at the point of
discharge and it decreases northward and laterally from that location. There is some
asymmetry in the velocity field due to the effects of the intake withdrawal.

4.4.2 Coastal_Brine_Discharge 02 Project

The second coastal project applies time varying tides to all three open boundaries.
This requires having an overall time lag between the western and eastern boundary,
and interpolating that time lag incrementally along the northern boundary.

The input data file for this project is lengthy and therefore not reproduced as a
separate table, but it can be found in the project folder. A summary table of the tidal
boundary conditions is given in Table 4-12. The time lag between the west and east
boundary is 0.016 hr. It is stepped along the northern boundary by 0.004-hr
increments for each group of three cells giving five separate tidal boundaries along
the northern boundary. The minimum number of cells that could be used is two for

each step. The tidal mean elevation and amplitude is 0.20 m with a tidal period of
12.45 hr.
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The tidally averaged U-velocity component and bottom salinity distribution are
shown in Table 4-13. The plume with lagged tides along all the boundaries shows, in
comparison with the steady-state results in Table 4-11, that bottom concentrations are
slightly higher. The plume also tends to be stretched toward the eastern boundary in
the direction of the net current resulting from the tide lag. The spatial distributions of
velocity and salinity for every 1/6 of the last two tidal periods (tmeout = 12.45/6) is
given in the project SPO file. It shows the current reversing at different times along
the coast.

Because a surface and bottom output is specified, the plotting file ending with
_02_ PLT BOT.dat gives for each I and J (as x and y) location the U and V velocity
components, temperature, salinity, and the arbitrary constituent concentration. The
arbitrary constituent is not used in the present project. The results are given in the file
for each 1/6 of a tidal cycle. The file can be used in a plotting routine to see the
velocity field and the salinity distribution at each 1/6 of a tidal cycle through the last
two tidal periods. The last set of data in the 02 PLT BOT.dat file gives the tidally
averaged velocity components and constituents at each I and J for plotting. They are
shown in Figure 4-5 for comparison with the values given in Table 4-11.

4.4.3 Estimating Tidal Time Lags Along Open Boundaries

One problem with open coastal boundaries is determining the tidal time lag along
them. The time lag can sometimes be estimated from the tidal or gravity wave speed,
which is a function of water depth (Defant 1958) as follows:

Vis = (gH)"? 4.1)

where Vts = gravity wave speed, m/s; g = gravitational acceleration, 9.78 m/s%; and H
= water depth, m.

The time lag along a boundary becomes:
tiag = Lona/(gH)"” (4.2)
where tj, = time lag in seconds, and Ly,¢ = distance along the boundary, in meters.

For the example project Coastal Brine 02, the average depth is approximately 5 m,
giving a gravity wave speed of 7 m/s or 2.5x10* m/hr. The distance between the
western and eastern boundary is 2000 m, suggesting that the time lag between them
should be 0.08 hr, or approximately five times the value used in the application.

The problem is more complicated for the bathymetry used in the application. The
bottom slopes offshore, making the tidal wave slower near the beach than it is
offshore. The tidal wave propagates at an angle across the computational grid.

The use of the gravity wave speed to determine tide lags along a beach is very
approximate. Bottom friction, reflection, and refraction can distort the wave.
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4.4.4 Additional Suggested Study Examples

The abbreviations CBD 01 and CBD _02 are used to identify the base project that
applies to the following suggested study examples.

CBD 0la. The results of CBD_01 indicate that it may be useful to look at greater
detail using a bathymetry with more cells (i.e., increase IM and JM) using the same
dx, dy, and dz. Using the Bathymetrysetup.exe routine, generate a new grid. Using
the INTROGLLVHT Input File.exe routine, generate a new input file and set of
output files. Remember to nest the boundaries.

CBD 02a. Tum off the facility intake and discharge to determine what the time
varying bottom tidal currents and tidally averaged bottom current look like due to the
tidal boundary conditions alone. Is there a net flow in one direction resulting from the
time lags between and along the boundaries? Does changing the time lag between the
west and east boundaries to the value indicated in Section 4.3.3 make any difference?

CBD_02b. 1t may be necessary for navigational reasons and protection against wave
action to construct the facility intake pipe on top of the discharge pipe where it will
be as deep as the discharge pipe but not extending out as far. Assess the effects of
different intake locations on recirculation to the facility and on the size of the salinity
footprint. Note that project CBD_02 does not have the discharge linked to the intake.

CBD _02c. Increase the tidal amplitude, as well as the mean tide level, along all of the
tidal boundaries to assess the effects of tide on the plume size and bottom currents.

CBD_02d. Place a wind parallel to the shore line (the Wx component) and determine
its effect on surface currents, bottom currents, plume size, and orientation.

CBD_02e. With the facility turned off, set up a tidal boundary condition with time
lags varying along all three boundaries to represent the effect of the tide propagating
diagonally across the grid. Assume that the tide hits the northwestern corner of the
grid first, and is lagged across the other boundaries from that location. How much
difference does this approximation make in the tidally averaged currents?

CBD_02f. Using the conditions established in CBD_02b, turn the facility back on and

see if the tidal boundary condition in that application has any influence on the bottom
salinity plume distribution.

CBD_02g. Try an open water application with open tidal boundaries on all four sides.
Set the bathymetry up for a uniform depth over a square-shaped portion of the ocean.
Place a wind with only a Wx component, then a wind with only a Wy component.
Try a phase shift between two ends, and stepped along the other sides.

General. The results in Figure 4-5 show an increase in salinity above the original 40
ppt background of 2 ppt in the immediate vicinity of the discharge with a footprint
extending out to an increase of 0.25 ppt (250 ppm) above background over an area of
4x10° m* (40 hectares or approximately 100 acres). The question is, will this have an
impact on benthos and other organisms that depend on them for food in the area?
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Assuming different geographic locations around the world, assess the environmental
impact of this footprint. Try using the Web to search for information to use in the
assessment.
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Figure 4-1. Time series of salinity at the head of the estuary showing approach to
stationary-state conditions in approximately 100 to 200 hours.
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Figure 4-2. Time series of U-velocity component near intake showing approach to
stationary state conditions in approximately 300 hours.
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Figure 4-3. Time series of dye concentration at I = 8, J =2, K = 2 showing decrease
over time. Also, fit of exponential die-away giving a half-life or flushing time at that
location of 5.5 days.
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Figure 4-4. Definition diagram of nesting of adjoining open boundaries for open
coastal case.
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Figure 4-5. Tidally averaged bottom velocities and salinity distribution from
Coastal Brine Discharge 02 PLT BOT.dat.
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Table 4-1. Profiles of tidally averaged salinity and velocity as a slice along ] =4.

west-East Constituent Profiles for arvsaln at j
2. 3. 4. . 6.

e

DOOOOCCONKHOVURN
(=3
o

00 . 0.00 0 o} 0.00 0.00 0.00 19.57 19.77 19.84 19.97 20.00 20.00

00 00 00 00 0.00 00 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.97 20.00 20.00

00 00 00 00 0.00 00 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

west-East Arv U-velocity profiles, cm/sec at j= 4

2. . 4. . 6. 7. 8. 9. 10. 11. 12 13 14 15. 16 17. 18 19. 20.
1.74 1.39 1.27 1.18 1.03 0.86 0.37 -0.29 -1.06 -1.00 -1.54 -1.81 -1.70 -2.21 -2.52 -2.77 -0.5 2.35 2.35
-0.96 -0.61 -0.12 -0.22 ~0.35 -0.04 -0.05 0.01 0.17 0.48 0.37 0.18 -0.04 ~-0.49 -0.77 -1.07 -0.38 2.35 2.35
0.62 0.33 -0.49 -0.65 0.09 0.21 1.03 1.26 20 .45 2.52 2.11 1.81 1.46 1.17 0.83 0.50 2.43 2.43
~-1.24 -2.10 0.01 0.17 -0.18 0.50 1.22 1.34 1.56 3.40 2.68 2.65 3.94 4.07 3.92 2.62 4.34 3.16 3.16
0.00 0.00 -1.58 -2.53 -0.69 -1.66 -1.94 -1.24 0.45 0.59 0.45 2.25 2.65 2.56 3.25 4.49 3.95 3.30 3.30
0.00 0.00 0.00 0.00 -1.64 -2.23 -2.47 -2.39 -1.81 -2.52 -1.75 -0.35 -1.04 0.49 -0.43 -1.35 2.43 2.94 2.94
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.65 ~2.89 -2.47 -1.93 -2.99 -2.09 -3.09 -2.70 ~2.43 2.30 2.30
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.96 -2.18 -2.82 -3.49 -2.42 -3.33 2.34 2.34
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.97 ~-2.89 -1.97 -3.72 2.31 2.31
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -3.40 2.03 2.03
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
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Table 4-2. Tidally averaged surface and profile constituent distributions for a facility discharge with an increase of 100.0
ug/1 of virtual dye between the intake and discharge, as well as west to east surface velocities.

surface Constituent Arv for const
0.00 .00 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.12 0.11 0.10 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.14 0.12 0.09 0.09 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.21 0.17 0.13 0.09 0.07 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.40 0.30 0.23 0.00 0.00 0.06 0.05 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.04 0.90 0.49 0.30 0.20 0.12 0.08 0.05 0.03 0.00 0.00
0.22 0.28 0.32 0.39 0.48 0.65 0.98 1.23 1.92 2.01 1.09 0.55 0.29 0.19 0.11 0.07 0.04 0.00 0.00
0.00 0.31 0.35 0.39 0.46 0.64 1.25 2.50 6.75 4.15 0.00 0.00 0.19 0.15 0.11 0.07 0.05 0.00 0.00
0.00 0.00 00 0.00 0.00 0.73 1.05 0.00 C.00 0.00 0.00 0.00 0.00 0.00 0.09 0.08 0.07 0.00 0.00

west-East Constituent Profiles for arvconstat j= 4

2. 3. 4, 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20.

0.22 0.28 0.32 0.39 0.48 0.65 0.98 1.23 1.92 2.01 1.09 0.55 0.29 0.19 0.11 0.07 0.04 0.00 0.00
G.35 0.38 0.43 0.50 0.60 0.76 0.97 1.15 1.53 1.79 1.21 0.74 0.42 0.26 0.17 0.10 0.06 0.00 0.00
0.40 0.42 0.47 0.53 0.61 0.72 0.87 1.01 1.23 1.45 1.19 0.92 0.59 0.43 0.31 0.21 0.11 0.00 0.00
0.44 0.46 0.48 0.52 0.58 0.66 0.76 0.86 0.97 1.13 1.06 0.88 0.69 0.59 0.48 0.36 0.19 0.00 0.00
0.00 0.00 0.51 0.53 0.54 0.60 0.65 0.70 0.74 0.81 0.75 0.66 0.57 0.49 0.41 0.32 0.23 0.00 0.00
0.00 0.00 0.00 0.00 0.50 0.51 0.50 0.49 0.45 0.46 0.40 0.32 0.28 0.22 0.19 0.15 0.08 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.29 0.24 0.13 0.11 0.07 0.06 0.04 0.02 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.05 0.03 0.02 0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

surface west-East Arv U-surface velocities, om/sec
0.00 .00 0.00 .00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.63 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.84 -0.66 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 -0.65 -0.64 -0.63 0.53 0.00 0.00 0.00
0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.09 0.19 0.61 0.80 1.02 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.71 -0.73 -0.54 0.00 0.00 0.00 -0.89 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.95 -1.36 -1.50 -2.21 -2.99 -2.87 -2.97 -2.81 -3.78 -2.70 1.37 1.37
1.74 1.39 1.27 1.18 1.03 0.86 0.37 -0.29 -1.06 ~-1.00 -1.54 -1.81 -1.70 -2.21 -2.52 -2.77 -0.53 2.35 2.35
0.00 0.48 0.93 1.30 1.63 1.38 0.77 0.93 0.94 0.00 0.00 0.00 -1.60 -2.15 -2.44 -2.50 0.41 4.60 4.60
0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.76 -0.47 0.00 0.00 0.00
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Table 4-3. Input file for project EST_TSC_02 illustrating setup to compute residence
and flushing times.

Est_TSC_02
$1.nwgm 1
$2.Inflow Conditions
$ninflows

2
$qinflow,iinflow, jinflow,kinflow
$intake,inintake, jintake, kintake
$tem§,881n,cogst,cbod,on,gh3,do(d),no3,op,po4,phyt
. 4

0 0 0 0
0.00 0.00 0.00
1.0 10 3 2
1 8 2 2
0.00 0.00 0.00
$.4 outfiow Conditions
$noutflows 1
$qoutflow,ioutflow, joutflow, koutflow
1.0 8 2 2

$4 .Elevation Boundary cConditions

$nelevation kts 1 2
$iewest,ieeast, jesouth, jenorth

zmean, zamp, tmelag, tideper
k,tggp,sa%g,consg,cbodéon,nhB,do(d),no3,op,po4,phyt for k=2,km-2

0.40 0.40 0.00 12.45
2 0.00 10.00 0.00
3 0.00 10.00 0.00
4 0.00 10.00 0.00
5 0.00 12.00 0.00
6 0.00 15.00 0.00
7 0.00 18.00 0.00
8 0.00 20.00 0.00
9 0.00 20.00 0.00
10 0.00 20.00 0.00
11 0.00 20.00 0.00
$5.Initialize water Qua11ty profiles
$ninitial
k, temp,saln,const, cbod on,nh3,do(d),no3,0p,po4,phyt for k=2,km-2
2 0.00 0.00 100.00
3 0.00 0.00 100.00
4 0.00 0.00 100.00
5 0.00 0.00 100.00
6 0.00 0.00 100.00
7 0.00 0.00 100.00
8 0.00 0.00 100.00
9 0.00 0.00 100.00
10 0.00 0.00 100.00
11 0.00 0.00 100.00
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Table 4-3 (continued)

$6.External Parameters
Chezy, wx,wWy,CSHE, TEQ, Rdecay, lLat.
35.00 0.00 0.00 25.00 0.00 0.00 30.3
$7.0utput Profiles
$nprofiles
$ipwest,ipest, jpsouth, jpnorth
u-vel, v-vel, w-vel

$nconstituents
I-const(1l),I-const(2), I-const(3), etc

2 20 4 4

1 0 1

0

$8.output surfaces

$nsurfaces $nconstituents 1 0
$u-vel v-vel 0.000000 0.000000

$I-const(1l), I-const(2), I-const(3), etc.
$9.0utput Time Series
$ntimser 3
$nconst, iconst, jconst,kconst
3 8 2 2

21 10 4 2

2 2 4 5
$10.simulation time conditions
$dtm tmend 120.0000 480.0

$tmeout tmeserout 480.0 1.0
$11.1Internal Boundary Locations

$nintbnd 0

$ibwest,ibeast, jbsouth, jbnorth, ktop, kbottom
$12.Constituent Averages

$nconarv

$constarv

$13. Groundwater Inflow
$ngrndwtr 0

69

Table 4-4. Contents of ABControls.dat file for running the EST TSC 02 project for

the computation of residence time.

Estuary_Bath.dat
EST_TSC_02_INP.dat
EST_TSC_01_wQMm.dat
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Table 4-5. Profile and surface constituent distributions as converted to residence times in days.

west—Egst Constituent

surfacg Constituent

OCOO0OOOWVLL

COPLPQOCOOOOO

OCOO0OOOOoOOwVILnn

OUVUOOOCOOO

CUVVNQCOCOO0OPr OO0COOLOLUVIVIUIL

profiles for arvDays at
4. 5. 6.

28 5.36 5.32 5.
42 5.34 5.21 4.
39 5.32 5.23 5.
16 5.12 5.08 4.
91 4.77 4.60 4.
00 0.00 4.31 4.
00 0.00 0.00 0.
00 0.00 0.00 0.
00 0.00 0.00 0.
00 0.00 0.00 Q.
00 0.00 0.00 0.
v for Days

0 0.00 0.00 0
00 0.00 0.00 0
00 0.00 0.00 0
00 0.00 0.00 [
00 0.00 0.00 [
00 0.00 0.00 0
28 5.36 5.32 5
43 5.47 5.46 5
00 0.00 0.00 5
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VIAPROOOOOQO

COOCOQWALLAW

OAWWOOOOO

COOOWwWhAhpphw

CAWWOOOOO

COOOWWHR A AWW

OhAhNWWOOOO

OOOONWWAWWW

OOWWWOoOOoOOO

OCOOONNWWWWWN

OONNWWOOO

OCOONNWWWWWN

ONNNNWWOO

CONNNNWWWNN

ONNNOWWWO

OCOHNNNWWWNIN

NNNNOWWWwW

CORFNNWWRNNRN

[SISTNT NYNT VT NTT

ORMRFRENNNNN R

NEREHENNNNOO

[elelalalelofolelolaYa)

[==lololelelelelelete)

CO00O0O0000
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Table 4-6. Extension of Est TSC_01 project input file to include groundwater inflow
in project Est TSC_03.

$7.output Profiles

$nprofiles 2
$ipwest,ipest, jpsouth, jpnorth
u-vel, v-vel, w-vel

$nconstituents
I-const(l),I-const(2), I-const(3), etc
2 20 4 4
1 0 0
2
2 3
14 14 2 10
0 1 0
2
2 3
$8.output surfaces
$nsurfaces $nconstituents 0 0
$u-vel v-vel 0.000000 0.000000

$I-const(1l), I-const(2), I-const(3), etc.
$9.0utput Time Series
$ntimser 3
$nconst, iconst, jconst,kconst
3 8 2 2

21 10 4 2

2 2 4 5
$10.simulation time conditions
$dtm tmend  120.0000 480.0

$tmeout tmeserout 6.22 1.0
$11.1Internal Boundary Locations
$nintbnd 0
$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
$12.Constituent Maxima
$nconarv
$constarv
2 3

$13. Groundwater Inflow
$ngrndwtr
$qgrndwﬁ;, kggndu kgrndL

$temp saln const
0.0 0.0 1000.0
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Table 4-7. Estuary with groundwater inflow, Est TSC 03 project.

west-East Arv uU-velocity profiles, cm/sec at j= 4
2. 3. 4. 5. 6. 7. 8. 9 10. 11 12 13. 14. 15 16. 17 18 19. 20.
1.67 2.00 2.46 1.95 1.53 1.20 0.51 0.46 -0.18 -0.2 -0.5 -0.55 -0.46 - 5 -1.76 - 0.60 2.59 2.59
-0.51 -0.63 -0.02 0.32 -0.05 0.25 0.47 0.04 0.03 0.62 0.72 0.98 0.71 0.18 -0.23 -0.47 0.56 2.57 2.57
0.28 -0.29 -1.28 -1.27 -0.07 0.41 1.69 1.50 0.71 0.70 2.21 2.07 1.55 1.36 1.34 1.27 1.21 2.63 2.63
-1.24 -2.27 -0.47 -0.26 -0.49 0.40 1.16 0.99 1.19 2.69 1.61 1.44 3.04 3.06 3.21 2.38 4.09 3.19 3.19
0.00 0.00 -1.65 -2.69 -0.89% -2.15 -2.48 -1.81 -0.22 -0.50 -0.69 1.17 1.44 1.82 2.64 3.49 3.15 3.18 3.18
0.00 0.00 0.00 0.00 -1.72 -2.30 -2.55 -2.45 -2.01 -2.85 -2.26 -1.05 -1.76 -0.22 -1.14 -1.88 1.94 2.89 2.89
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.71 -3.03 -2.54 -2.04 -3.03 -2.22 -3.21 -2.81 -2.54 2.38 2.38
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.92 -2.08 -2.82 -3.48 -2.41 -3.38 2.43 2.43
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -2.96 -2.89 -1.96 -3.72 2.40 2.40
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -3.37 2.10 2.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00 0.00 0.00
west-East Constituent profiles for arvsaln at j= 4
2. . 4. S. 6. 7 8 9 10 11 12 13 14. 15 16 17 18 19 20
5.90 7.33 8.09 8.26 8.52 8.79 9.05 9.24 9.34 9.40 9.40 9.43 9.40 9.39 9.40 36 9.39 10.00 10.00
8.98 06 9.20 9.33 9.38 9.48 9.55 9.61 9.67 9.74 9.77 9.79 9.77 9.80 9.82 9.80 9.78 10.00 10.00
10.81 10.69 10.59 10.56 10.66 10.63 10.64 10.54 10.53 10.52 10.63 10.54 10.54 10.56 10.58 10.61 10.56 10.00 10.00
11.92 12.13 12.35 12.28 12.17 12.1 12.15 12.23 12.23 12.23 12.03 12.12 12.26 12.26 12.21 12.16 12.19 12.00 12.00
0.00 0.00 13.69 13.92 14.15 14.09 14.15 14.30 14.47 14.41 14.53 14.72 14.64 14.70 14.78 14.78 14.66 15.00 15.00
0.00 0.00 0.00 0.00 15.25 15.48 15.75 16.06 16.54 16.62 16.92 17.23 17.23 17.44 17.44 17.56 17.94 18.00 18.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.16 17.51 17.85 18.60 18.76 19.07 19.14 19.32 19.55 20.00 20.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 18.96 19.25 19.51 19.60 19.75 19.91 20.00 20.00
0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.0 0.00 00 0.00 19.59 19.78 19.85 19.97 20.00 20.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.97 20.00 20.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00
south-North Constituent profiles for Arvsaln a; i= s 149 10
. . 4. . . . . .
0.00 9.43 9.40 9.32 9.17 8.97 8.88 0.00 0.00
0.00 9.74 9.77 9.70 9.66 9.44 9.39 0.00 0.00
0.00 10.53 10.54 10.56 10.45 10.53 10.40 0.00 0.00
0.00 12.43 12.26 12.20 12.35 12.13 11.86 0.00 0.00
0.00 14.46 14.64 14.88 14.44 0.00 0.00 0.00 0.00
0.00 0.00 17.23 16.97 0.00 0.00 0.00 0.00 0.00
0.00 0.00 18.76 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 19.25 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
South-North Constituent Profiles for Arvconstat i= 14
2. 3. 4. 5. . . 8. 9. 10.
0.00 42.30 62.75 84.92 148.14 194.58 204.46 00 00

0.00 48.85 67.45 85.18 127.56 166.04 180.42
0.00 56.55 74.17 88.33 114.71 131.65 141.18
0.00 53.09 68.50 79.29 89.93 97.25 103.24

COO0OO0OCOOoO0
oo
QO
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o
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8. Bathymetry data file for coastal water project.

Table 4

Coastal_01
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Table 4-9. Input data for Coastal_Brine_Discharge 01 example application project.

Coastal_Brine_Discharge_01
$1.nwgm 1
$2.Inflow Conditions
$ninflows 1
$qinflow,iinflow,jinflow,kinflow
$intake,inintake, jintake,kintake
$temp,saln, const,chod,on,nh3,do(d),no3,op,po4, phyt
1.0 12 7 8
1 12 5 4
5.00 40.00 0.00
$.4 outflow Conditions
$noutflows 1
$goutflow,ioutflow, joutflow, koutflow
2.0 12 4
$4.Elevation Boundary Conditions
$nelevation kts 3 2
$iewest,ieeast, jesouth, jenorth
zmean, zamp,tmelag, tideper
k,temp,sa]g,consg,cbogéon,nh3,do(d),no3,op,po4,phyt for k=2,km-2

2

0.2 0.0 0.00 0.0
2 20.00 40.00 0.00
3 20.00 40.00 0.00
4 20.00 40.00 0.00
5 20.00 40.00 0.00
6 20.00 40.00 0.00
7 20.00 40.00 0.00
8 20.00 40.00 0.00
9 20.00 40.00 0.00
10 20.00 40.00 0.00
11 20.00 40.00 0.00
12 20.00 40.00 0.00
13 20.00 40.00 0.00
14 20.00 40.00 0.00
15 20.00 40.00 0.00
16 20.00 40.00 0.00
17 20.00 40.00 0.00
18 20.00 40.00 0.00
19 20.00 40.00 0.00
20 20.00 40.00 0.00
21 20.00 40.00 0.00
22 20.00 40.00 0.00

0.2 0.0 0.0 0.0

2 20.00 40.00 0.00
3 20.00 40.00 0.00
4 20.00 40.00 0.00
5 20.00 40.00 0.00
6 20.00 40.00 0.00
7 20.00 40.00 0.00
8 20.00 40.00 0.00
9 20.00 40.00 0.00

10 20.00 40.00 0.00

11 20.00 40.00 0.00

12 20.00 40.00 0.00

13 20.00 40.00 0.00

14 20.00 40.00 0.00

15 20.00 40.00 0.00

16 20.00 40.00 0.00

17 20.00 40.00 0.00

18 20.00 40.00 0.00

19 20.00 40.00 0.00

20 20.00 40.00 0.00

21 20.00 40.00 0.00

22 20.00 40.00 0.00
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Table 4-9 (continued)

4 19 13 13
0.2 0.0 0.00 0.0
2 20.00 40.00 0.00
3 20.00 40.00 0.00
4 20.00 40.00 0.00
5 20.00 40.00 0.00
6 20.00 40.00 0.00
7 20.00 40.00 0.00
8 20.00 40.00 0.00
9 20.00 40.00 0.00
10 20.00 40.00 0.00
11 20.00 40.00 0.00
12 20.00 40.00 0.00
13 20.00 40.00 0.00
14 20.00 40.00 0.00
15 20.00 40.00 0.00
16 20.00 40.00 0.00
17 20.00 40.00 0.00
18 20.00 40.00 0.00
19 20.00 40.00 0.00
20 20.00 40.00 0.00
21 20.00 40.00 0.00
22 20.00 40.00 0.00

$5.Initialize water ijahty profiles
$ninitial
k, ter;p sa18 (c)gnst cbo(c)l ,on, nh3 do(d),no3,0p,pod,phyt for k=2,km-2

0.00

3 20.00 40.00 0.00

4 20.00 40.00 0.00

5 20.00 40.00 0.00

6 20.00 40.00 0.00

7 20.00 40.00 0.00

8 20.00 40.00 0.00

9 20.00 40.00 0.00

10 20.00 40.00 0.00
11 20.00 40.00 0.00
12 20.00 40.00 0.00
13 20.00 40.00 0.00
14 20.00 40.00 0.00
15 20.00 40.00 0.00
16 20.00 40.00 0.00
17 20.00 40.00 0.00
18 20.00 40.00 0.00
19 20.00 40.00 0.00
20 20.00 40.00 0.00
21 20.00 40.00 0.00
22 26.00 40.00 0.00
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Table 4-9 (continued)

$6.External Parameters
Chezy, wx,Wy,CSHE, TEQ, Rdecay, Lat.
.00 0.00 0.00 0.00 0.00 0.00 15.5
$7.output Profiles
$nprofiles 2
$ipwest,ipest, jpsouth, jpnorth
u-vel, v-vel, w-vel

$nconstituents
I-const(l),I-const(2), I-const(3), etc
1 12 2 12
0 1 0
2
1 2
2 20 6 6
1 0 0
2
1

$8.0output Surfaces

$nsurfaces $nconstituents 2 1
$u-vel v-vel 1

$I-coq§t(1), I-const(2), I-const(3), etc.

$9.0utput Time Series

$ntimser 2

$nconst, iconst, jconst,kconst
212 5 4

212 7 8
$10.simulation time conditions
$dtm tmend 120.00000 240.00000
$tmeout tmeserout 240.0 2.0
$11.Internal Boundary Locations
$nintbnd
$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
$12.Constituent Averages
$nconarv
$constarv
$13. Groundwater Inflow
$ngrndwtr 0
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Table 4-10. South-north slice through the discharge showing velocity and salinity profiles.

south-North v-velocity profiles, cm/sec at i=
. 5.

. 3. 4 . 7.
0.30 0.66 1.10 1.16 1.09 -0.84
0.22 0.55 1.04 1.15 1.17 -0.89
0.00 0.39 0.89 1.12 1.27 -0.87
0.00 0.00 0.63 0.88 1.40 -0.79
0.00 0.00 0.00 0.66 1.56 -0.56
0.00 0.00 0.00 0.00 1.43 0.25
0.00 0.00 0.00 0.00 0.00 5.33
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

south-North Constituent Profiles forsaln at i=

2. 3. 4, S. 6. 7.
40.00 40.00 40.00 40.00 40.00 40.00
40.00 40.00 40.00 40.00 40.00 40.00
0.00 40.00 40.00 40.00 40.00 40.00
0.00 0.00 40.00 40.00 40.00 40.00
0.00 0.00 0.00 40.00 40.01 40.00
0.00 0.00 0.00 0.00 40.05 40.05
0.00 0.00 0.00 0.00 0.00 42.46
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
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Table 4-11. Bottom south-north velocity component and salinity distribution.

Bottom South-North v-bottom velocities, cm/sec
0.00 .00 1. 2.3 2.62 .

0 97 2 6 2.87 3.10 3.30 3.47 3.59 3.69 3.70 3.82
1.28 1.28 1.97 2.32 2.62 2.87 3.10 3.30 3.47 3.59 3.69 3.70 3.82
1.32 1.32 2.98 3.71 4.25 4.72 5.15 5.55 5.90 6.16 6.35 6.44 6.56
0.54 0.54 1.85 2.11 2.36 2.61 2.87 3.18 3.56 3.82 3.92 4.16 4.23
0.24 Q.25 1.69 1.79 1.89 2.09 2.35 2.73 3.25 3.65 3.77 4.12 4.00
-0.11 -0.10 1.22 1.46 1.85 2.07 2.27 2.57 3.04 3.74 4.13 4.34 3.93
-0.23  -0.23 -0.30 0.15 0.90 1.53 2.15 2.75 3.28 3.97 5.33 4.56 3.83
-0.44 -0.44 -0.38 -0.45 -0.45 -0.57 -0.43 -0.51 -0.40 -0.47 1.43 1.91 1.99
-0.49 -0.50 -0.38 -0.32 -0.22 -0.20 -0.21 -0.18 -0.15 0.17 0.66 1.13 1.25
-0.54 -0.54 -0.42 -0.30 -0.18 -0.08 0.02 0.13 0.26 0.43 0.63 0.62 0.60
-0.54 -0.55 -0.44 -0.32 -0.20 -0.0% 0.01 0.11 0.21 0.32 0.3% 0.40 0.36
-0.43 -0.43 -0.37 -0.27 -0.1& -0.08 -0.01 0.06 0.12 0.18 0.22 0.21 0.19
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Table 4-12. Open boundary specifications for project Coastal Brine TSC 02.

1 2 2 2 13 0.0

2 21 21 2 13 0.016
3 4 6 13 13 0.0

4 7 9 13 13 0.004
5 10 12 13 13 0.008
6 13 15 13 13 0.012
7 16 19 13 13 0.016
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Table 4-13. Tidally averaged bottom U-velocity component and salinity distribution for Coastal Brine 02 project with
tides along all boundaries.

Bottom West-East Arv U- velocities, cm/sec
~1.78 -1.77 -2.0 -2.24 -0.56 ~-0.13 -0.74 0.02 0.48 0.00 g.56 1.38 0.91 1.10 2.56 2.50 2.54 2.73 2.20 2.20
~2.12 -2.09 -2.08 ~-2.30 -0.61 -0.17 -0.78 0.00 0.47 0.00 0.59 1.44 0.97 1.18 2.65 2.59 2.63 2.80 2.33 2.33
-3.00 -3.06 -2.47 ~1.97 -1.54 -1.19 -1.01 -0.45 -0.13 0.04 0.69 1.47 1.76 2.21 2.67 3.13 3.49 4.47 2.89 2.89
~2.36 -2.41 ~-1.95 -1.76 -1.69 -1.51 -1.28 -1.12 -0.85 -0.22 0.88 1.71 2.37 2.76 2.97 3.21 3.61 4.37 3.02 3.02
-1.66 -1.69 ~-1.48 -1.57 -1.72 -1.79 -1.85 -1.91 -1.72 -0.96 1.50 2.60 3.17 3.41 3.43 3.44 3.54 3.72 2.90 2.90
-0.72 -0.70 -0.70 -1.01 -1.41 -1.86 -2.33 -2.81 -3.02 -2.41 2.93 3.85 4.14 3.99 3.61 3.32 3.00 2.83 2.65 2.65
0.44 0.52 0.46 0.14 -0.35 -1.04 -1.92 -3.25 -4.74 -5.06 5.73 5.67 4.86 3.91 3.12 2.50 1.90 1.55 2.20 2.20
1.19 1.31 1.34 1.26 1.19 1.12 1.04 0.99 0.81 0.94 0.61 0.91 0.89 0.96 0.90 0.80 0.59 0.31 1.76 1.75
1.22 1.35 1.33 1.31 1.29 1.29 1.29 1.29 1.26 1.19 0.80 0.69 0.63 0.59 0.55 0.50 0.38 0.05 1.61 1.61
1.01 1.13 1.16 1.18 1.19 1.20 1.20 1.18 1.12 0.98 0.73 0.57 0.48 0.44 0.42 0.39 0.32 0.01 1.58 1.58
0.79 0.89 0.95 1.00 1.04 1.05 1.05 1.01 0.94 0.81 0.65 0.52 0.43 0.36 0.32 0.28 0.23 -0.01 1.49 1.49
0.56 0.64 0.74 0.82 0.87 0.89 0.89 0.86 0.79 0.69 0.57 0.45 0.36 0.28 0.22 0.16 0.11 -0.08 1.31 1.31

sottom Constituent Arv for  saln
40.00 40.00 40 0.00



5. APPLICATION OF THE TEMPERATURE, SALINITY, FIRST-ORDER
DECAY CONSTITUENT MODEL TO LAKES AND RESERVOIRS

Lake and reservoir simulations with the INTROGLLVHT modeling have simpler
setups and input files than the simulations for the tidal estuary and coastal projects.
There are, however, a number of important types of flow conditions occurring in
lakes and reservoirs that affect water quality constituent distributions within them. In
this chapter, the lake and reservoir cases are set up for the TSC model to show the
types of flow patterns produced by different temperature inflows, inflow locations,
and surface heat exchange conditions. In later chapters, the lake and reservoir projects
will be applied to the DOD and WQDPM water quality models.

The data file for the lake and reservoir projects is given in Table 5-1. The data were
obtained by overlaying a U.S.Geological Survey Quad sheet that contains the
contoured lake bathymetry with a transparent 400 m by 400 m grid. The depths were
then placed at the center of each grid cell.

The reservoir bathymetric map, drawn from the Reservoir BATH PLT data file, is
shown in Figure 5-1. The reservoir has a main stem running from I =2,J=8to [ =
12, J =9, which is the main inflow. It has a side arm entering at I = 8, J = 2. There is
a dam extending across the eastern end of the reservoirat [ =12 fromJ=6to J =11
for a length of 2400 m, and there are outflows at the dam.

The reservoir has a maximum depth of about 11 m, and a fairly steep bottom along
part of the northern side. There are extensive bottom flats between the 2 m and 4 m
contour. The reservoir has a surface area of approximately 9.8 x 10° m? or 980
hectares (2420 acres). This size reservoir could be a small recreational lake or a
medium-sized steam electric plant recirculating cooling lake.

5.1 Lake with Cold Water Inflow

The bathymetry in Table 5-1 and Figure 5-1 is first treated as a small recreational
lake. The project name for the first application is Res TSC 01. The input data for
this project is shown in Table 5-2.

The main stem inflow at [=2,J =8, and K =2is 5.0 m*/s at a temperature of 20° C.
The branch inflow at I =8, J =2, and K = 2 is 0.50 m’/s at a temperature of 20° C.
The outflow at the dam, I =12, J=9, and K = 11, is 5.5 m’/s and is exactly equal to
the sum of the two inflows. In INTROGLLVHT, it is necessary for the sum of the
outflows to equal the sum of the inflows because only steady reservoir problems can
be run with the model. The reservoir temperature profile is initialized uniformly at

30° C, and the constituent is initialized at 100 ug/l as a virtual dye for the estimate of
residence time.

For external parameters, the Chezy bottom friction coefficient is set at 35 m"*/s and
there are no surface wind shear components. The coefficient of surface heat exchange
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is set at 25 watt/m”/°C and the equilibrium temperature of surface heat exchange is set
at 35° C such that there will be a tendency for the reservoir surface and cold water
inflows to warm up. The CSHE and the Teq are derived and evaluated in Chapter 11.

The Rdecay is set to zero so that residence times throughout the lake can be evaluated
from the initialized arbitrary constituent concentration.

A profile slice is taken from west to east along the main stem of the lake to show the
horizontal velocity profiles, the temperature profiles and the constituent concentration
profiles. A similar profile is taken from south to north along the arm for the same
parameters. The surface values of horizontal velocity and temperature are selected for
printout. Time series are output for temperature at the surface and near the outlet at
the dam.

The simulation is run at a 200-second time step over 480 hours (20 days). Printouts
are made every 240 days to have an intermediate set of results for comparison to the
final results to determine how close steady-state conditions are approached halfway
through the simulation. The time series are printed out every 6 hours through the
simulation. For constituent averages, one constituent, the arbitrary constant, is
required for the residence times to be printed out.

5.1.1 Simulation Results

The main stem longitudinal slice results for the horizontal velocity component, the
temperature profiles, and the residence times are given in Table 5-3. The comparison
of the velocity and temperature profiles show the cold water entering with the main
stem inflow and ducking under the surface to keep the bottom water cool. There is
some mixing of warmer surface water down into the inflow. The velocity profiles
show a surface returmn current from the dam back toward the inflow, and a bottom
return current in a small length of the main channel. The flow toward the dam is
between these two layers. Surface heating helps to produce the temperature profiles,
which at the dam show a difference of 3° C between the surface and the lower layers.

A west to east longitudinal slice of velocity vectors and isotherms is shown in Figure
5-2. The figure shows that the main stem inflow mixes with the warmer surface water
just as it enters the lake, but it is still cool enough that it flows toward the dam as a
strong thin interflow about 2 m thick. It is located 3 m to 4 m below the surface. The
temperature profile thermocline is located in the region of the interflow. As will be
seen when this case is used for application with the DOD and WQDPM models, the
flow pattern through the reservoir strongly influences the distribution of water quality
throughout it.

The residence times in Table 5-3 are for individual cell locations within the reservoir
and do not represent flushing times out of it. The local residence times are 7 days to
28 days near the main stem inflow. Proceeding down the lake to I = 6, about 2.4 km
from the inflow, the residence times are larger on the surface than on the bottom. The
local residence times get quite large in the deeper bottom waters near the dam.
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Comparison of the 240 hour and 480 hour spatial output results, as well as the time
series results, indicate that steady-state conditions are reached in 20 days. The
residence times, however, suggest that a longer simulation should be made to see if
they change substantially. The complete set of output results are given in the
Applications subfolder for this project.

5.1.2 Effects of Groundwater Inflow

The groundwater inflow into lakes and reservoirs can have an influence on the
temperature profiles and on the circulation. In this section, the project Res_TSC 01 1s
extended to include a groundwater inflow to show its influence. The lake project with
a groundwater inflow is Res TSC_Ola.

Table 5-4 contains the portions of the Res TSC 01 input file revised to include a
groundwater inflow. The groundwater inflow is 10 m’/s into the bottom of cells with
KO0(1,]) extending from kgmdU = 7 downward to the bottom. The groundwater inflow
is added to the outflow (Item $4) to ensure that the sum of the inflows equals the sum
of the outflows as required for the reservoir analysis.

The results of including a groundwater inflow into the lake are given in Table 5-5.
These results show that the groundwater inflow modifies the temperature profiles by
reducing the hypolimnetic temperatures and increases the bottom circulation near the
dam. The local residence times are also reduced.

5.1.3 Suggested Study Examples for Lake Project Res TSC 01
Following are some suggested study examples.

Res TSC 01b. Turn off the inflow and outflow by setting them to zero, and initialize
the lake to a temperature of 20° C to investigate how the lake stratification develops
due to surface heat exchange alone.

Res_TSC Olc. Place a surface wind on project Res TSC_01b to investigate the
effects of wind on developing the stratification and the kind of circulation that can be
induced under stratified conditions.

Res_TSC_01d. Turn off surface heat exchange in Res 01b by setting the CSHE to
zero. Place a surface wind on the reservoir to investigate the kind of circulation that
can develop due to wind alone with no stratification.

Res TSC_0Ole. Starting with Res TSC_01, set the inflow temperatures at values
higher than those found from the base simulation to determine the kind of circulation
that can develop with a warm surface over flow.

Res_TSC 0If. Continue with the groundwater inflow project, Res TSC 0la, to
determine what would happen if the main stem inflow of 5 m*/s is turned off and the
groundwater inflow is set to this value.
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Res_TSC_0lg. Beginning with the groundwater inflow project, Res TSC Ola,
determine the effects of different groundwater inflow temperatures. Assume a case
where the groundwater inflow 1s due to warm springs at temperatures near 25° C.

5.2 Closed Loop Cooling Reservoir with Skimmer Walls

Small reservoirs are sometimes used to dissipate the waste heat from steam electric
power plants. They are usually closed loop operations where the plant intake is on
one part of the reservoir and the discharge is on the other. The flow from the
discharge to the intake recirculates and the surface temperature builds up to a level
where the dissipation of heat at the surface equals the heat rejected to the reservoir by
the discharge.

There are a number of different problems to be examined for the cooling reservoir
operations. One is to study the intake temperatures resulting from different kinds of
operations and plant sizes to determine if they will exceed values where plant
efficiency is affected. Another is to study the temperature distributions throughout the
reservoir for assessment of effects on aquatic life.

5.2.1 Input Data for Cooling Reservoir Project Res TSC 02

The cooling reservoir project is designated Res TSC 02. The input data for this
project is given in Table 5-6. There is one inflow, the plant discharge located on the
southern shore approximately 1.6 km from the upper end of the reservoir. The intake
is located at the southern end of the southern embayment drawing from 1 =9, J = 2,
and K = 2. The relationship between a steam electric plant generating capacity, heat
rejection, condenser temperature rise, and pumping rate is presented later in Chapter
11, Section 11.6.

The cooling reservoir is initialized to 30° C throughout. The CSHE is set to 35
W/m?/°C in anticipation of much higher surface temperatures. The Teq is set to 30° C
so that heat dissipation at the water surface takes place only when the surface
temperature exceeds the initial temperature.

Profile outputs are specified along the main stem of the reservoir and from south to
north through the plant intake. Surface horizontal velocities and temperatures are
specified. Time series are specified at the plant intake, near the plant discharge, and
in the deeper water near the dam.

A skimmer wall is placed across the intake embayment to keep warmer surface water
out and to let cooler bottom water into the intake. It extends from I = 8 at the western
end to I = 11 at the eastern end along J = 5. The skimmer wall extends from Ktop = 2
at the water surface to Kbottom = 4. For the latter, there will be a maximum of 2 m of
flow under it at the deepest part of the cross-section behind the skimmer wall.
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5.2.2 Res_TSC 02 Simulation Results

The Res TSC 02 detailed simulation results are given in the example applications
folder. The profile of temperatures and velocity vectors along the main stem are
shown in Figure 5-3. It shows high temperatures off the discharge location and
decreasing surface temperatures down the reservoir. There is much cooler water on
the bottom of the main stem. The velocities show a flow down the surface, a sinking
near the dam, and an intermediate return flow toward the head of the reservoir. The
latter has a temperature similar to that of the surface water at the dam. The return
flow is a density-induced baroclinic flow.

The profile slice through the southern arm and the skimmer wall is shown in Figure
5-4. It shows relatively higher velocities under the skimmer wall into the intake
embayment. There is a difference in temperature between the surface water outside
the skimmer wall and at the intake of about 3.5° C.

The time series show that steady-state conditions are approached over the 20 days of
simulation, but temperatures are still increasing slightly.

5.2.3 Cooling Reservoir Excess Temperature Computations

When analyzing cooling water discharges, excess temperature can be used as a
parameter. The excess temperature is the increase in temperature due to the cooling
water discharge alone. As shown in the input given in Table 5-7 for project
Res TSC 03, the computation does not require meteorologic data to evaluate the

equilibrium temperature of surface heat exchange or to specify the initial temperature
of the reservoir.

The resulting distribution of excess temperature and the velocity vectors are shown
for the profile along the main stem in Figure 5-5. It is similar to the distribution of
temperature. The excess temperature is a useful parameter for rapid assessment of the
sensitivity of the results to plant pumping rates and temperature rise (heat rejection

rate) as well as surface heat exchange, requiring only the specification of the CSHE
to represent surface heat exchange.

5.2.4 Suggested Example Problems

Following are suggested example problems.

Res_TSC 02a or Res_TSC 03a. Perform a simulation without the skimmer wall to
determine how it contributes to lowering intake temperatures.

Res_TSC 02b or Res_TSC_03b. Perform a simulation including a groundwater
inflow to determine its effects on temperatures within the reservoir, on the intake

temperatures, and on the temperatures at the reservoir downstream outlet. Examine
the effects of outlet elevation on the temperatures.
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Res TSC 03c. The results of the simulations with the skimmer wall indicate that
there is a large volume of cooler water in the bottom main channel region of the
reservoir that cannot reach the intake because of the present reservoir bathymetry. Set
up a new reservoir bathymetry from a copy of the existing one, name it Reservoir_01
for example, and place deeper channels extending out from under the skimmer wall to

the deeper water in the channel. Perform simulations to determine the effectiveness of
the channelization.
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Figure 5-1. Reservoir bathymetry from Reservoir BATH PLT file.
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Figure 5-3. Cooling reservoir main stem temperatures and velocities for
Res TSC 02.
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Figure 5-4. Cooling reservoir project Res TSC_02. Profile of temperatures and
velocities through intake and skimmer wall.
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Figure 5-5. Cooling reservoir project Res TSC 03 main stem reservoir profile of
excess temperature and velocity vector distributions.
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Table 5-1. Reservoir bathymetry data file.
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Table 5-2. Input data table for lake project Res TSC 01.

Res_TSC_01
$1.nwgm 1
$2.Inflow Conditions
$ninfiows

2
$qinflow,iinflow, jinflow,kinflow
$intake,inintake, jintake, kintake
$temp,881n,cogst,cbgd,on,ghB,do(d),no3,op,po4,phyt
5.

0 0 0 0

20.00 0.00 0.00

0.50 8 2 2

0 0 0 0

10.00 0.00 0.00
$.4 outflow conditions
$noutflows 1
$goutflow,ioutflow, joutflow, koutflow

5.50 12 9 11
$4.Elevation Boundary Conditions
$nelevation kts 0 2
$iewest,ieeast, jesouth, jenorth
zmean,zamq,tme]ag,tideper

n

k,temp,saln,const,cbod,on,nh3,do(d),no3,0p,po4,phyt for k=2,km-2
$5.Initialize water Quality Profiles
$ninitia?l 1
k,temp,saln,const,cbod,on,nh3,do(d),no3,0p,po4,phyt for k=2,km-2
2 30.00 0.00 100.00
3 30.00 0.00 100.00
4 30.00 0.00 100.00
5 30.00 0.00 100.00
6 30.00 0.00 100.00
7 30.00 0.00 100.00
8 30.00 0.00 100.00
9 30.00 0.00 100.00
10 30.00 0.00 100.00
11 30.00 0.00 100.00
12 30.00 0.00 100.00
13 30.00 0.00 100.00

$6.External Parameters
Chezy, Wwx,Wy,CSHE, TEQ, Rdecay, Lat.

35.00 0.00 0.00 25.00 35.00 0.00 28.20
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Table 5-2 (continued)

$7.output profiles

$nprofiles 2
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel

$nconstituents
$1-const(1l),I-const(2), I-const(3), etc
2 1 8 8
1 0 0
2
1 3
8 8 2 10
0 0 0
2
1 3
$8.output surfaces
$nsurfaces $nconstituents 1

$u-vel v-vel 1.0000000E+00 O. OOOOOOOE+OO
$I-c€nst(l), I-const(2), I-const(3), etc.

$9.0utput Time Series
2

$ntimser
$nco?st, iconst, jconsg,kconst
1 12 9 11

$10.simulation time conditions

$dtm tmend 200.0000 480.0
$tmeout tmeserout  240.0 6.0
$11.Internal Boundary Locations
$nintbnd

$ibwest, ibeast, jbsouth, jbnorth, ktop, kbottom
$12. Constituent Averages

$nconarv 1

$ncogstarvs

$13. Groundwater Inflow
$ngrndwtr 0
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Table 5-3. Lake project Res TSC 01 results for west to east slice along the main stem of velocity profiles, temperatures profiles, and
residence time in days in each model cell.

west-East U-velocity profiles, cm/sec at j= 8
. 4. 5. 6. 7. 8. 9. 10. 11. 12.
-0.16 -1.44 -1.99 -1.52 -1.23 -0.72 -0.48 -0.32 -0.20 -0.09 0.00
1.41 1.60 1.32 0.38 0.28 0.13 0.17 0.14 0.14 0.07 0.00
0.00 0.00 1.24 1.26 .42 1.16 0.90 0.62 0.42 0.26 0.00
0.00 0.00 0.00 1.19 1.14 0.87 0.74 0.57 0.41 0.24 0.00
0.00 0.00 0.00 0.00 0.08 0.38 0.30 0.34 0.28 0.17 0.00
0.00 0.00 0.00 0.00 0.00 -0.18 0.08 0.11 0.17 0.11 0.00
0.00 0.00 0.00 0.00 0.00 0.00 -0.13 0.02 0.10 0.09 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.14 0.11 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.16 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
west-East Constituent Profiles fortemp at j= 8
2. . . . 6. 7 8. 9 10. 11 12
24.22  32.55 33.10 33.30 33.51 33.49 33.63 33.70 33.71 33.71 33.68
24.24 28.85 31.53 32.34 32.53 32.62 32.66 32.67 32.68 32.67 32.66
0.00 0.00 31.53 31.90 31.96 32.02 32.06 32.09 32.11 32.12 32.12
0.00 0.00 0.00 31.90 31.79 31.76 31.74 31.73 31.73 31.73 31.73
0.00 0.00 .00 0.00 31.54 31.49 31.48 31.46 31.45 31.45 31.46
0.00 0.00 0.00 0.00 0.00 31.23 31.20 31.20 31.20 31.20 31.20
0.00 0.00 0.00 0.00 0.00 0.00 30.96 30.96 30.96 30.96 30.97
0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.76 30.76 30.77 30.77
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.62 30.62 30.62
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.50 30.49
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.34
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
west-East Constituent Profiles for arvbDays at j= 8

. . 4. . 6. 7 8 9 10. 11 12
7.02 34.67 42.83 48.16 54.00 56.94 63.35 70.48 79.89 88.42 96.89
7.05 16.67 28.90 36.34 41.69 45.97 50.22 55.27 63.04 72.97 84.26
0.00 0.00 28.92 32.52 34.69 37.01 40.41 44.90 51.53 61.79 74.53
0.00 0.00 0.00 32.53 34.56 36.96 41.40 46.72 53.53 63.85 77.44
0.00 0.00 0.00 0.00 39.33 45.18 50.72 59.09 66.80 77.53 90.91
0.00 0.00 0.00 0.00 0.00 62.2 69.79 81.17 91.57 102.47 115.08
0.00 0.00 0.00 0.00 0.00 0.00 100.52 112.96 127.84 140.34 153.01
0.00 0.00 0.00 0.00 0.00 0.00 0.00 159.07 175.19 190.47 205.96
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 234.84 250.73 269.47
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 336.32 355.51
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 556.77
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 5-4. Portions of the lake project Res TSC_01 input file modified to include a groundwater inflow for Project Res TSC Ola.

Res_TSC_0la
$1.nw$m 1
$2.Inflow Conditions
$ninfiows

$ginflow,iinflow, jinflow,kinflow

$intake,inintake, jintake, kintake

$temp,sa1n,const,cbgd,on,gh3,do(d),no3,op,po4,phyt
5.00 2

0 0 0 0
20.00 0.00 0.00
0.50 8 2 2
0 0 0 0
10.00 0.00 0.00
$.4 outflow Conditions
$noutflows 1
$qgoutflow,ioutflow, joutfliow, koutflow
15.50 12 9 11

(Items $5 to $12)

$13. Groundwater Inflow
$ngrndwtr 1
$qgrndwtr kgrndu kgrndl
10 8 15

$temp saln const
10.0 0.0 0.0
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Table 5-5. Lake project with groundwater inflow Res TSC_0la results for west to east slice along the main stem of velocity, temperature,
and residence time profiles.

west-East U-velocity profiles, cm/sec at j= 8
. 4. 5. 6. 7. 8. 9. 10. 11. 12.
-0.15 -1.09 -1.65 -1.14 -0.82 -0.66 -0.44 -0.17 -0.08 0.04 0.00
1.40 1.57 1.41 1.03 0.65 0.65 0.45 0.34 0.29 0.07 0.00
0.00 0.00 1.33 .54 1.26 1.11 0.90 0.62 0.41 0.29 0.00
0.00 0.00 0.00 0.41 1.45 0.91 1.01 0.75 0.51 0.27 0.00
0.00 0.00 0.00 0.00 -0.43 0.85 0.66 0.78 0.64 0.37 0.00
0.00 0.00 0.00 0.00 0.00 -1.17 ~-1.00 ~0.24 ~0.01 -0.08 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.49 -0.46 -0.23 -0.04 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.61 0.14 0.22 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.28 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.68 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
West-East Constituent Profiles fortemp at j= 8
2 5. 6. 7 8 9 10. 11 12

24.14 32.35 32.71 32.95 33.15 33.31 33.27 33.28 33.38 33.29 33.46

24.16 28.69 31.09 31.64 31.80 31.88 31.97 32.01 32.03 32.04 32.02
0.00 0.00 31.09 30.95 31.17 31.16 31.16 31.16 31.16 31.15 31.15
0.00 0.00 0.00 30.83 30.31 30.38 30.34 30.35 30.35 30.36 30.36
0.00 0.00 0.00 0.00 29.41 29.28 29.36 29.36 29.37 29.38 29.40
0.00 0.00 0.00 0.00 0.00 28.23 28.10 27.97 27.92 27.92 27.92
0.00 0.00 0.00 0.00 0.00 0.00 25.31 25.45 25.44 25.43 25.44
0.00 0.00 0.00 0.00 0.00 0.00 0.00 23.38 23.45 23.46 23.44
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.64 21.68 21.67
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.99 20.03
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15.90
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

wWest-East Constituent Profiles for arvDays at j= 8
2. 3. 4. 5. 6. 7 8 9 10. 11 12
6.80 31.28 36.23 40.32 44.75 49.86 51.69 55.40 61.63 66.64 74.84
6.82 15.79 25.32 29.71 33.45 37.17 40.77 45.44 51.17 58.46 66.30

0.00 0.00 25.34 27.49 29.84 32.47 35.79 38.27 43.42 50.84 57.15
0.00 0.00 0.00 27.91 30.99 32.18 35.44 38.09 40.78 45.38 50.77
0.00 0.00 0.00 0.00 33.15 33.61 35.48 38.14 39.89 42.15 45.42
0.00 0.00 0.00 0.00 0.00 34.30 34.00 34.47 35.71 38.27 40.08
0.00 0.00 0.00 0.00 0.00 0.00 24.70 26.70 27.82 28.68 29.61
0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.20 22.01 22.77 23.11
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.10 18.56 18.83
0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 15.50 15.74
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.01
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 5-6. Input data table for cooling reservoir project Res TSC_02.

Res_TSC_02
$1. nwgm 1
$2.1nflow Conditions

$ninflows 1

$qginflow,iinflow, jinflow,kinflow

$intake,inintake, jintake,kintake

$temp,saln,const, cbod,on,nh3,do(d),no3,op,po4, phyt
107.0 9 42 72 2

1
10.00 0.00 0.00
$.4 outflow Conditions
$noutflows 1
$qoutflow,ioutflow, joutflow, koutfiow
07.0 2 2

$4.ETevation Boundary Conditions

$nelevation kts 0 2
$iewest,ieeast,jesouth, jenorth

zmean, zamp, tmelag, tideper
k,temp,saln,const,cbod,on,nh3,do(d),no3,op,pod,phyt for k=2,km-2
$5 Initialize water Qua11ty Profiles

$ninitial
k,temp,saln,const, cbod on,nh3,do(d),no3,0p, pod,phyt for k=2,km-2
2 30.00 0.00 100.00
3 30.00 0.00 100.00
4 30.00 0.00 100.00
5 30.00 0.00 100.00
6 30.00 0.00 100.00
7 30.00 0.00 100.00
8 30.00 0.00 100.00
9 30.00 0.00 100.00
10 30.00 0.00 100.00
11 30.00 0.00 100.00
12 30.00 0.00 100.00
13 30.00 0.00 100.00

$6. External Parameters
Chezy, Wx,Wy,CSHE, TEQ, Rdecay, Lat.
35.00 0.00 0.00 35.00 30.00 0.00 28.20
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Table 5-6 (continued)

$7.output Profiles

$nprofiles 2
$ipwest,ipest,jpsouth, jpnorth
$u-vel, v-vel, w-vel

$nconstituents
$I-const(1l),I-const(2), I-const(3), etc
2 12 8 8
1 0 0
1
1
9 9 2 10
0 1 0
1
1
$8.0utput Surfaces
$nsurfaces $nconstituents 1

$u-vel v-vel 1.0000000E+00 O. 0000000E+00
$I—cgnst(1), I-const(2), I-const(3), etc.

$9.0utput Time Series

$ntimser 3

$nconst, iconst, jconst,kconst
1 2

1 9 2 2

1 12 9 10
$10.simulation time conditions
$dtm tmend 200.0000 480.0
$tmeout tmeserout  240.0 6.0
$11.1Internal Boundary Locations
$nintbnd 1
$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
8§ 11 5 5 2 4
$12. Constituent Averages
$nconarv 0
$nc085tarvs

$13. Groundwater Inflow
$ngrdwtr 0

9%
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Table 5-7. Input data table for project Res TSC_03, evaluating excess temperatures
for a cooling water discharge.

Res_TSC_03
$1.nwgnm 1
$2.1nflow Conditions
$ninflows

1

$ginflow,iinflow, jinflow,kinfliow
$intake,inintake, jintake, kintake
$temp,saln, const,cbod,on,nh3,do(d),no3,o0p,po4,phyt

107.0 4 7 2

1 9 2 2

10.00 0.00 0.00
$.4 outflow Conditions
$noutflows 1
$gouttlow,ioutflow, joutflow, koutflow

107.0 2 2
$4.Elevation Boundary Conditions
$nelevation kts 0 2
$iewest, jeeast, jesouth, jenorth
zZmean, zamp, tmeiag, tideper
k,temp,saln,const,cbod,on,nh3,do(d),no3,0p,pod,phyt for k=2,km-2
$5.Initialize water Quality Profiles
$ninitial
k,temp,saln,const,cbod,on,nh3,do(d),no3,0p,pod,phyt for k=2,km-2
$6.External Parameters
Chezy, wx,Wy,CSHE, TEQ, Rdecay, Lat.

35.00 0.00 0.00 35.00 0.00 0.00 28.20
$7.output profiles
$nprofiles
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel
$nconstituents
$I-const(1),I-const(2), I-const(3), etc

1% g 8
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$8.output Surfaces

$nsurfaces $nconstituents 1 1
$u-vel v-vel 1.0000000E+00 0.0000000E+00
$I—cgnst(1), I-const(2), I-const(3), etc.

$9.0utput Time Series

$ntimser 3

$nconst, iconst, jconst,kconst
1 4 7 2

1 9 2 2

1 12 9 10
$10.simulation time conditions
$dtm tmend 200.0000 480.0
$tmeout tmeserout 240.0 6.0
$11.1Internal Boundary Locations
$nintbnd 1
$ibwest,ibeast, jbsouth, jbnorth, ktop, kbottom
g8 11 5 5 2 4
$12. Constituent Averages
$nconarv 0
$ncogstarvs

$13. Groundwater Inflow
$ngrndwtr 0



6. APPLICATION OF THE DISSOLVED OXYGEN DEPRESSION MODEL

The DOD model allows one to determine how much an inflow will depress the
dissolved oxygen within a water body due to the discharge of organic nitrogen (ON),
ammonium (NH;), and carbonaceous biochemical oxygen demand (CBOD). The
DOD model is derived and discussed in detail in Chapter 12 where the CBOD
oxidizes to carbon dioxide with the uptake of dissolved oxygen. The ON mineralizes
to NH,4 and the NH, oxidizes to nitrate (NO;) with the uptake of dissolved oxygen.

The DOD model does not require one to perform a complete dissolved oxygen study
for a water body. For this reason, the DOD model should be run before the WQDPM
model to get some indication about where there might be dissolved oxygen problems
in the water body relative to inflows. The WQDPM model can be run for nearly the
same conditions as the DOD model for a comparison of results of the former to test
its setup. The reaction rates in the DOD model are temperature dependent, requiring
that it always include temperature computations.

The DOD model has a nwqm = 2. Its water quality parameter table is discussed in
Chapter 3, Section 3.3.2. The default parameter data file name is DOD_WQM.dat.

A number of different modeling techniques are used in this chapter to study the
properties of the DOD model. The DOD model is first set up as a tank test that allows
one to examine how the concentrations of each constituent change over time from a
specified set of initial concentrations. It is then run for a simple stream that gives
results of the longitudinal variations of the different constituents in response to a
stream and point discharge inflow that can be compared with the analytical solutions
for DOD given in Chapter 12. Finally, it is set up and run for the reservoir case to
show the combined effects of the interaction of a complex flow field and stratification

on the dissolved oxygen. These techniques apply to any water quality modeling
problem.

6.1 Application to a Tank Test

In a tank test, the model geometry is set up with only four cells, each at least two
layers thick. The water quality model constituent concentrations are initialized and
the water quality reactions take place over time at the specified rate parameters. A
surface wind is placed on the tank to keep it completely mixed. The main output of
the tank test is the time series of constituent concentrations that show how the
constituents are interacting and how long it takes to reach a final steady-state set of
concentrations for the given rate parameters.

Another important use of the tank test is to check that the integration time step (dtm)
is not too large for the chosen reaction rates. The required limit is that KrAt <<1 for a
single reaction rate, Kr. There are interactions between the reactions that make the
limit a complex function of almost all of the reaction rates. The tank test allows one
to perform a simulation to determine if the resulting time series of the change in

101
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constituent concentrations over time are reasonable or if they change when At is
changed. Eventually, a At is found below which the time series results do not change.

The bathymetric file for the tank test is given in Table 6-1. It shows four cells of
depth 1 m that are divided into two layers of 0.5 m thickness each.

6.1.1 Tank Test Input File

The input file for the tank test of the DOD model is given in Table 6-2. The only
items specified are the nwgm of the water quality model (2), the initial concentration
of each of the DOD constituents, bottom friction and surface wind, the time step, and
output times. The time series of each constituent at the center of the tank is selected
for output.

The DOD default water quality rate parameters are placed in the skeleton water
quality model file, Tank DOD 01 WQM.dat, from the default parameter file
DOD WQM.dat. The DOD parameter file includes the surface wind speed from
which the surface reaeration rate is computed.

6.1.2 Tank Test Results

The time series for the tank test of the DOD model is given in Figure 6-1. It shows
the biochemical oxygen demand (BOD) and the ON decaying over time. It also
shows the NH, increasing over time as the ON converts to NH,. After the ON
concentration decreases sufficiently, the NH; starts to decrease to NO;. The NO;
increases as the NHy 1s converted to it.

The dissolved oxygen depression increases from zero to a maximum as more oxygen
is taken up by the decay of BOD and NH, than is supplied by surface reaeration. The
DOD then decreases as the surface reaeration begins to dominate.

The nitrogen constituents are not exchanged at the water surface or tank bottom. The
sum of the nitrogen constituents, shown in Figure 6-1, remains constant after initial
startup. This demonstrates that nitrogen is conserved in the tank test.

6.1.3 Suggested Study Examples

The following suggested examples are chosen not only to illustrate properties of the
tank test, but also to demonstrate properties of the DOD model.

Tank DOD_0la. Demonstrate that the tank test conserves mass by initializing the
arbitrary constituent concentration with Rdecay = 0.

Tank_DOD _01b. Determine if the tank test is sensitive to the surface area that could
increase the total amount of oxygen entering it through surface reaeration.
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Tank_DOD 0lc. Determine the sensitivity of the tank test results to the surface
reaeration wind speed specified in the tank test DOD WQM.dat file.

Tank_DOD 0ld,e,f- Run a series of tank tests to determine if the dissolved oxygen
depression is more sensitive to the initial value of BOD, ON, or NHa. Test for the
same initial concentrations of each.

Tank_DOD 0l1g h,i. Run a series of sensitivity tests to the kinetic rate coefficients for
the decay of BOD, the decay of ON, and the decay of NH3.

Tank_DOD_0Ij. Run a series of simulations at increasing maximum time steps, dtm,
to find where the results get unrealistic.

General. Nitrogen should be conserved in all the suggested study examples as shown
for the project example application Tank DOD 01. Make the same check for the rest
of the projects in this chapter.

6.2 Application to a Simple Stream

Interactive properties of the hydrodynamic and water quality model can be studied
initially by running a project as a simple stream. The DOD model has an analytical
solution for the simple stream case that can be used to validate the numerical
solutions. The technique of “folding” a simple stream on a model grid can be used to
represent long tributary inflows to a larger water body while conserving
computational grid space. Stream hydraulics are only approximated by this technique,

limiting its use as far as providing accurate information on surface profile
backwaters.

The bathymetric file for a simple stream is given in Table 6-3. It shows the length of
the stream folded back and forth across the table to represent a stream running from I
=2,J=12,11 toI1=2,J = 3,2. The stream is made two cells wide so that an elevation
boundary condition can be used at the downstream end. The stream is 40 km long,
200 m wide, and 2 m deep. It is divided into a minimum of two layers.

6.2.1 Stream Input File

The stream input file is given in Table 6-4. The stream project is named str DOD 01,
It is set up for a total river inflow of 30 m’/s, distributed as four separate inflows of
75msati=2forJ = 11,12 and K = 2,3. The river inflow temperature is 30° C, but
it carries no other constituents into the system. Similarly, a total facility discharge of
15 m’/s enters at I = 3, distributed as four separate inflows of 3.75 m’/s each for J =
11,12 and K = 2,3. The inflows are distributed uniformly over the cross-section of the
river to ensure complete mixing between the river and the facility discharge. The

facility discharges at the indicated temperature and concentrations for each of the
constituents in the DOD model.
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The downstream end of the stream reach is controlled by an elevation boundary
condition. The temperature profile at the elevation boundary is initialized in case
there is any backflow during initial model spin up. The temperature in the stream is
mitialized to 30° C to eliminate the necessity to spin up the temperatures along it.

Profile slices are taken for the first reach and last reach of the stream. The program
will print out the surface elevation along the reach, the velocity in each layer, and the
DOD in each layer. These can be checked to see how much vertical shear is
developed and to see if the DOD is truly vertically mixed.

The surface distribution specifies the printout of all the DOD model constituents at
the end of the simulation. Time series in the last cell before the two elevation
boundary cells are specified for each constituent and surface velocity. The time series
of surface elevation is specified at the head of the stream. These are chosen as checks
on the approach to steady-state conditions.

6.2.2 Stream Water Quality Parameter File

The default water quality parameters from DOD WQM.dat should be placed in
skeleton water quality parameter file Str DOD 01 _WQM.dat.

The water quality parameter file for the project requires a reaeration wind speed,
Wad. The Mackay (1980) formula is used to evaluate surface reaeration as a function
of wind speed. It applies to relatively deep water bodies with large surface areas.
Stream reaeration coefficients depend on stream velocity and depth as in the
Churchill et al. (1962) formula. Equating the two, as shown in Chapter 12, Section
12.7, gives an effective reaeration wind speed that can be used on streams of

Wad = 19.7*U%¢/H%4 (6.1)

where U is the average stream velocity computed by dividing the river flow by its
cross-section and H is the average stream depth.

The total stream flow downstream of the facility is 45 m®/s and the bathymetry gives
a cross-section of 400 m”. These combine to give a mean stream velocity of 0.113
m/s at a depth of 2 m. The effective wind speed, from Equation 6.1, is 3.6 m/s.

6.2.3 Stream Results

The profile of velocity and DOD and the longitudinal distribution of DOD
constituents are given in Table 6-5. The profiles show that the horizontal velocities
are different between the two layers and there is velocity shear. The DOD is uniform
between the two layers due to sufficient velocity shear.

The average of the top and bottom velocities at each location downstream of the
facility discharge varies around the mean cross-sectional velocity of 0.113 m/s. The
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top and bottom averages are slightly less immediately below the discharge because of
the increased surface elevation, and approach it near the downstream end.

Along the stream, the CBOD and NO concentrations decrease with distance. There is
an increase in NH; due to the mineralization of NO to NH3, followed by a decrease as
the NH; is oxidized to NOs. The DOD first increases due to the oxidation of CBOD
and NH;, followed by a decrease due to surface rearation becoming dominate. The
NOj increases with distance from the discharge.

The time series results, shown in str DOD 01 TSO.dat, show the concentrations of
all constituents increasing with time and all reaching a steady-state value after
approximately 185 hours of simulation. The CBOD takes the longest to reach a
steady-state value. The elevation near the discharge and the velocities reach steady
state quite rapidly.

6.2.4 Suggested Study Examples
Following are some suggested study examples.

Str_ DOD 0la. Increase the facility discharge temperature to 40° C to determine the
effects of a cooling water discharge on downstream DOD. Compare the computed
longitudinal temperature distributions with the analytical solution to the one-
dimensional temperature equation given in Chapter 11, Section 11.5.

Str_DOD _01b. Set the river inflow to zero so that the only flow in the stream is the
facility discharge and so that more pronounced constituent concentration gradients
are produced. Also, set the facility discharge concentration of ON to zero. Compare
the computed longitudinal distributions of CBOD, NH,4, and DOD to their analytical
solutions given in Chapter 12. Evaluate the time in the analytical solutions as a travel
time where t = X/U and X is the longitudinal distance from the discharge and U is the
mean stream velocity.

Demonstrate for all three projects, str DOD 01, str DOD 0la, and str DOD 01b,
that nitrogen is conserved between the facility inflow and the outflow. Do this by
estimating the mass flow rate of each nitrogen constituent into the stream from the
discharge as the product of the facility flow and constituent concentration, and
comparing it with the mass flow rate out of the lower end of the stream.

Discuss the differences between using the tank test and the simple stream to examine
the properties of a water quality model.

6.3 Application to a Reservoir

The reservoir project Res_TSC_01 given in Chapter 5 is used here to develop an
example application of the DOD model to a reservoir. The reservoir project was
chosen to show the interaction of the flow field and the water quality modeling
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results, and in particular the effects of stratification. The bathymetry of the reservoir
is as given in Table 5-1.

6.3.1 Reservoir Input File

The reservoir project is named Res_DOD_01. Its input file, Res DOD 01 INP.dat,
can be found in the example application folder. It is set up only for a main stem river
inflow. The inflow has relatively high concentrations of water quality constituents
that might be typical of runoff from a heavily used watershed. Except for
temperature, all the water quality constituents are initialized to zero.

6.3.2 Reservoir Results

The project time series results are found in the Res_ DOD 01 TSO.dat file. They are
printed out at the dam outlet to determine if the simulation time is long enough for
steady-state conditions to be reached at that location. Reaching steady-state
conditions at the dam does not necessarily mean they are reached at all locations.

The main stem profiles for velocity, temperature, and all the water quality
constituents are found in the Res DOD 01 SPO.dat file. The main constituent of
interest, DOD, 1is given as a profile plot in Figure 6-2. It shows that as the flow
proceeds through the reservoir the DOD decreases toward the dam and vertically
downward toward the outlet. The watershed loadings are sufficiently large to have a
significant potential impact on the reservoir dissolved oxygen.

As indicated in the project spatial output file, the other water quality constituents
follow the expected change in concentrations as they pass through the reservoir.

6.3.3 Suggested Study Examples
Following are some suggested study examples.

Res DOD 0la. Vary the inflow concentrations to find which water shed constituent
to control or reduce so that the dissolved oxygen depression is less than 1.5 mg/l
throughout the length of the reservoir.

Res DOD 01b. Place an interior boundary three cells up reservoir of the dam
extending from the bottom to a few layers below the water surface so that it acts as an
overflow weir. Test to determine if this reduces the DOD in the reservoir.

Res DOD _0lc. Vary the height of the outflow at the dam to see how this changes the
DOD in the reservoir.

Res DOD _01d. Using the interior boundaries, place a marina near the mouth of the
southern arm. Place one interior boundary extending from ibwest = 9 to ibeast = 10
along jbsouth = jbnorth = 4. Place the second along ibwest = ibeast = § extending
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from jbsouth = 3 to jbsouth = 4. Place an inflow to the southern arm of 3 m’/s at 1 =8,
J =2, and K = 2 with the same inflow constituents as in the main arm. Set up the
input data file for the computation of the distribution of flushing time throughout the
lake. Simulating the project with and without the marina breakwaters, determine the
effect of the latter on flushing time in the southern arm, and on the water quality as
indicated by the DOD.

Discuss what happens to the ON, NHj;, NOs, and DOD if the closed loop cooling lake
Res TSC 02 is initialized and run for these constituents.

General. For all the reservoir projects, determine if nitrogen is conserved by
comparing its mass inflow at the head water river with its mass outflow at the dam.
How good a measure of the approach to steady-state conditions is this balance?

Est DOD 0!. Starting with Est TSC 01, set up an estuarine case with the same
inflow rate, temperature, and constituent concentrations as used in the reservoir. Turn
off the facility inflow and withdrawal. Initialize temperatures within the reservoir and
at the tidal boundary to 30° C, and use the same salinity profile. Initialize the water
quality constituents to zero. Compare the DOD distributions in the reservoir with
those in the estuary and explain the differences.
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Figure 6-1. Tank test project Tank DOD_01 showing time series of BOD, ON, NH4,
NO3 and DOD and sum of N. From initialized concentrations. Notation in
abbreviations.
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Figure 6-2. Reservoir project Res DOD 01 main stem profile slice of dissolved
oxygen depression, mg/l and velocities.
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Table 6-1. Bathymetric file for tank test.

Tank

100.00 DX
100.00 DY
1.00 DZ
2 3
3 2.0 2.0
2 2.0 2.0
-999  geomdelim
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Table 6-2. Input data for tank test Project Tank DOD_01.

Tank_pobD_01
$1.nwgm 2
$2.Inflow Conditions
$ninflows

0
$ginflow,iinflow,jinflow, kinflow
$intake,inintake, jintake, kintake
$temp,saln,const,cbod,on,nh3,do(d),no3,op,po4d, phyt
$.4 outflow conditions
$noutflows 0
$goutflow,ioutflow, joutflow, koutflow
$4.Elevation Boundary Conditions
fnelevation kts 0 2
$iewest,ieeast, jesouth, jenorth
zmean, zamp, tmelag, tideper
k,temp,saln,const,cbod,on,nh3,do(d),no3,o0p,po4,phyt for k=2,km-2
$5 Initialize water Qua11ty profiles

$ninitial

k,temp, sa1n const, cbod on, nh3 do(d),no3,0p,pod,phyt for k=2,km-2
2 0.00 0.00 0.00 3.00 0.20 0.40 0.00
3 30 00 0,00 0.00 3.00 0.20 0.40 0.00

$6.External Parameters
Chezy, wx,wy,CSHE, TEQ, Rdecay, Lat.

35.00 3.00 0.00 0.00 30.00 0.00 0.00
$7.output Profiles
$nprofiles 0
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel
$nconstituents
$1-const(1),I-const(2), I-const(3), etc
$8.output surfaces
$nsurfaces $nconstituents 0
$u-vel v-vel 0.0000000E+00 O. 0000000E+OO
$T-const(l), I-const(2), I-const(3), etc.
$9.0utput Time Series

4

$ntimser
$nconst, iconst, jconst,kconst

4 2 2 2

5 2 2 2

6 2 2 2

7 2 2 2
$10.simulation time conditions
$dtm tmend  600.0000 960.0000
$tmeout tmeserout  960.0000 24.000000
$11.Internal Boundary Locations
$nintbnd 0

$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
$12. Constituent Averages

$nconarv 0

$nconstarvs

$13. Groundwater Inflow

$ngrndwtr 0



Table 6-3. Bathymetry for a simple stream.
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Table 6-4. Input file for stream project Str DOD 01.

Str_bob_01
$1.nwgm

2

$2.Inflow Cond1t1ons

$ninflows

$ginflow, 11nf1ow,]1nf1ow kinflow

$intake, 1n1ntake jintake,kintake

$temp, sa1n const,cbod,on,nh3,do(d),no3,0p, pod, phyt
7.500 2 12 2

0
30.00
7.500

0
30.00
7.500

0

30.00
7.500

0
30.00
3.75

0
30.00
3.75

0
30.00
3.75

0

30.00
3.75

0
30.00

$.4 outflow Conditions
0

$noutflows

$qoutflow, ioutflow, joutflow, koutflow

0

0

0
.00

0
00

0
.00

O NO NO NO

0
0.00
3

0

0.00
3

0
0.00

11

12

11

12

11

12

11

OO0 OO0 OO 00 OO0 OO0 ©O OO

.00

2

.00

3

.00

3

.00

2

.00

2

0.00

0.00

0.00

0.00

6.00

6.00

6.00

6.00

$4.Elevation Boundary Conditions
$nelevation 1

$iewest,ieeast, jesouth, jenorth

zmean, zam?
k, temp sa

0 00

kts

tme]ag tideper

n

0. 00

2 30.00
3 30.00

$ninitial

k,temp,saln,const, cbod on,nh3, do(d) no3, op po4, phyt for k=2, km 2
2 30.00 0.00 1000 0.00 0.00 0.0

3 30.00

$6.External Parameters

0

0.00
0.00

0.00

00

0.00

0.00
0.00
$5.Initialize water Qua11ty Profiles

00

1000.00

chezy, wx,wy,CSHE, TEQ, Rdecay, Lat

17.00

0.00

0.

00

25.00°

0.00

0.00

0.00

0.00

2.00

2.00

2.00

2.00

0.00
0.00

0.00

30.00

0.00

0.00

0.00

0.00

4.00

4.00

4.00

4.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

const cbod on nh3,do(d),no3,0p, pod,phyt for k=2,km-2

0. OO

35.00

.00

.00

.00

.00

.00

.00

.00

.00

113
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Table 6-4 (continued)

$7.output Profiles

$nprofiles 2
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel

$nconstituents

$1- const(l) I-const(2), I-const(3), etc
2 11 12

1 0

1

7

2 11 2 2

1 0 0

1

7

$8.output surfaces

$nsurfaces $nconstituents 5
$U-vel v-vel 0.0000000E+00 O. 0000000E+00
$I;const§1), 16const§2) I8const(3) etc.

$9.0utput Time Series
8

$ntimser
$nconst, iconst, jconst,kconst

4 5 2 2

5 5 2 2

6 5 2 2

7 5 2 2

8 5 2 2

20 5 12 2

21 8 12 2

21 8 12 2
$10.simulation time conditions
$dtm tmend 120.0000 501.00000
$tmeout tmeserout  500.00000 5.000000
$11.Internal Boundary Locations
$nintbnd

$ibwest,ibeast, jbsouth, jbnorth, ktop, kbottom
$12. Constituent Averages

$nconarv 0

$nconstarvs

$13. Groundwater Inflow

$ngrndwtr 0
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Table 6-5. Stream project Str DOD 01 profiles of velocity and dissolved oxygen
deficit and longitudinal distributions of carbonaceous biochemical oxygen demand,
organic nitrogen, ammonia, dissolved oxygen deficit, and nitrate.

West-East water surface elevations, cm at j= 12
35.52 35.08 34.24 33.43 32.62 31.80 30.97 30.13 29.28 28.41
west-East U-velocity profiles, cm/sec at j= 12
2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
7.27 11.21  11.27 11.32 11.37 11.42 11.47 11.52 11.57 0.00
5.17 7.40 7.41 7.44 7.47 7.50 7.53 7.56 7.59 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
West-East Constituent Profiles forboD at j= 12
2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
0.01 0.22 0.42 0.60 0.77 0.93 1.08 1.22 1.34 1.46
0.01 0.23 0.43 0.61 0.78 0.94 1.09 1.22 1.35 1.46
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
West-East water surface elevations, cm at j= 2
0.00 0.00 1.35 2.68 3.97 5.24 6.48 7.69 8.89 10.18
west-East U-velocity prof11es, cm/sec at j= 2
2. 3. 5. 6. 7 8 9 11

. . . 10. .

-11.57 -12.84 -13. 46 -13.36 -13.25 -13.16 -13.06 -13.00 -13.25 0.00
-7.47 -8.62 -8.76 -8.70 -8.63 -8.57 -8.51 -8.47 -8.63 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

west-East Constituent Profiles forDoD at j= 2
2. 3. 4. 5. 6. 7. 8 9, 10. 11.
0.00 0.00 2.36 2.40 2.41 2.41 2.42 .42 2.43 2.43
0.00 0.00 2.37 2.41 2.42 2.42 2.43 2.43 2.44 2.44
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
surface Constituent for CBOD
0.03 1.88 1.85 1.81 1.77 1.73 1.69 1.65 1.62 1.58
0.03 1.88 1.85 1.81 1.77 1.73 1.69 1.65 1.62 1.58
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.56
1.26 1.28 1.31 1.34 1.37 1.40 1.44 1.47 1.51 1.54
1.25 1.28 1.31 1.33 1.36 1.39 1.42 1.45 1.48 1.51
1.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.22 1.20 1.17 1.14 1.12 1.09 1.07 1.05 1.02 1.00
1.20 1.18 1.15 1.13 1.11 1.08 1.06 1.04 1.02 1.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99
0.00 0.00 0.83 0.86 0.88 0.90 0.92 0.94 0.96 0.98
0.00 0.00 0.83 0.85 0.87 0.89 0.91 0.92 0.94 0.96
surface Constituent for ON
.01 0.64 0.63 0.62 0.62 0.61 0.60 0.60 0.59 0.58
.01 .64 0.63 0.62 0.62 0.61 0.60 0.60 0.59 0.58
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58
0.52 0.52 0.53 0.54 0.54 0.55 0.56 0.56 0.57 0.58
0.52 0.52 0.53 0.53 0.54 0.55 0.55 0.56 0.56 0.57
0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.51 0.51 0.50 0.49 0.49 0.48 0.48 0.47 0.47 0.46
0.51 0.50 0.50 0.49 0.49 0.48 0.48 0.47 0.47 0.46
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46
0.00 0.00 0.42 0.43 0.43 0.44 0.44 0.45 0.45 0.46
0.00 0.00 0.42 0.43 0.43 0.43 0.44 0.44 0.45 0.45
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Table 6-5 (continued)

surface Constituent for  NH3
. . 1

0.02 26 24 21 1.18 1.16 1.13 1.11 1.08 1.06
0.02 1.26 1.24 1.21 1.18 1.16 1.13 1.11 1.08 1.06
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.05
0.85 0.87 0.89 0.91 0.92 0.95 0.97 0.99 1.01 1.03
0.85 0.86 0.88 0.90 0.92 0.94 0.96 0.98 0.99 1.01
0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.83 0.81 0.80 0.78 0.76 0.75 0.74 0.72 0.71 0.69
0.82 0.80 0.79 0.77 0.76 0.74 0.73 0.72 0.70 0.69
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69
0.00 0.00 0.59 0.61 0.62 0.63 0.64 0.65 0.67 0.68
0.00 0.00 0.59 0.60 0.61 0.62 0.63 0.65 0.66 0.67
surface Constituent for  DOD

0.01 0.22 0.42 0.60 0.77 0.93 1.08 1.22 1.34 1.46

.01 0.22 0.42 0.60 0.77 0.93 1.08 1.22 1.34 1.46
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.51
2.21 2.17 2.12 2.06 2.00 1.93 1.86 1.77 1.68 1.57
2.21 2.18 2.13 2.08 2.02 1.96 1.90 1.82 1.74 1.66
2.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.25 2.29 2.32 2.35 2.37 2.38 2.40 2.41 2.42 2.42
2.29 2.31 2.34 2.36 2.38 2.39 2.40 2.41 2.42 2.42
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.42
0.00 0.00 2.37 2.40 2.41 2.42 2.42 2.42 2.43 2.43
0.00 0.00 2.36 2.40 2.41 2.41 2.42 2.42 2.43 2.43

surface Constituent for  NO3

0.00 0.04 0.08 0.12 0.15 0.19 0.22 0.26 0.29 0.32

.00 .04 0.08 0.12 0.15 0.19 0.22 0.26 0.29 0.32
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34
0.61 0.59 0.56 0.53 0.51 0.48 0.45 0.42 0.39 0.35
0.62 0.59 0.57 0.54 0.52 0.49 0.46 0.44 0.41 0.38
0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.64 0.67 0.69 0.72 0.74 0.76 0.78 0.80 0.82 0.84
0.66 0.68 0.71 0.73 0.75 0.77 0.79 0.81 0.83 0.85
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86
0.00 0.00 0.98 0.98 0.96 0.94 0.92 0.91 0.89 0.87
0.00 0.00 0.99 0.98 0.97 0.95 0.93 0.92 0.90 0.88

CBOD, carbonaceous biochemical oxygen demand; DOD, dissolved oxygen deficit;
NH;, ammonia; NOs, nitrate; ON, organic nitrogen.



7. APPLICATION OF THE WATER QUALITY DISSOLVED
PARTICULATE EUTROPHICATION MODEL

As illustrated in Figure 13-1, the WQDPM eutrophication model cycles nutrients
between phytoplankton and dissolved and particulate forms of carbon, nitrogen, and
phosphorous. Zooplankton grazing performs part of the cycling. Dissolved oxygen is
taken up at different stages in the reduction of the carbon, nitrogen, and phosphorous
to simpler forms and is re-supplied by photosynthesis and surface reaeration. The
particulate constituents that settle to the bottom contribute to the benthic oxygen
demand and provide the material for nutrients that are released from the sediment
back into the water column. The processes and nutrient cycling that take place in
WQDPM are first examined in this chapter using a series of tank tests. The tank tests
show that WQDPM can be set up as a very simple water quality model and extended
through to the complete, relatively complex model.

In addition to the constituent concentrations through time, another parameter obtained

throughout the WQDPM simulations is the net phytoplankton growth rate computed
as

Algrt = [(1-fe)gp — gr — dr — dd «(Kgmicro+Kgmacro)] 7.1
where:
fe = the excretion fraction of phytoplankton as defined in Table 13-3

gp = the growth rate after the maximum growth rate (k1c) is modified by nutrient and
light limitations and for temperature, given in Table 13-2, Equation 13.4.2

dr = the respiration rate after the maximum respiration rate (klr) is adjusted for
temperature, given in Table 13-2, Equation 13.4.4

dd = the death rate and is the same as the maximum death rate (k1d), given in Table
13-2, Equation 13.4.5

Kgmicro = the microzooplankton grazing rate, as defined in Table 13-3
Kgmacro= macrozooplankton grazing rate, as defined in Table 13-3

These terms are included in the phytoplankton rate relationship given in Table 13-2,
Equation 13.4.1. Algrt provides an indication of when algae are growing and dying in
the tank tests, and where algae are growing and dying throughout a water body.

Along with the tank tests, in this chapter WQDPM will be applied to the flow through
a lake as well as a recirculating cooling water reservoir. The first illustrates the use of
preliminary modeling to examine different methods of initializing the water quality
distributions at the beginning of the simulation. The second illustrates the use of
preliminary modeling to examine problems that arise in specifying discharge
conditions. Both provide examples of the kinds of water quality distributions that can
be expected in lakes and reservoirs.
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7.1 Tank Tests of Water Quality Dissolved Particulate Model Properties

A series of five tank tests are set up in this section to illustrate the increasing stages of
complexity of the WQDPM model. The WQDPM parameters applied to each test are
given in Table 7-1. The tank tests range from the conditions used in the DOD tests
through to simulations with algae but without settling, and then with all processes
acting.

The tank tests are set up for the input data given in Table 7-2. The WQDPM model
number is nwgm = 3. The number of constituents included for inflows, elevation
boundary conditions, and initialization extend beyond the DOD model to include
organic phosphorous (OP), phosphate (POs), phytoplankton (Phyt), particulate
carbonaceous biochemical oxygen demand (CBOD P), particulate organic nitrogen
(ON_P), and particulate organic phosporus (OP_P) . The constituents are initialized
to the same concentrations as used in the DOD tests through NO;. The OP and POy
are added to the tanks so that the algal growth limitation due to decreasing PO, levels
is not reached too early in the simulation for cases 01d and Ole in Table 7-1. A
surface wind of 3 m/s is placed on the tank to keep it fully mixed. The results of the

five cases are given as subcases in the example application folder
Tank WQDPM 01.

7.1.1 Comparison to the Dissolved Oxygen Deficit Model Results

The project Tank. WQDPM 0la is set up here to duplicate the results of the DOD
tank test. The project Tank WQDPM_01b gives similar results for dissolved oxygen
even though it includes the dissolved organic phosporus (OP_D) and PO4
relationships. The latter is used for comparison so that the conservation of nitrogen
and of phosphorous can be checked out.

The results of the Tank WQDPM 01a are given in Figure 7-1. The results are almost
identical to those shown for the DOD tank test in Figure 6-1. The dissolved oxygen is
depressed about 1.5 mg/l below saturation and corresponds to the maximum DOD.
Both the nitrogen and phosphorous are conserved. The comparison demonstrates that
the WQDPM model reduces to an elementary dissolved oxygen model when no
particulate components or phytoplankton are included.

7.1.2  Phytoplankton with Dissolved Constituents Only

The project Tank WQDPM _Olc includes all dissolved constituents along with
phytoplankton. This setup is similar to many early eutrophication models. It 1s
initialized for the constituent concentrations in Table 7-2.

The results are shown in Figure 7-2. They demonstrate that the phytoplankton have a
big influence on increasing the dissolved biochemical oxygen demand (BOD)_d and
ON_d after initial decay. The NH; decays to NOs; and is taken up by the
phytoplankton. The NO; increases with time until after the NHs reaches a low
concentration, then is taken up by the phytoplankton. The changes in NH4 and NO;
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show the preference by phytoplankton for the former until it is exhausted. The
nitrogen in solution is not conserved because a portion of it is stored in the
phytoplankton.

The dissolved organic phosporus (OP) d decays to PO, with a slight increase due to
release by the phytoplankton. The POy increases to a steady concentration, and then is
decreased by algal uptake. The phosphorous in solution is not conserved because a
portion of it is stored in the phytoplankton.

The phytoplankton begins growing at approximately 300 hours, and reaches a peak
density near 400 hours. It is during the approach to and at the time of the peak density
that the major changes take place in the different constituent concentrations. The
change in maximum algal densities occurs when the growth rate changes. The sudden
decrease in growth rate is due to the decrease of NH4 and NOs to near zero, which as
shown by Equation 13.4.2 in Table 13-2 decreases the nitrogen limit on growth to
Zero.

7.1.3 Phytoplankton with all Constituents, Settling, and Sediment
Exchange

Use of all of the components in WQDPM is illustrated in this section for the project
Tank_ WQDPM 0Ole. The Pamatmat (1971) sediment exchange relationship is used
for this application. The WQDPM parameters for the project are given in Table 7-1
and the input data are given in Table 7-2. The concentrations of the particulate
constituents are initialized at zero and are produced by zooplankton grazing, and
death and excretion from phytoplankton.

The results of the simulation are shown in Figure 7-3. Most of the dissolved
constituents behave similarly to those for Tank WQDPM 0Olc described in Section
7.1.2. Particulate components eventually develop and settle out. The effect of the
bottom release from the settled constituents is to increase the total nitrogen and

phosphorous to higher values toward the end of the simulation than for the tank test
with only dissolved constituents.

The dissolved oxygen concentration with particulates and bottom exchange has a

slightly lower maximum value occurring later in the simulation than the project with
dissolved constituents only.

7.1.4 Example Study Problems

For the example study problems, it is suggested that a new series named
Tank_wqdpm_02 be started. The example study problems also include simple stream
cases whose setup follows the example application project Str. DOD 01.

Tank_wqdpm_02a. Beginning with project Tank wqdpm_01, set up a case to test
how well the WQDPM produces the saturation value of dissolved oxygen for the
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specified initial temperature of the tank. Remember to set all decay rates to zero so
that no dissolved oxygen is lost through these processes.

Tank_wgdpm_02b. Perform sensitivity tests to initialize the tank at higher levels of
OP _d and POy to determine if there is any change in the results from the different
Tank wqdpm 01 cases.

Tank_wqgdpm_02c. Try different values of the phytoplankton growth, death,
respiration, and settling rates within the indicated ranges of accepted values to
determine how each affects the water quality modeling.

Str_wgdpm_0la. Set up Case 01 in Table 7-1 for application of a dissolved
constituent model to a stream using the same input flow rates and constituent
concentrations as given in Str DOD_01. Initialize the dissolved oxygen to 8 mg/l.
Expand Equation 12.9 to a dissolved oxygen equation by letting D = Cs-C, where Cs
is the saturation dissolved oxygen concentration at the stream temperature and C is
the dissolved oxygen concentration. Compare the numerical and analytical solution.

Str_ wgdpm_01b. For Case 01 in Table 7-1 and using the same setup as in
Str wgdpm_01a, try different values of measured sediment oxygen demand (SODm)
to determine its effect on the dissolved oxygen distribution along the stream. Is there
an analytical solution for the simple stream case for constant SODm?

7.2 Reservoir Applications of the Water Quality Dissolved Particulate Model

In this section, the WQDPM model is applied to two reservoir projects. The first is
the recreational lake with inflows and outflows. The second is the closed loop cooling
reservoir. Each presents different problems with initialization of the water quality
constituents and the inflows. The reservoir bathymetry is shown in Figure 5-1.

7.2.1 Lake with Inflows and Outflows

The input data file for the lake with inflows and outflows is given in Table 7-3. The
headwater inflow to the lake is fairly heavily loaded with dissolved CBOD inorganic
phosphorous (PO,). The lake is initialized only for temperature and dissolved oxygen.
The remaining constituents become established with the inflow. A 100 ug/l virtual
dye concentration is maintained in the inflow to trace its progress through the lake.
The Teq is set at 35° C, so that the lake warms up and stratification becomes
established over the period of simulation. The inflow to the lake and the meteorologic
conditions are given as mean monthly values.

The velocity and water quality distribution is examined on a longitudinal-vertical
slice down the centerline of the lake. Time series are taken for all constituents on the
surface near the dam to determine the approach to steady-state conditions. The
simulation time is for 720 hours or approximately 1 month, and the time series are
output every 12 hours.
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The results of the simulation are given in the example applications folder
Res_ wqdpm_01. The time series shows that some of the constituents reach nearly
steady-state conditions in the 30 days of simulation, but the phytoplankton and
related particulate constituents are just beginning to increase at the end of the
simulation time.

The spatial distribution of constituents, given in Res wqdpm_01_SPO, shows that
fairly strong stratification develops after 30 days and there are noticeable profiles of
dissolved oxygen throughout the lake. The inflow dye indicates that the inflow is
partially a bottom flow that reaches about halfway toward the dam in 30 days. The
Algrt indicates that phytoplankton are growing in the epilimnion of the lake, and
dying in the hypolimnion.

A plot of the velocity and dissolved oxygen distribution along the longitudinal—
vertical slice is shown in Figure 7-4. The figure shows the inflow entering the lake as
an interflow with a slight surface return current toward the inflow. The dissolved
oxygen concentrations and stratification increase from the headwater toward the dam.
There is a pocket of lower dissolved oxygen water developing along the bottom at
about half the distance to the dam.

The time series results showing that many of the constituents including
phytoplankton are just beginning to increase at the end of the simulation suggest that
initializing all but temperature and dissolved oxygen to zero at the beginning of the
simulation may be giving an incorrect result. The lake has a volume of 52.3 x 10° m?
and at an inflow of 5 m*/s has a residence time of 121 days, indicating that the inflow
could not establish the proper initial distribution of constituents in the lake. This
suggests one should run the simulation out to about 120 days, or three times as long
as was done, to see if the results are more realistic. Another test on the response of
the lake to inflows is to increase the inflow and outflow to the mean monthly flow
through the lake that gives a 30 day residence time which is 15 m*/s. Each should be
tried to determine the effects on the results.

7.3 The Closed Loop Cooling Reservoir

The closed loop cooling reservoir is formed as done previously with a discharge of
107 m?*/s near the head of the reservoir, an underflow weir across the southern arm,
and an intake from the southern arm. For the WQDPM application, the headwater
inflow is left in and is removed at the dam. The input data is given in the example
application folder Res_wqdpm_02. The headwater inflow has the same chemistry as
the previous example. The facility has a 10° C temperature rise between the intake

and discharge and a decrease in dissolved oxygen across the facility of 6.0 mg/1. The
need for the latter will be explained later.

The problem again is how to initialize the reservoir. The 107 m?/s circulating flow
effectively reduces the residence time in the reservoir to approximately 6 days and
may mix the headwater inflow quickly. The simulation is initialized the same as for
the previous application for comparison. The time series results given in
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Res_wqgdpm_02_TSO tend to indicate that the higher rate of circulation does allow
the reservoir to reach steady constituent concentrations faster than in the lake
application.

The longitudinal-vertical profiles along the centerline of the lake given in
Res_wqgdpm 02 SPO show circulation and temperature distributions similar to those
found in the Res TSC_02 example application. The present application shows that
the headwater virtual dye is mixed almost uniformly through the reservoir, and there
is a relatively uniform distribution of the remaining water quality constituents. One
notable exception is the dissolved oxygen, which shows a pocket of high dissolved
oxygen in a region of relatively high Algrt. The circulation and the dissolved oxygen
distribution is shown in Figure 7-5. The figure shows the two-layered circulation
established in the cooling reservoir, and a complex dissolved oxygen distribution
related to it and other processes.

The distribution of low dissolved oxygen water on the surface of the reservoir is
related to the reduction of 6 mg/l of dissolved oxygen through the facility. An initial
simulation without it resulted in highly supersaturated dissolved oxygen off the
facility discharge. It was much higher than could be accounted for by poor choice of
the water quality parameters used in the simulation. Usually, the dissolved oxygen for
high temperature circulating water discharges is near saturation at the discharge
temperature. The initial simulation required reducing the dissolved oxygen through
the facility by at least 6 mg/l to maintain this condition.

7.4 An Example Lake Study Problem

An example water quality problem that uses actual meteorologic and inflow data is to
make a preliminary estimate of how much the water quality changes between the
inflow and release at the dam if the lake is built. The problem requires that analyses
be performed during different times of the year. Given in Table 7-4 are monthly
average meteorological data, inflow rates, and inflow water quality data taken from
an inflow to a water body of a size roughly similar to the example lake. The required
steps are as follows:

Use the meteorologic data to determine the monthly Cshe and Teq with the Teq Cshe
Computation.exe routine.

Compute the Wx and Wy wind speed components using the wind speed and direction
given in the data sheet. The direction is the azimuth measured from north from which
the wind is blowing. For example, an azimuth of 120 degrees means that the wind is
approximately out of the east southeast..

Set up a separate inflow data file for each month using the available flow data and
water quality data.

Start with the first month and initialize the lake at the concentrations in the inflow.
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Use the profiles of each of the dissolved and particulate constituents, and
phytoplankton carbon at the end of the month to be the initial profile for the
beginning of the next month. If a profile is specified for the location ipwest = ipeast =
12 and jpsouth = jpnorth = 9, a single profile can be printed out in the spatial output
file for each constituent that can be transferred to a spreadsheet. If the profiles are
lined up in the order required in the next month’s input data initialization, the
completed set of profiles can be transferred from the spreadsheet back into the next
months input data table. Make sure that the number of layers, KM-2, does not change
from month to month.

The inflow water chemistry has no values for particulate concentrations. One way to
include the particulate constituents is to assume a particulate concentration that is a
fraction of the dissolved concentration, and to reduce the latter proportionately.

Examination of the water chemistry shows that the NO; concentrations are much
larger than the PO4 concentrations. Examination of Equation 13.4.2 in Table 13-2,
which shows the limitation of each of these constituents on phytoplankton growth,
indicates that growth will be phosphorous-limited rather than nitrogen-limited.

Examination of the inflow rates shows that through the late winter and spring months
the inflows are higher than the estimated 15 m’/s that would theoretically flush the
lake in 30 days, and in the summer the inflows are much less than this value. Relative
to the water quality modeling, the lake is a flow-through lake in the late winter and

spring and becomes a storage lake in the summer and fall. Use this fact to help
interpret the results.

7.5 Application of the Water Quality Dissolved Particulate Model to Estuaries
and Coastal Waters

The main difference when applying WQDPM or any water quality model to an
estuary is the need to establish the concentration of constituents at the tidal or open
boundary. These concentrations need to be specified so that the water quality of the
tidal flow into the water body is known, but these are not always easy data to obtain.

The second difference when applying one of the models to an estuary is the amount
of data required to initialize the water quality profiles.

One way to let the estuarine water quality initialization and boundary conditions
establish themselves relative to discharges within the estuary is to connect the estuary
to a large harbor or coastal region. The estuary can freely exchange water with the
different water quality constituents across its boundary. The bathymetry for such a
configuration for a simple tidal canal connected to a coastal region is given in Table
7-5. The canal itself is 3 cells wide and 9 cells long. The coastal region is specified as
an additional 9 cells wide and 9 cells long.

The project is set up as Can_WQDPM_01 and the details of the input data are given
in its example applications folder. The project has an inflow at the head of the canal
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at a flow rate of 0.5 m3/s, with all of the WQDPM dissolved constituents specified.
The inflow includes phytoplankton to help initialize its density.

The tidal boundaries are set at the outer or eastern end of the coastal region for which
the tidal elevations, boundary temperature, and boundary dissolved oxygen are
specified. The canal and coastal region are initialized for temperature and dissolved
oxygen, and a constituent dye is used to estimate residence times. Salinity is not
initialized, allowing a baroclinic density flow to establish itself relative to the
freshwater inflow. The relatively high velocities that initially occur near the eastern
boundary due to the density flows require the use of a relatively small time step.

The objective of the simulation is to let the canal boundary response to the different
water quality parameters of the inflow develop naturally rather than be forced at the
boundary.

A second project, Can. WQDPM 02, is set up to illustrate the effects of constraining
the canal tidal inflows and outflows on its water quality distribution resulting from
the discharge.

7.5.1 Results for Project Can_WQDPM_01

The detailed results for the Can WQDPM 01 project are given in its example
application folder. The tidally averaged flow field and dissolved oxygen distribution
within the canal is shown in Figure 7-6. The figure shows that the discharge
establishes itself as a surface buoyant outflow on top of intruding coastal water. The
dissolved oxygen is low near the discharge, is stratified along with the outflow, and
approaches the tidal boundary value.

The detailed results in the example application folder show that no phytoplankton
build up within the canal, and no particulate constituents are formed.

7.5.2  Results of Project Can_WQDPM 02

The second canal project is set up to illustrate the effects of constraining the
circulation within the canal on its water quality due to the discharge. In this project a
wave surge barrier is placed across the mouth of the canal extending down to a depth
of about 3.5 m. The purpose of the barrier is to protect the land surrounding the canal
for development.

The input data file for the project is found in its example application folder, and
differs from the first project only by the inclusion of the barrier.

The resulting tidally averaged velocity and dissolved oxygen distribution within the
canal is shown in Figure 7-7. The figure shows that the discharge within the canal is a
buoyant outflow toward the barrier, but it circulates back and forth toward the bottom
of the barrier. It also shows a net outflow under the barrier.
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The dissolved oxygen within the canal is lower than for the first project. It increases
from near the bottom of the barrier toward the bottom. The latter is due to the
intrusion of higher dissolved oxygen water on incoming tides.

The detailed results given in the example applications folder for the tidally averaged
spatial distributions show the relatively high velocity out of the canal under the surge
barrier. Phytoplankton build up in the canal, and particulate biochemical oxygen
demand (BOD_p) is produced.

7.5.3 Canal Flushing Times

The results for both canal projects indicate that there is a relatively short flushing
time within the canal that might be related to the discharge itself or due to a
combination of it and the salinity intrusion. The volume of the canal is approximately
5 x 10°m’ and based on the discharge flow rate alone would have a flushing time of
approximately 1 day. Tidal exchange makes this smaller.

For tidal exchange, the maximum rate of change of water surface elevation due to the
tide is 1.0 x 10 m/s. Over the surface area of the canal this gives a maximum tidal
inflow or outflow rate of approximately 1.2 m’/s. The tide alone could reduce the
flushing time to approximately 0.5 days. When combined with the discharge inflow,
it reduces to approximately 0.3 days and corresponds closely with the values given
for both projects.

Project Can_ WQDPM_03 is run with no discharge into the canal and no tidal barrier.
There is no induced baroclinic flow due to the stratified discharge. The tidally
averaged velocities in the example application folder indicate that there is a net
barotropic flow with small bottom inflows and an outward surface flow. The results
of the residence time computations show that near the head of the canal it increases to
5 or 6 days. This indicates that the lower residence times in the first two projects are
due to the discharge and mixing resulting from the tidal flow.

7.5.4 Suggested Study Problems

Do the following suggested study problems for both Can WQDPM 1 and
Can_WQDPM 2 to compare the results:

The effects of the canal itself on water quality can be incorporated in the simulations
by specifying a measured SODm in the WQDPM parameter file. Do this for all three
projects to determine its impact on dissolved oxygen. The release of NH, from the

sediment is proportional to sediment oxygen demand, and it should increase with the
additional SODm.

It appears that the results with the discharge may be sensitive to its specified
phytoplankton concentration. For the first two projects, try gradually increasing
values of phytoplankton concentrations to determine the changes.
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Specify dissolved water quality constituent and phytoplankton concentrations
uniformly at the tidal boundary as background conditions. Place a surface wind from
south to north that may help mix the coastal region without disturbing the circulation
within the canal. Include the discharge into the canal, but without phytoplankton.
Determine the combined effects of background conditions and discharge conditions
on the water quality of the canal.

Go back to the estuary project examined in Chapter 4 and extend its bathymetry to
include a coastal region. Initialize the salinity profile and tides at the coastal region
tidal boundary. Determine the differences in circulation and salinity distributions
when using a coastal region versus specifying their value right at the mouth of the
estuary.

7.6 Density Dependent Phytoplankton Grazing

The WQDPM has an option for phytoplankton grazing to be density dependent. This
means that the zooplankton grazing rate is a function of the phytoplankton density,
making grazing dependent on the square of the phytoplankton density. Density-
dependent grazing results in phytoplankton densities, and hence the concentrations of
the water quality constituents related to it approach values that change little with time
for constant inflow concentrations and other parameters. Additional background on
density-dependent grazing is presented in Gentleman et al. (2000) and its formulation
in WQDPM is presented in Edinger et al. (2001).

The density-dependent grazing option is applied by setting the Phyt yes flag in
the WQDPM.dat file as shown in Table 3-5 to a value of 2. The density-dependent
grazing rate is then controlled by the value set for gzoo shown in Table 3-5. For the
density-dependent computations, gzoo ranges from 10 to 100.

Two example applications are given to show the effects of including density-
dependent grazing in WQPDM. The first is a set of tank tests included in folder
7.01a, called Tank Grazing Tests. These include time series diagrams for each case.
The second example application is for a reservoir given in folder 7.06a wqdpm_Ola.
Its results can be compared to the case given in folder 7.06 Res_ wqdpm_01. The
time series file in Res wqdpm_ 01 shows the phytoplankton density continually
increasing with time through the simulation. However, with a phytoplankton density-
dependent zooplankton grazing rate, the time series file in Res_wqdpm_0la shows
that the phytoplankton density reaches a constant value fairly quickly into the
simulation, as do the time series of the remaining water quality parameters.

Each of the example applications in this chapter should be re-run for a case including
density dependent grazing for comparison to the previous results. The additional
cases can be run by copying the folder containing the existing case to be run and
renaming it, setting the phytoplankton option to Phyto_yes =2 and gzoo = 50. Place
an Abcontrolfiles.dat into the new folder and run it using DMAWin.exe. A detailed
description for using the latter is in the “Programs and folders in the

INTROGLLVHT Model folder” contained in the INTROGLLVHT Model software
folder.



WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING 127
0.20
5015 \ S ﬂ,, ]
£ !
g 010 | NG ! ]
! h 0
I 8005 . \ ; ;
; ‘ ; i1 000 f 3 l
| 0 100 200 300 400 500 600 | | 0 100 200 300 400 500 600
i Time, Hrs. : ! Time, Hrs.
I _ Do e
T T T T !
1 0.35 | | 5
; 0.30 1 A\ ; ;
] i
| 5,025 \ | ‘ ] 1 ;
. £ 020 \\ — | | ;
| 5015 ! _,
! Do B T — ! \ :
i 0'00 i ‘ \‘[ : H
0 100 200 300 400 500 600 } i
Time, Hrs. ‘
: 0.62
L5, 061
| £
1 Z 060 !
i 0.59 |
gl
: 0.58 |
\. 0 100 200 300 400 500 600
i Time, Hrs. \
\
0.07 [ : \ 0.35
006 {4 .| i : 0.30
5005 1\ T | _ \ = 0.25
Eooal \ | ; g 020
S, 003 <015 | §
o' 0.02 \\ ] Q 0.10
0.01 A\, ; _ 0.05
0.00 S 0.00
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, Hrs.
! Time, Hrs.
0.40 | 8.00
% 0.35 e : _ 700 | e
g€ \ ! % \ 1
o 0.30 - ‘ E 6.00 —— .
= ’ H d \——/
502 . \ O 500
a &
0.20 1 \ 4.00 |
0 100 200 300 400 500 600 ’ 0 100 200 300 400 500 600
Time, Hrs. \ Time, Hrs. )
— J

Figure 7-1. Results of tank test simulations with Water Quality Dissolved Particulate
Model (WQDPM) for project Tank WQDPM 01la. Dissolved constituents only, no
phytoplankton or sediment exchange. Notation in abbreviations.
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Figure 7-2. Tank WQDPM_0lc. Notation in abbreviations.
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Time, Hrs.

Figure 7-3. Results of tank test simulations with WQDPM for project
Tank_ WQDPM_ Ole. Dissolved and particulate constituents with phytoplankton,
settling and sediment exchange. Notation in abbreviations.



WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING

i |

131

0.07 , : 0.04 [ :
i ! 0044 . L A S
0.06 _\,.‘ ‘\‘ oo ! !
0.05 SN SO S A A R et i T
~ ' r 5 003 N [\ ,
2004 o2l [\ |
’ | £ o 1 N |
& 003 ‘) | £ 002 d / ‘!
© 002 \ | 0.01 {1 o ! / N i
; ;
0.01 N - 0.01 T / ‘
0.00 , J; —~ 0.00 ) ] !
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, Hrs. Time, Hrs.
i
i
!
0.35 0.34 } L
030l .| | 0.33 -
025 /r" | /
- 4 k3 R — ’
®o20f . .1 g Z
E | g 031 I
§o.15 ; £ ., /
010} 1 @ B
0.05 #Tmm I 0.29 ; | L .
0.00 L . | 028 ; i - [ ‘
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, Hrs. Time, Hrs.
1.00 2.50
0.90 "
0.80 A\ 200
5 070 — [A 1.50
> 0.60 SR |\ z \
E [\ > 1.00
0.50
g% I\ £ \
-3 ] \ £ 050
£ o030 5 \
0.20 / N < 000}
0.10 L /. o 100 200 300 0 \ 0 600
0.00 ) 7 -0.50 \/
0 100 200 300 400 500 600 -1.00 I
Time, Hrs. Time, Hrs.
25.00
20.00
= 15.00 /\\
g / N
gooo / 3
]
500 4
V
0.00 |
0 100 200 300 400 500 600
Time, Hrs.

Figure 7-3 (continued)




132 WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING

s
NG|

-
N

-
w
=2 LARRN LARRS RRARS |

-
-—

10;‘
ok
sk
N -
7F
of
sk
4k
|
o
i
0: | { I;J;l { i i | I | | l | | {
1000 2000 3000 4000

X
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oxygen from application Project Res. WQDPM_01.
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Table 7-1. Water quality dissolved particulate model parameters used for each tank
test using Tank WQDPM 0Olab,c,d,e.

Parameter Case0Ola Case0lb CaseOle CaseOld CaseOle

NH4 _yes 1 1 1 1 1
K12 0.20 0.20 0.20 0.20 0.20
OND yes 1 1 1 1 1
K71 0.10 0.10 0.10 0.10 0.10
ONP_yes 0 0 0 1 1
Vs7 0.0 0.0 0.0 0.0 0.2
NO3 yes 1 1 1 1 1
K2d 0.0 0.0 0.0 0.0 0.0
PO4 yes 0 1 1 1 1
BODD yes |1 1 1 1 1
kd 0.15 0.15 0.15 0.15 0.15
BODP yes |0 0 0 1 1
Vs5 0.0 0.0 0.0 0.0 0.2
DO _yes 1 1 1 1 1
OPD yes 0 1 1 1 1
K83 0.0 0.22 0.22 0.22 0.22
OPP_yes 0 0 0 1 1
Vs8 0.0 0.0 0.0 0.0 0.08
Phyt yes 0 0 1 1 1
Klc 0 0 1.6 1.6 1.6
K1d 0 0 0.5 0.5 0.5
Kir 0 0 0.07 0.07 0.07
Vs4 0 0 0.0 0.0 0.3
Is 90.0 90.0 90.0 90.0 90.0
As 0.70 0.70 0.70 0.70 0.70
fe 0.10 0.10 0.10 0.10 0.10
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Table 7-1 (continued)

Parameter Case 0la Case0lb CaseOlc Case0ld Case (le
Sediment

S4 0.0 0.0 0.0 0.0 0.09
SP5 0.0 0.0 0.0 0.0 0.07
SP7 0.0 0.0 0.0 0.0 0.09
Spnh3 0.45 0.45 0.45 0.45 0.45
SODm 0.0 0.0 0.0 0.0 0.0
SedNH3m 0.0 0.0 0.0 0.0 0.0
SedPO4m 1.5 1.5 1.5 1.5 1.5
Environ-mental

Parameters.

Hsc 150.0 150.0 150.0 150.0 150.0
Cloud Cover 2.0 2.0 2.0 2.0 2.0

Wad 3.6 3.6 3.6 3.6 3.6
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Table 7-2. Tank. WQDPM_01 _INP.dat used for test tank simulations.

Tank WQDPM 01 3
$2. In 1ow Conditions
$ninflows 0
$ginflow,iinflow,jinflow,kinflow
$intake, 1n1ntake Jintake,kintake

$temp, sa1n const, cbod,on,nh3,do(d),no3,0p,po4, phyt,cbod_p,on_p,op_p

$.4 outflow Conditions
$noutflows
$qoutflow, joutflow, joutflow, koutflow
$4.Elevation Boundary Conditions
$nelevation kts 0 2
$iewest,ieeast,jesouth,jenorth
zmean,zam? tme1ag t1deper

n,

k,temp,saln,const,chod,on,nh3,do(d),no3,op,po4,phyt,cbod_p,on_p,op_p for k=2,km-2

$5.Initialize water Qua11ty profiles

$ninitial

k,temp, sa]n const, cbod on, nh3 do(d) no3, op po4, phyt cbod_p,on_p,op_p for k=2,km-2
0.0 2 0 0.00 0 0.0 20 0 8 0 0.0 0.10 0.20 0.0 0.0
0.0 g 0 30.00 0.00 0.00 3.00 0.20 0.4 8.0 0.0 0.10 0.20 0.0 0.0

$6.External Parameters
Cchezy, wx,Wy,CSHE, TEQ, Rdecay, Lat.
35.00 3. 0.00 30.00 0.00 0.00
$7.output Profiles
$nprofiles
$ipwest,ipest, ]pSOUth jpnorth
$u-vel, v-vel, w-vel
$nconstituents
$I-const(1l),I-const(2), I-const(3), etc
$8.0utput Surfaces
$nsurfaces $nconstituents 0
$u-vel v-vel 0.0000000E+00 O. 0000000E+00
$I-const(1l), I-const(2), I-const(3), etc.
$9.0utput Time Series
$ntimser 13
$nconst, iconst, jcons%,kconst

4 2 2
5 2 2
6 2 2 2
7 2 2 2
8 2 2 2
9 2 2 2
10 2 2 2
11 2 2 2
12 2 2 2
13 2 2 2
14 2 2 2
15 2 2 2
15 2 2 3
$10.simulation time conditions
$dtm tmend 200.0000 960.0
$tmeout tmeserout 960.0 24.0
$11.Internal Boundary Locations

$nintbnd
$ibwest,ibeast, jbsouth, jbnorth,ktop, kbottom
$12. Constituent Averages

$nconarv 0

$nconstarvs
$13. Groundwater Inflow

$ngrndwtr 0



WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING 139

Table 7-3. Input data for project application Res WQDPM 01 with inflow and
outflow to a lake.

Res_wqdpm_01

$1. nwgm 3

$2.Inflow Conditions

$ninflows

$ginflow,iinflow,jinflow,kinflow

$intake,inintake, jintake, kintake
$temp,sa1n,cogst,cbgd,on,gh3,do(d),no3,op,po4,phyt,cbod_p,on_p,op_p

5.00

0 0 0 0
20.00 0.00 100.00 0.5 1.5 1.0 8.0 2.0 1.0 2.0 0.00.00.00.0
$.4 outflow Conditions
$noutflows
$qoutf1ow,ioutf1ow,goutf1ow,koutf1ow
5.00 12 11

$4.Elevation Boundary Conditions

$nelevation kts .0 2

$iewest,ieeast, jesouth,jenorth

zmean,zam?,tme1ag,tideper
k,temp,saln,const,cbod,on,nh3,do(d),no3,op,po4,phyt,cbod_p,on_p,op_p for k=2,km-2
$5.Initialize water 2ua1ity profiles

$ninitial
k,temp,saln,const,cbod,on,nh3,do(d),no3,o0p,po4,phyt,cbod_p,on_p,op_p for k=2,km-2
2 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0000.00.00.0
3 20.00 0.0 0.0 0. 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
4 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0000.00.00.0
5 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
6 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
7 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
8 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
9 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.00.0
10 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.000 0.0 0.0 0.0
11 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0000.00.00.0
12 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0000.00.00.0
13 20.00 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0000.00.00.0
$6.External Parameter
Chezy, wx,wWy,CSHE, TEQ, Rdecay, Lat.
35.00 0.00 0.00 25.00 35.00 0.00 28.20

$7.output Profiles

$nprofiles . .
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel

$nconstituents

$I-const(1),I-const(2), I-const(3), etc
2 12 8 8
1 0 0
14

1 3 4 5 6 7 8 9 10 11 12 13 14 15
$8.0utput surfaces
$nsurfaces $nconstituents 0
$u-vel v-vel 1.0000000e+00 0.0000000E+00
$I-const(1l), I-const(2), I-const(3), etc.
$9.0utput Time Series
$ntimser 14
$nconst, iconst, jconst,kconst

1 7 8
4 7 8 3
5 7 8 3
6 7 8 3
8 7 8 3
7 7 8 3
8 7 8 3
9 7 8 3
10 7 8 3
11 7 8 3
12 7 8 3
13 7 8 3
14 7 8 3
15 7 8 3
$10.simulation time conditions
$dtm tmend 240.0000 720.5

ftmeout tmeserout 720.0 12.0
$11.Internal Boundary Locations

$nintbnd

$ibwest, ibeast, jbsouth, jbnorth, ktop, kbottom
$12. Constituent Averages

$nconarv 0

$nconstarvs

$13. Groundwater Inflow

$ngrndwtr 0
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Table 7-4. Meteorological and river inflow data for example lake by month (latitude

of lake is 46.6° North).
Month Jan Feb Mar Apr May June July August Sept
Cloud Cover Tenths 8.2 8.1 85 7.7 79 79 6.4 [ 64
Dew Pomnt Temp T T2 T8 | 3% 38 58 107 7 127 T
"‘Wind speed m/s 152 149 278 161 1.39 1.46 14 15 1.59
Wind drecton | Az Deg. | 122 173 159 15 108" 175 116 cica 103
River fliow cum/s 35.6 235 30.0 147 9.7 81 52 4.2 45
Water Temp. T 58 77 56 07 127 163 75 181 75
BOD_d mall 155 15 215 119 165 151 172 186 169
ON-d mg/l 0.01 G.01 0.07 0.01 0.01 0.01 0.07 0.01 0.01
NH4 mg/t 0.02 0.U1 0.01 G.01 0.02 0.01 8.02 0.01 0.02
DO mg/l 1A 111 10.6 101 10.1 9.1 86 8.2 9.6
NO3 gl 053 050 057 055 045 042 036 T3 028
OP_d gl T005 | 0006 | 0005 | 0006 | 0004 | 0005 | DO | 0005 | 0004
POZ mgl 10078 | 0018 | 0016 | 002 | 0017 [ 0012 | 0012 | 00T | 0011
Phyto mg/t
BOD p mg/T
ON_p mg/l
OP-p mg/!
Table 7-5. Bathymetry data for a tidal canal connected to a coastal region.
CAN_BATH_01
20 M
11 M
16 KM
50.00000 DX
8.000000 DY
0.500000 Dz
2 4 6 8 9 10 11 12 13 14 15 16 17 18 19
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
7 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
6 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
-999 geomdelim




8. APPLICATION OF THE SEDIMENT SCOUR AND DEPOSITION
MODEL

The sediment model, SED, computes the net rate of scour/deposition for each
location within a water body. The SED model is derived in Chapter 14, and the
names of the parameters used in the SED model, their default values, and their
definitions are summarized in Table 8-1. The SED output variables are the bottom
sediment concentration (Sed), the cumulative scour/deposition rate over the
simulation period (Sedrt), and the instantaneous scour/deposition rate (Isrdt) at the
time of output to the spatial output (SPO) or time series output (TSO) file. Each is
defined in Chapter 14.

At least the average sediment rate, Sedrt, should be printed out. For steady-state
cases, it is often useful as well to print out the instantaneous sediment rate, Isdrt, to
make sure that the simulation time is long enough for Sedrt to become equal to Isdrt.
In tidal cases, it is often useful to print out Isdrt, along with Sedrt, to determine the
variability of the latter over a tidal cycle.

In this chapter, the SED scour/deposition model is first set up for a simple river
channel with a jetty. It is then set up as a tidal river to illustrate the effects of tidal
currents in varying the instantaneous scour/deposition rate.

A project application is then made to an open coastal region. This is first run with no
breakwater to determine the scour/deposition pattern due to unhindered tidal currents
off the beach. It is then run as a project with a harbor breakwater.

8.1 Application of the Sediment Scour and Deposition Model to a River

The Sed model is first set up for a simple river reach that has the bathymetry shown
in Table 8-2. The river is 11 segments wide and 19 segments long. It has a uniform
depth of 3 m sliced into 1 m layers.

8.1.1 The Sediment Scour and Deposition Model Input File

The input file for the river SED simulation is given in Table 8-3. The project
application is named Riv_Sed 01. The nwqm is set to 4 to indicate that the SED
model is being run. There are 11 inflows, one for each cell at the head of the channel.
Each inflow is set at 3.0 m’/s and goes into the top layer. None of the inflows are
connected to an intake. Each inflow has a temperature of 30° C, zero salinity, and
zero concentration of suspended sediment.

The downstream outflows are accounted for by specifying a downstream elevation
boundary. The downstream elevation boundary for river cases allows a variable
lateral distribution of velocity that results from upriver disturbances such as variable
bathymetry or jetties to approach the boundary. It also allows for different
combinations of inflows and outflows to be specified along the river without having
to adjust outflows at the downstream boundary.

141
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The fixed elevation boundary at the downstream end (I = 20) extends from J =2 to J
= 12. The boundary mean elevation, amplitude, tidal lag, and tidal period are all set to
zero. A temperature of 30° C, a salinity of zero, and a suspended sediment
concentration of zero are specified for each layer at the downstream elevation
boundary. The temperatures throughout the river channel are initialized to 30° C, and
the salinity and suspended sediment concentration are initialized to zero.

When the sediment model is set up, the nsurfaces is set to 1 and the bottom velocity
components, the bottom suspended sediment concentrations, the average sediment
scour/deposition rate, and the instantaneous scour/deposition rate can be printed out.
The nconstits is set to the number of the latter that are desired, and their constituent
numbers are chosen from Table 8-1.

A time series file is specified for the bottom suspended sediment concentration and
sediment scour/deposition rate at I = 10, ] = 10, and K = 4. The constituent numbers
for the suspended sediment concentration, the cumulative scour/deposition rate, and
the instantaneous scour/deposition rate for the time series files are the same as in
Table 8-1. Also, time series of elevation and the U and V velocity components can be
printed out using the constituent numbers given in Table 8-3 (see also Table 2-3).

An internal boundary representing the breakwater is located at I = 10 and extends part
of the way across the river from J = 2 to J = 6. It extends from the surface to the
bottom. Average concentrations are not printed out for any parameter.

8.1.2 Specification of Sediment Scour and Deposition Rate Parameters

The SED rate parameters were discussed in Chapter 3, Section 3.3.4, and the default
values are saved in the INTROGLLVHT Model file SED WQM.dat. The name of
the project water quality parameter model should be Riv_SED 01 _WQM.dat. A
skeleton file by that name is automatically generated if the INTROGLLVHT Input
File.exe routine is used to set up the input file.

The default sediment rate parameters need to be copied from the file SED_WQM.dat
and placed in the project Riv_SED_01_WQM.dat file. The project parameters can
then be changed in the latter without disturbing the default values.

8.1.3 Simulation Results

The river SED simulations are run for the parameter values given in the
Riv._ SED 01 _WQM.dat file. The horizontal distribution of bottom velocity
components and the distribution of the average sediment scour/deposition rates are
shown in Figure 8-1.

In Figure 8-1, the velocity field shows that an eddy establishes behind the breakwater.
The scour/deposition rate, in g/m?/yr, is negative and large off of and downstream
from the breakwater. The negative value indicates that scouring is taking place. Some
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of the material scoured from this region is deposited downstream and the rest flows
out at the downstream open boundary.

As can be seen from the Riv_SED 01 SPQ.dat table in the example project folder,
the instantaneous scour/deposition rates are nearly equal to the average
scour/deposition rates, indicating that steady-state conditions are almost reached by
the end of the simulation. Similarly, the Riv_SED 01 TSO.dat time series table
shows that the scour/deposition rate is still building up slowly at the end of the
simulation but is close to reaching steady-state conditions. The bottom sediment
concentrations are too small to show up in the SPO table, but their magnitude can be
found in the TSO table.

8.1.4 Additional Study Problems
Following are some additional study problems.

Riv_ SED 0la. Determine how the scour/deposition pattern varies for different
channel velocities. Adjust the velocities by varying the dy in the bathymetry file.

Riv_SED_01b. Referring to Chapter 10 (which gtves a range of parameters), perform
simulations for different combinations of sediment parameters. In particular, try
different particle diameters.

Riv SED 0lc. Place different concentrations of suspended sediment in the river
inflow to see how the scour/deposition varies.

Riv_SED 01d. Set up a river bathymetry with a more variable cross-section of depths
including overbank areas along either shore and a channel down the middle.
Determine how this changes the scour/deposition pattern.

Riv_SED 0le. Both the settling velocity and the scour rate depend on the density and
viscosity of the river. Place a heated discharge with a temperature of 40° C and a flow
rate of 10 m*/s in the bottom layer at I = 2 and J = 2 to determine its influence on the
scour/deposition pattern. Run the simulation first with a 30° C discharge temperature
to determine the effect of the increased flow to the river channel.

8.2 Application of Sediment Scour and Deposition to a Tidal River

In this section, the SED scour/deposition model is applied to a tidal river to illustrate
how the instantaneous scour/deposition rate varies with time due to a tidally varying
bottom current, and to compare the resulting tidally averaged current pattern and
scour/deposition rate with the nontidal river project. The steady river flow project,
Riv_SED 01, is set up as a tidal river project named Riv_SED _02. The major change
from the first project is that a tide with an amplitude of 0.6 m and a period of 12.45
hours is imposed at the downriver boundary.



144 WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING

The spatial output is set to obtain the bottom velocity components, and the average
and instantaneous scour/deposition rate throughout the last two tidal cycles. The time
series output 1s set to obtain the velocity component, average scour/deposition rate
(sedrt), and instantaneous scour/deposition rate (isdrt) throughout a tidal cycle. The

detailed output files can be found in the project example applications folder named
Riv_SED 02.

8.2.1 Tidal River Scour Deposition Project Results

The time series of velocity and scour/deposition rate at a location off the breakwater
are shown in Figure 8-2. The figure shows that scouring is highest at the time of
maximum outgoing velocity, and there is some redeposition during the incoming tide.
The time series output results given in the project folder show that the average
scour/deposition rate is established quite rapidly into the simulation at about -85
g/m’/yr, and this appears to be the average value of the isdrt in Figure 8-2.

The tidally averaged current and sedrt distribution are shown in Figure 8-3. The
figure shows that the scouring rate off the breakwater is larger than for the nontidal
river project, and that there is deposition behind the breakwater. The eddy behind the
breakwater is quite small.

8.2.2 Additional Suggested Study Examples
Following are some additional suggested study examples.

Riv SED 02a. Gradually decrease the tidal amplitude for a number of different
simulations so that the tidal currents decrease. Discuss how the scour/deposition
pattern approaches the nontidal river case.

Riv_SED 02b. Change the density throughout the river using salinity intrusion from
the tidal boundary. Place a uniform salinity profile of 20 ppt at the tidal boundary and
adjust the tidal mean height and amplitude until there is significant salinity intrusion
up the river. Determine how the change in the flow field and water density influences
the scour/deposition pattern.

Riv SED 02c. Vary the salinity laterally across the tidal boundary from lower values
at its northern end to higher values at its southern end by breaking the boundary up
into groups of two cells each and changing the salinity for every two cells. Test the
circulation induced for the lateral variation in salinity first with no jetty and no river
flow, then for increasing river flows. Include the jetty to determine the effects of this
kind of circulation on the sediment scour/deposition.

Res SED 0I. Perform an analysis of sediment scour/deposition for the cooling lake
given in project Res TSC 02. Examine the effects of the intake skimmer wall on
bottom scour/deposition. Also, examine what happens in the discharge region as
suspended sediment is recirculated from the intake area to the discharge area.
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8.3 Application of the Scour/Deposition Model to a Coastal Water Project

Here, the scour/deposition model is applied in the coastal water project
Coastal Sed 01. The purpose of this project is to determine the scour patterns that
exist due to the naturally occuring tidal currents. The project is set up for the same
coastal bathymetry and time-lagged tidal boundaries as used in the project
Coastal brine discharge 02. The SED WQM.dat default parameters are used for the
project.

8.3.1 Results of the Application of Sediment Scour and Deposition to a
Tidal Coastal Regime

The bottom U-velocity component time series is given for two locations in
Coastal Sed 01 TSO. Examination of these data indicates that stationary-state
conditions are reached within the time of simulation of 120 hours.

The sediment scour/deposition pattern is presented in Figure 8§-4. The results indicate
that scouring takes place from the beach outward, and is greater in the deeper water.
It shows that there may be some distortion of the naturally occurring scour field due
to the proximity of the boundaries.

8.3.2 Example Study Applications
Following are some example study applications.

Coastal Sed 0la. Use the expanded grid setup for study example CBD 0la to
determine if moving the tidal boundaries from the area of interest changes the
sediment scour/deposition pattern.

Coastal _Sed 01b. Determine the sensitivity of the scour/deposition pattern to
parameters in the _WQM.dat file. In particular, determine the sensitivity to particle
diameter. Also, determine the sensitivity to water temperature.

8.4 Application of Sediment Scour and Deposition to a Coastal Water Project
with a Marina Breakwater

A marina extending off the beach is incorporated in application project
Coastal_Sed_02 for the same input conditions as used in project Coastal Sed 01.

8.4.1 Results of Coastal Scour/Deposition with Marina

The results are shown in Figure 8-5. They indicate that the marina has a dramatic
effect on the tidally averaged current and the scour/deposition pattern. An eddy gets
established within the marina, and there is some net deposition within it. Scour takes
place offshore of the marina, and extends up and down the coast from it.
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8.4.2 Example Study Applications
Following are some example study applications.

Coastal_Sed 02a. Determine how the current pattern and scour/deposition pattern
and intensity changes if the size of the marina is changed.

Coastal _Sed 02b. Determine how the current pattern and scour/deposition pattern
and intensity changes with changes in properties of the sediment, particularly the
particle size.
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Figure 8-1. Scour/deposition pattern in a river with a breakwater for project
Riv_SED_01. Scour/depositon rates are in g/m?/yr.
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Figure 8-2. Time series of bottom velocity and instantaneous scour/deposition rate
near end of breakwater for project Riv_Sed_02.
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Figure 8-3. Scour/deposition pattern in a tidal river for project Riv_SED 02.
Scour/deposition rates are given in g/m*/yr.
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Figure 8-4. Scour/deposition pattern in a portion of coastline for project
Coastal Sed 01. Scour/deposition rates are gGiven in g/m*/yr.
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Figure 8-5. Scour/deposition pattern in a portion of coastline for project
Coastal Sed 02 with marina. Scour/deposition rates are given in g/m?/yr.
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Table 8-1. Constituents and parameters, their number, units, and definitions, as used
in the sediment scour and deposition model.

Symbol  No. Description

Temp. 1 Celsius

Salinity | 2 ppt

Sed 3 Bottom sediment concentration, mg/1
Sedrt 4 Cumulative sediment rate, g/m*/yr
Isdrt 5 Instanteous sediment rate, g/m*/yr

Table 8-2. River bathymetry for sediment scour/deposition modeling.

River
21 IM

13 M

6 KM

100.0000 DX
50.00000 DY
1.000002 Dz

N
S
-
1S
=
=
.
~N
=
w
ey
F-N
-
w1
-
o
=
N
=
oo
=
7y

o o o

NoWwW AR 1Y N 0
woW W W W W W W W W W
o O O O O O O © o O
WoWw W W W W W W W W
o O o o 0o o O o o ©
W W W W W W W W W W
O O O O © O O o O O O M
woWw W W W W W W W W W
O O O O © O O O O O o W
wWow W W W W W W W W W
o O ©O O O O O O O o o o
woWw W W W W W W W W W
o O O O O O O O ©O © O W
WoW W W W W W W W W W
O 0O O O O O 0 O O O O ™
wWoOWw W W W W W W W W W
©C O O O O O o o O © O v
Wow W W W W W W W W W
o o © O O 0O O o o o o
W oW W W W W W W W W W
O o O O O 0O 0o o o o ©
wow W W W W W W W W W
o O O O O O O O o ©o o
Wow W W W W W W W W
o O O O O o o o o O o
W oW W W W W W W W W W
©C O O O O O O O O o ©o
woOW W W W W W W W W W
o O O O O 0O O o O o ©
oW W W W W W W W W W
0 O O O O O O o o o o
wWowWw W W W W W W W W W
O O O O O 0O O o O o ©o
WowWw W W W W W W W W W
o O O 0O O O o o O o ©
W oW W W W W W W W W W
o 0O O O O O O O o o o

.0 3.0

WoWw W W W W W W W W
Lo O O © o O © O

o
o

1

geomdelim



WATERBODY HYDRODYNAMIC AND WATER QUALITY MODELING

Table 8-3. Input table for sediment scour/deposition project Riv_SED 01.

Riv_Sed_01

$1. nwgm
$2.Inflow Conditions

$ninflows
$ginflow,iinflow, jin
$intake,inintake, jintake,kintake
$temp,881n,cogst,cbgd,on,gh3,do(d),no3,op,po4,phyt

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00
.00

.00

0

O NO NO NO NO NO NO NO NO NO NO

0
.00
0
.00
0
.00

0
.00

0
.00

0
.00

0
.00

0
.00

0
.00

0
.00

0
.00

4

10

11

12

OO OO0 OO0 OO0 OO0 OO OO0 OO OO OO oo

11
flow, kinflow

.00

2
.00
2
.00

2
.00
2

.00
2

.00
2

.00
2

.00
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Table 8-3 (continued)

$.4 outfilow conditions

$noutflows 0

$qoutflow,ioutfiow, joutfiow, koutfiow

$4.Elevation Boundary Conditions

$nelevation kts 1 2
$iewest,ieeast,jesouth, jenorth

zmean, zamp, tmelag, tideper
k,temp,saln,const,cbod,on,nh3,do(d),no3,0p,pod,phyt for k=2,km-2

20 20 2 12

0.0 0.0 0.0 0.0

2 30 0 0

3 30 0 0

4 30 0 O

$5.Initialize water Qua11ty profiles

$ninitial

g tegg sg1n gonst cbod on,nh3,do(d),no3,0p,po4,phyt for k=2,km-2
3 30 0 O

4 30 0 O

$6.External Parameters
Chezy, wWx,Wy,CSHE, TEQ, Rdecay, Lat.
35.00 0.00 0.00 25.00 30.00 0.00 39.6
$7.output profiles
$nprofiles 0
$ipwest,ipest, jpsouth, jpnorth
$u-vel, v-vel, w-vel
$nconstituents
$I-const(1l),I-const(2), I-const(3), etc
$8.output surfaces
$nsurfaces $nconstituents 3
$u-vel v-vel 0.0000000E+00 O. 0000000E+00
$I—cgnst(1), I-const(2), I-const(3), etc.
4 5

$9.0utput Time Series

$ntimser 2

$nconst, iconst, jconst,kconst
3

4 10 10 2
$10.simulation time conditions

$dtm tmend 120.0000 120.0

$tmeout tmeserout 120 4.0
$11.Internal Boundary Locations

$nintbnd 1

$ibwest, ibeast, jbsouth, anorth ktop, kbottom
10 10 2 6 2

$12. Constituent Averages

$nconarv 0

$nconstarvs

$13. Groundwater Inflow
$ngrndwtr 0



9. GENERALIZED LONGITUDINAL LATERAL VERTICAL
HYDRODYNAMIC TRANSPORT RELATIONSHIPS

The basic formulations and basis of the numerical computations in the Generalized
Longitudinal Lateral Vertical Hydrodynamic and Transport model (GLLVHT) are
presented in Edinger and Buchak (1980, 1985). Recent published peer reviewed
applications include Edinger et al. (1994); Edinger and Buchak (1995); Edinger et al.
(1998); Kolluru et al. (1998); Edinger and Kolluru (1998); Edinger and Kolluru
(1999); Kolluru et al. (1999); Edinger and Kolluru (2000), and Buchak et al. (2001).
The GLLVHT model has had more than 40 applications to different kinds of water
body and water quality problems either in the INTROGLLVHT operating system or
in the Generalized Environmental Modeling System for Surfacewaters (GEMSS), to
which INTROGLLVHT is compared in Section 9.5.

9.1 Fundamentals of Momentum Balances

The formulation of the hydrodynamic relationships for free surface flows are as
follows:

The horizontal x-momentum balance is taken as

DU/Dt = -1/p, OP/0x 9.1
the horizontal y-momentum balance is taken as

DV/Dt = - 1/p, OP/0y (9.2)
and the vertical z-momentum balance is taken, with z positive downward, as

DW/Dt=g - 1/p, 0P/0z 9.3)

where D( )/Dt is the total transport derivative for the quantity ( ) and for purposes of
derivation is assumed to include the local change, advection, and dispersion of ( );
U,V,and W are the velocity components in each of the x, y, and z directions; g is
gravitational accleration; p, is density; and P is pressure.

The numerical solution to the horizontal momentum balances requires the evaluation
of the horizontal pressure gradients from the vertical pressure distribution as it
depends on density and water surface elevation. Assuming that the vertical
acclerations, DW/Dt, are small compared with gravitational acceleration (the
hydrostatic approximation), the vertical momentum balance can be written as

1/p 0P/oz=g. 94

The horizontal momentum relationships, Equations 9.1 and 9.2, require the horizontal
pressure gradient as developed from the pressure. The pressure at any depth z is

155
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z
P=¢g [ pdz 9.5)
Zl

where z’ is the free surface elevation. Differentiating Equation 9.5 and using
Leibnitz’s rule for differentiating an integral gives the horizontal pressure gradient in
the x direction as

z
g/podP/0x = 0z’ /10X - g/po | (8p/dx) dz. 9.6)
Z'

The first term on the right-hand side is the barotropic surface slope and the second
term is the baroclinic slope.

9.2 Detailed Relationships

The hydrodynamic and transport relationships used in the GLLVHT are developed
from the horizontal momentum balance, continuity, constituent transport, and the
equation of state. The horizontal momentum balances for the horizontal velocity
components, U and V in the x- and y-coordinate horizontal directions, with z taken
positive downward, are

VA
dU/t =g 0z/ox - glp [ (8 plox) bz - 0 UU/dx - BVU/dy - OWU/dz
ZI

LV + OAL(BU/Bx)/3x + BAL(U/By)/dy + OA(8U/6z)/0z 9.7)

Z
OV/dt = gdzloy - glp | (Bp/dy)dz - BUV/dx - BVV/dy - SWV/dz

1

z

+{U + 0A(0V/0x)/0x + OA(OV/0y)/0y + 0A(OW/0z)/0z. (9.8)
Local continuity for the vertical velocity component W is

O0W/0z = - U/0x - OV/0y. (9.9)

Vertically integrated continuity for the surface elevation, z', integrated from the water
surface elevation, z, to the bottom of the water column, z=h, is

h h
0z/t=| (U/ox)dz+ | (8V/dy) dz. (9.10)
Z Z

The constituent transport relationship for n number of constituents each with
concentration Cn and a source/sink term of Hn is
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0C,/0t = - OUC,/0x - OVC,/dy - OWC,/0z + d(D0C,/0x)/0x

+ 0(Dy0C,/0y)/0y + 0(D,0C,/0z)/0z + H,,. (9.11)
And, the equation of state relating density, p, to constituents is

p=£(C,Cy,. .. ,Ch). (9.12)

These relationships have six unknowns (U, V, W, z', p, C,) in six equations,
assuming that the momentum and constituent dispersion coefficients (Ay, Ay, A,, Dy,
Dy, D,) can be evaluated from velocities and the density structure.

In the x and y momentum balances, the right-hand terms are successively the
barotropic or water surface slope, the baroclinic or density gravity slope, the
advection of momentum in each of the three coordinate directions, and the Coriolis
acceleration. Next is the dispersion of momentum in each of the coordinate
directions. The baroclinic slope is seen to be the vertical integral of the horizontal
density gradient and becomes the major driving force for density-induced flows due
to discharge buoyancy, and temperature and salinity stratification.

9.3 Computational Scheme

The hydrodynamic relationships are integrated numerically, implicitly forward in
time, by evaluating the horizontal momentum balances as

OU/ot = gdz'10x + Fy (9.13)
OV/ot = goz'/oy + F, (9.14)

where U, V, and z' are taken simultaneously forward in time and all the other terms
are incorporated in the forcing functions Fy and F, and are lagged in time. Equations
9.13 and 9.14 are substituted (either by cross-differentiation or algebraically from the

finite difference forms) into vertically integrated continuity, Equation 9.10, to give
the surface wave equation of

h
&*z10t" + gd(Hoz!/ox)/Ox + gd(Hoz'/dy)/dy = 0/ox( | Fydz)

4

h
+0/0y (| F,0z) (9.15)
Zl

where ' is the surface displacement and H is the total water column depth.

The computational steps in GLLVHT on each time step of integration are: (1) to
evaluate Fy and Fy from U, V, W, p known from the previous time step; (2) to solve
the surface wave equation for new z' for the spatial grid using a conjugate gradient
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solution method; (3) to solve for new U and V using Equations 9.13 and 9.14; (4) to
solve for W using Equation 9.9; (5) to re-evaluate z' from W computed at the top of

the top layer for precision; and (6) to solve the constituent relationship, Equation
9.11.

The semi-implicit integration procedure has the advantage that computational
stability is not limited by the Courant condition that Ax/At, Ay/At < (ghy,)"?, where hy
is the maximum water depth, which can lead to inefficiently small time steps of
integration. Because the solutions are semi-implicit (for example, explicit in the
constituent transport and the time-lagged momentum terms) the stability is controlled
by the Torrence condition (UAt/Ax, VAt/Ay < 1). Hence, the integration time step can
be chosen to realistically represent the details of the boundary data, which is
approximately 15 minutes for tides. Development of the computational steps in
numerical form is presented in Section 9.4.

There are a number of auxiliary relationships that enter the computations. The
vertical momentum dispersion coefficient and vertical shear is evaluated from a Von
Karman relationship modified by the local Richardson number, Ri, (the ratio of
vertical buoyant acceleration to vertical momentum transfer) as

A, =KkLm?*2[(8U/6z)* + (6V/dz)*]"*Exp(-1.5Ri) (9.16)

where k is the Von Karman constant, Lm is a mixing length that can be a function of
depth or layer thickness, and Ri is the local Richardson number. The Richardson
number function is from Leendertse and Liu (1975). The longitudinal and lateral
dispersion coefficients are scaled to the dimensions of the grid cell using the
dispersion relationships developed by Okubo (1971) of

Dx,Dy = 5.84 x10*(DXX,DYY)"! (9.17)

where Dx,Dy is the longitudinal or lateral dispersion coefficient in square meters per
second and DXX,DYY is the longitudinal or lateral cell dimension in meters.

Wind surface stress enters the relationships for each of the coordinate directions as
8U/z | = CwWxAbs(Wx)/Az (9.18)
and
aV/oz | ,= CwWyAbs(Wy)/Az (9.19)

where Wx and Wy are surface wind speed components in the x and y directions and
Cw is the wind shear coefficient.

Bottom friction enters the computations through a Chezy friction relationship as
A,0U/0z |y = (g/Cyt)Uabs(U) (9.20)

A0V/ez | = (g/Cr2)Vabs(V) (9.21)
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where Cy, is the local Chezy friction coefficient and h is the bottom elevation at which
bottom friction is evaluated.

The computational model is built to accept a large number of transport constituents
and constituent relationships. The basic parameter obtained from the water quality
model is the constituent flux, h(LJ,K,N). For example, for a simple decay constituent
such as coliforms, h(LLK,N) = -KR4*C(1,J,K,3) for the decay of constituent 3 where
KR, is the coliform decay constant. The constituent transport computation is explicit
in time. It is developed so that transport coefficients can be computed once and used
for all constituents during that time step at a given “n,” “k” location. The solution
time is not too sensitive to the number of constituents included in the model.

9.4 Formulation of the Generalized Longitudinal Lateral Vertical
Hydrodynamic Transport Numerical Hydrodynamic Computation

The formulations of the momentum equations as actually set up are derived from the
finite difference forms of the basic relationships. The space-staggered finite
difference forms of the GLLVHT numerical computation used in INTROGLLVHT
can be written from Equation 9.10, Equation 9.13, and Equation 9.14. Vertically
integrated continuity in numerical form is

[Z(LY)-ZO(LI)/At =1/AX = [U(LJ,K)-U(I-1,],K)] AZ
+ 1/AY T (V(L]K)-V(LJ-1,K)) AZ (9.22)

where Z(1,J) is the water surface elevation at the new time step, Z0(1,J) is the water
surface elevation at the old time step, U(I,J,K) is the x-velocity component on the
new time step, V(I1,J,K) is the y-velocity component on the new time step, AX is the
cell length in the x direction, AY is the cell length in the y-direction, AZ is the layer
thickness, and At is the iteration time step..

The X-momentum relationship is

[U(1,1,K)-UO(LLK) VAt = G [Z(1+1,))-Z(L)))/AX + Fx(1,J,K) (9.23)
where UO(LJ,K) is the x-velocity component at the old time step, G is the
gravitational acceleration, and Fx(1,J,K) is the momentum forcing terms in the x
direction.
The Y-momentum relationship is

[V(LJ.K)-VO(LJ-1,K)V/At = G[Z(LJ+1)-Z(L))/ AY + Fy(LJ.K) (9.24)

where VO(LJ,K) is the y-velocity component at old time step, and Fy(IJ,K) is the
momentum forcing terms in the y direction.
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1.1.1 The Surface Elevation Relationship

Substituting U(I,J,K) and V(LJ,K) from Equation 9.23 and Equation 9.24,
respectively, into Equation 9.22 gives the surface elevation equation of

Z(LJ) = ZO(LJ) + G A/AX* H(L]) [Z(1+1,3)-2 Z(QLI)+Z(-1,1)]

+ G A/AY? B(LD[Z(1,J+1)-2 Z(L)+Z(L,J-1)]

+AtAZ/AX Z [UO(L,]K)-U0(I-1,3.K)]

+AtAZ/AY S[VO(LI,K)-VO(1,J-1,K)]

+APAZ/AX Z[Fx(LJ,K)-Fx(I-1,],K)]

+At/AZ/AY E[Fy (LI, K)-Fy(1,J-1,K)] (9.25)
where H(I,J) is the water column depth at the center of the cell.

Collecting the new time step elevations on the left-hand size, the surface elevation
equation becomes

-G AP/AX? H(L,D) Z(I-1,0)- G A/AY? H(LT) Z(LJ-1)
+[142 G A/AX? H(LI)+ G At/AY? H(LD)] Z(L3)
-G A/AXE H(L,)) Z(I+1,])- G A/AY? H(L]) Z(1,J+1) =

ZO(LJ) +AtAZ/AX T [UO(LI,K)-U0(-1,],K)] + AtAZ/AY = [VO(,J,K)-VO(L,J-
LK)]

+APAZ/AX T [Fx(LJ,K)-Fx(I-1,7,K)]
+ A/AZ/AYE [Fy(L],K)-Fy(,J-1,K)] (9.26)

On the left-hand side, if Z(1,J) is considered the center cell of a group of five cells,
then Z(I-1,J), Z(I+1,]), Z(1,J-1), and Z(I1,J+1) are the four adjacent cells. The new
time step elevations on the left-hand side consist of five arrays in a matrix from
which the new time step elevations can be computed at the new time step using a
conjugate gradient computational algorithm. The main diagonal multiplier of Z(1,J) is
always positive. The off-diagonal multipliers on the remaining Z terms are always
negative. The matrix is perfectly symmetric, and the sum of the multipliers of the off-
diagonal Zs is exactly equal to the multiplier of the main diagonal Z minus one,
making it a perfectly weighted matrix with no bias in any direction.

On the right-hand side are the previous time step elevation, Z0(1J), and the previous
time step velocity components, U0(1,J,K) and VO(I,J,K), at their exact time level. The
major assumption in the GLLVHT formulation is that the Fx(I,J,K) and Fy(I,J,K) are
computed from old time step velocity components and densities. The At is limited by
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the accuracy of the solution and the Torrence condition as it applies to the advection
of momentum.

1.1.2 Computation of the Velocity Components

Once Z(1,J) is computed from Equation 9.26, the velocity components are computed
from Equation 9.23 and Equation 9.24. Because Equation 9.26 is arrived at by
substitution of the new time step velocity components, the Z(LJ), U(I,J,K), and
V(1,],K) are essentially being computed simultaneously, except for lagging Fx and Fy
in time. The solution technique is therefore considered to be semi-implicit in time for
surface elevations and velocity components.

The W(L,J,K) velocity component is found by integrating the internal continuity
relationship, Equation 9.9, from the bottom upward to give

W({1,J.K-1)=W(JK) - VAX Z[U(LJ,K) - U(I-1,J,K)] AZ
- 1/AY Z{V(1,JK) - V(LJ-1,K)] AZ (9.27)
which starts from W[LJ,K0(1,J)] = 0 at K =k0(1,]) to the water surface at k = kt.

Integration to the surface gives W(I,J,Kt-1), which is used to re-evaluate Z(1,J) for
accuracy as

Z(1,))=Z0(1J) + W(1,J,Kt-1)At. (9.28)
Equation 9.28 ensures that vertically integrated continuity is completely satisfied and
that there 1s an exact water balance in the variable thickness top layer.

9.5 Numerical Formulation of the Generalized Longitudinal Lateral Vertical

Hydrodynamic Transport Relationship

Once the velocity components are known to be semi-implicit in time computation and
the source/sink terms have been evaluated for each constituent, the constituent
distribution is computed explicitly forward in time from Equation 9.11. The
constituent computation in INTROGLLVHT uses the upwind differencing
approximation on the advection terms that can lead to numerical dispersion in regions
of sharp concentration gradients.

The transport relationship uses the following upwind operators and logic:
Ul =1 when U(I,J,K) >0 (9.29a)
U2 =1 when U(I-1,J,K) > 0 (9.29b)

V1 =1 when V(LJLK) >0 (9.29¢)
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V2 =1 when V(LJ-1,K) > 0 (9.29d)
W1 = 1 when W(LJ,K) > 0 (9.2%)
W2 = 1 when W(L,J,K-1) >0 (9.299)

When the stated condition of a positive velocity component is not satisfied, then the
upwind operator is zero. These are used in the advective terms which are formulated
for example as

B(UC)/8x = [U(LJ,K)*(UT*(C(LI,K,N))*+(1-U1)*C(I+1,1,K,N)]
- U(I-1,J,K)*[U2*(C(I-1,1,K,N)+(1-U2)*C(L],K,N)))/Ax. (9.30)

The constituent concentrations C(I,J,K,N) for constituent N are centered in each cell.
The velocities are at the cell interfaces. The first term on the right-hand side of
Equation 9.30 states that when U(LJ,K) is positive, it removes the constituent from
the cell, and when negative moves the constituent in from the adjoining I+1 cell.
Similar advective terms can be written in the Y and Z coordinate directions.

All of the terms in the constituent transport relationship (Equation 9.11) are expanded
and rearranged into the following form:

C(LJ,K,N) = f0*CO(LJ, K N)+f1*CO(I+1,], K,N)+2*CO(I-
1,J,K,N)+3*CO(LJ+1,K,N)

+H4*CO(LJ-1,K,N)+5*CO(LT K, N)+6*COLT,K-1,N)+h(LLKN)*At  (9.31)

where C(I,J,K,N) is the constituent concentration computed at the new time step from
the CO(L,J,LK,N) of the old time step, and h(I,J,K,N) is the source/sink term for the
particular water quality model being used. It is related to rate relationships in the
different water quality models as h(LJLK,N) = DC/Dt. The new C(LJK,N) is
computed from the transport contribution for each of the adjacent cells.

The computation proceeds one cell at a time as the functions in Equation 9.31 are
computed for that cell. The computation uses these functions to compute the new
concentration of each constituent in that cell before proceeding to the next cell. The
functions in Equation 9.31 resulting from the collection of terms of the expansion of
Equation 9.11 to finite difference form are

f0 = {1-[UI1*U(L,J,K)-(1-UD*U(I-1,],K)] AVAX-[V1*V(L,],K)-(1-V1)*V(I]-
1,K)] AVAy

- [WI*W(LJ,K)-(1-W1)*W(LJ,K-1)] AVAz — [DX(LJ,K)+DX(I-1,J,K)] AVAX
[DY(LJ,K)*DY(LJ-1,K)] AVAY? - [DZ(LJ,K)+DZ(LJK-1)] AVAZ }  (9.32a)

where the DX(1,J,K), DY(LJ,K), and DZ(I,J,K) are the local turbulent dispersion
coefficients across each of the cell faces.
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Next,
f1 =-U(L,J,K)*(1-U1l) At/Ax + DX(1,J,K) AYAX? (9.32b)
2 = U(I-1,],K)*U1 AVAx + DX(I-1,],K) AY/AX? (9.32¢)
3 =-V(1,J,K)*(1-V1) At/Ay + DY(1,J,K) At/Ay2 (9.32d)
f4=V(LJ-1,K)*V1) At/Ay + DY(1,J,K) At/Ay2 (9.32¢)
5 = -W(LI,K)*(1-W1) At/Az +DZ(1,],K) AVAZ? (9.321)
fo = W(,J,K-1)*W1 At/Az + DZ(I,J,K-1) AVAZ? (9.32g)

The computation of the transport of all constituents in a given cell using the functions
in Equation 9.32a to Equation 9.32g results in a very efficient, not lengthy simulation
for a large number of constituents.

The constituent transport computation is explicit in time and requires that f0 always
be positive. This requires in Equation 9.32a that the sum of the advection and
dispersion terms, as scaled to the time step and their gradient distances, be less than
unity. This condition, known as the Torrence condition, controls the integration time
step of the computation.

9.6 INTROGLLVHT Model Limitations

The limitations on the INTROGLLVHT modeling system can be identified by
comparison to a more highly developed computational system. INTROGLLVHT is
compared to the GEMSS computational framework described in detail on the model

summary site www jeeai.com. The limitations of the INTROGLLVHT modeling in
comparison with GEMSS are listed in Table 9-1.


www.jeeai.com

¥91

Table 9-1. Comparison of introductory GLLVHT and complete Generalized Environmental Modeling System for
Surfacewaters Modeling System (GEMSS).

Property

Introglivht

GEMSS Modeling System

Advantages of GEMSS System

1) IM, JM, KM 50, 50, 30 Machine limits Very large grids
2) AX, AY,AZ Constant in each Variable from cell to cell; Fit shorelines precisely, provide more refined grid detail where needed;
direction curvilinear; variable thickness AZ | each cell has its own orientation for accurate orientation of winds and for
at each elevation. mapping; can map to GIS
3) Layer-cell addition | No Full capability Represent large tidal fluctuations in thin layers; wet and dry tidal flats and
subtraction beaches due to tidal fluctuations or changes in reservoir levels
4) Interior boundaries | Yes Yes Representation of interior structures such as breakwaters, marinas,
underflow/overflow curtain walls
5) Vertical Hydrostatic Included; relaxes hydrostatiic Important for drawdown at outflow structures, mixing devices, and
momentum approximation approximations (a) accurate representation of water surfaces in regions of large horizontal

velocity changes

6) Location of inflows

Fixed specified [, J,
and K location

Inflow location determined by
inflow density relative to
receiving water body density
gradient; moves I, J, and K
location with the addition and
subtraction of layers and cells

Realistic density inflow conditions

7) Discharge
momentum

None included

All three directions

Used for proper representation of high velocity discharges

8) Coriolis
acceleration

Included; constant
latitude

Variable with latitude

Can do large water bodies accurately over large variations in latitude

9) Transport scheme

Upwind differencing

Quickest, ultimate

Better prediction of constituent profiles in regions of sharp changes

10) Vertical
dispersion and shear

Von Karmon relation

Von Karmon or higher-order
schemes

Better description of turbulence in regions of rapid changes in bathymetry
and around structures; also at density interfaces

11) Horizontal

Scaled to AX, AY

Scaled to AX, AY or from

Vorticity relationship completely dynamic and symmetric around cell;

dispersion vorticity (b) requires field velocity time series data or APC profiling data for
calibration.
12) Wind speed Constant and uniform | Variable through time and across | Realistic representation of wind events on a water body
over the grid grid
13) Surface heat CSHE, Teq Time-varying term by term heat Accurate representation of diurnal variations in heat exchange.from hourly
exchange budget or more frequently available data
14) Highest level WQ3DP particulate- WQ3DP and WQ3DCB coupled More realistic representation of processes taking place; WQ3DCB now

eutrophication water
quality model

based water quality
model; parameters set
up in tabular format by

with sediment exchange model;
parameters in both evaluated
through a GUI

includes dinoflagellates with vertical light dependent vertical migration;
GUI interface for setting parameters based on flowchart of the model;
WQ3DCB can be linked to the sediment diagenisis model
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Property

Introglivht
hand

GEMSS Modeling System

Advantages of GEMSS System

15) Sediment
exchange (diagenisis)
model

Empirical relationships
or measured values

WQ3DCB carbon-based model
coupled to diagenisis model

Coupling to a diagenisis model gives a complete water quality modeling
system

16) Separate
contribution of
different sources

Can handle multiple
discharges, but cannot
separate out
contribution

Can separate out contribution of
each discharge

A very useful tool when having to evaluate individual discharge
contributions to a particular water quality limit as is required for example
in TMDL studies

17) Other supported

Simplified sediment

Sediment transport; spill model;

Additional routines can be included in a modular fashion and run directly

routines and processes { scour/deposition toxics model; intake entrainment | in GEMSS on a real-time basis
routine model
18) Gnid development | By hand Gridgen routine from digitized Rapid grid development and changes

maps

19) Input data

Constant values

Time-varying input data for all
variables

Simulation of real-time conditions over seasons and years depending on
limitations of input data base.

20) Outputs

Tablular results; time
series can be plotted in
spread sheets; vector
and constituent
contour plotting
requires additional
software such as
TecPlot© or MatLab®

Complete integrated post
processor including tabular and
three-dimensional displays of
constituent distributions and
velocity vectors in each
coordinate plane and as profiles;
grid stores field data

Display time-varying results, animated displays; mappable onto GIS
displays; convenient direct comparison of simulation results and field data
within computational grid

21) Computational
model setup

Bathymetry and input
data tables set up
manually in specific
limited format

Graphical user interfaces used for
entering input data, linking time
varying data files, and locating
inflows and outflows from grid
map

Handles complex arrangements of model setup with internal help files

22) Specification of
spatial file output
frequencies

Constant for all
specified profile slices
and surfaces

Independent output start-stop
times and frequencies can be
specified separately for each
output

Manageable outputs at time of available field data for verification

23) Restart
capabilities

Must begin
simulations each time
from time zero; runs
on a simulation time
clock

Stores last step of velocity field
water surface elevations and
constituent distributions; runs on
a real-time clock

Easy to restart simulations for new set of external parameters inputs; real-
time clock provides a convenient basis for lining up all of the time varying
input files

24) Verification
against actual field
data

Only qualitatively;
very few real water
body problems are for
steady-state or

Almost every project to which it
has been applied

Main calibration history of GEMSS has been to have accurate bathymetry
and accurate input data for doing real-time simulations; verification has
been performed against detailed time series velocity records and detailed
instantaneous water quality profiles
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Introglivht
stationary-state
conditions

GEMSS Modeling System

Advantages of GEMSS System

25) Direct comparison
of model results and
field data

None; must be
performed manually

Fully specified through graphical
user interfaces

Rapid comparison of model results and field data

26) User-defined
interfaces

None

Yes

Allows user to write routines particular to their analysis; for example,
routines can be written for evaluating the rate parameters as a function of
temperature, location in the water column, and nonlinear interactions

(a) Edinger and Kolluru 1999.

(b) Smagorinsky, J 1963




10. FIRST-ORDER DECAY AND SEDIMENT RELATIONSHIPS

The first-order decay can be used to approximate the fate of many substances in water

including chlorine, coliforms, radio nuclides, and many forms of organic compounds.

It is also used in the INTROGLLVHT modeling system to compute the residence

time or flushing time distribution throughout a water body.

10.1 First-Order Decay

The first-order decay of a substance is formulated in the numerical model from
DC/Dt = -Rdecay C (10.1)

where DC/Dt represents the local change in storage and all of the advection and

dispersion terms.

10.2 Decay Rates

Typical ranges of first-order decay rates for a few different constituents are presented
in Table 10-1. The chlorine decay rates are taken from Davis and Coughlan (1981)
and the remaining decay rates are from Howard et al. (1991).

Almost all of the organic constituents have decay products that may be more toxic
than the parent product. An example is the decay product vinyl chloride that may
result from the decay of chlorine. Also, many products may now be banned from
discharges, particularly herbicides.
10.3 Analytical Solution
The first-order decay relationship has a simple analytical solution over time of

C = Co Exp(-Rdecay t) (10.2)
where Co is the concentration at t = 0. The time can also be taken as the time of travel
down a simple channel as t = X/U.
10.4 Half-Life from Kinetic Coefficients
The half-life for a given Rdecay can be computed from Equation 10.2 as the time at
which t = t;; for C/Co = 0.50. Solving Equation 10.2 for this condition gives the

following:

ti2 = 0.693/Rdecay. (10.3)
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The half-life for different kinetic rates from the different water quality models can be
compared with the residence times in different locations within a water body to see
where that portion of the process is most likely to go to completion.

10.5 Computation of Residence Time

The computation of residence time, or flushing time, is included in INTROGLLVHT.
The input file setup required for computing residence time is presented in Chapter 4,
Section 4.2. It is defined as the time required for the initial virtual dye concentration
to reduce by one half.
The flushing time is defined as a half-life as

Exp(-k*t1;) = 0.50 (10.4)
where the decay rate, k, applies only to an individual model box.
At the end of the simulation, the dye concentration is assumed to be

C/C, = Exp(-k*tmend) (10.5)
where Co is the dye concentration at which the dye is initialized in the water body.
Eliminating k between (10.4) and (10.5) gives the following:

ty2 = Ln(2)/Ln(C,/C)*tmend/24, days (10.6)

where C is the dye concentration in the box.
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Table 10-1. Decay rates for selected constituents.

Constituent Rate range, per day

Aldrin 0.033
Coliforms 0.50-2.0
Chloroform 0.025
Chlordane 0.002-0.004
Chlorine 0.027 (18 C)-0.042 (33 C)
Dieldrin 0.0039
Flourene 0.022
Heptachlor 0.129
Malathion 0.028
Methanol 0.099
Trichloroethylene 0.0039
Vinyl chloride 0.0247
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11. SURFACE HEAT EXCHANGE RELATIONSHIPS
The surface heat exchange in the INTROGLLVHT model is computed using the
coefficient of surface heat exchange (CSHE) and the equilibrium temperature
relationship. Both the full term-by-term surface heat exchange relationships and the
CSHE/Teq relationships are developed in Edinger et al. (1974). A brief derivation of
the latter is presented here.
11.1  Approximation to Surface Heat Exchange Formulation
The net rate of surface heat exchange is defined as follows:

Hn = Hs+Ha-Hbr-He-Hc (11.1)
where:
Hs = short-wave solar radiation, W/m>
Ha = long-wave atmospheric radiation, W/m?
Hbr = back radiation from the water surface, W/m?
He = evaporation from the water surface, W/m”
Hc = conduction between water and air, W/m?
Over the long term (5 to 10 days), Ta = Tw, where
Ta = air temperature, C

Tw = water temperature, C,

therefore, Ha = Hbr, and Hc is a very small part of the net heat exchange. In the long
term, therefore, the net rate of surface heat exchange reduces to

Hn = Hs-He. (11.2)
Let

He = Bf(w)(Tw-Td) (11.3)
where
B = vapor pressure slope, mmHg/degC
Td = dew point temperature, C

f(w) = evaporative wind speed function, W/m*/mmHg
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Substituting Equation (11.3) into (11.2) gives the net rate of heat exchange as
follows:

Hn = Hs+Bf(w)Td-Bf(w)Tw. (11.4)

Letting CSHE(W/m?/degC) be defined as follows:

CSHE = dHn/dTd (11.5)
gives

CSHE = Bf(w) (11.6)
and

Hn = Hs+CSHE(Td-Tw). (11.7)

The equilibrium temperature Teq is defined as follows:
Teq =Tw when Hn =0,
giving
Teq = Hs/CSHE+Td. (11.8)

Equation (11.8) is known as the Brady approximation to the equilibrium temperature
of surface heat exchange.

Solving Equation (11.8) for Hs and substituting into Equation (11.7) gives the net rate
of surface heat exchange as follows:

Hn = -CSHE(Tw-Teq). (11.9)

11.2  Excess Temperature

The increase in water temperature due to a heat source, 6, is called the excess
temperature. The net rate of surface heat exchange with the heat source then
becomes:

Hn’ = -CSHE(Tw+0-Teq). (11.10)

Subtracting Equation (11.9) from (11.10) gives the net rate of surface heat exchange
due to the heat source alone as follows:

Hn’-Hn = -CSHE 6. (11.11)

The excess temperature can be evaluated using the TSC model by setting Teq equal
to 0 and specifying only the temperature rise of the discharge. No inflow initial or
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boundary temperatures should be specified to carry out the excess temperature
computation.

11.3 Short-Wave Solar Radiation

Values of clear sky short-wave solar radiation are given in Table 11-1. The actual
short-wave solar radiation reaching the water surface is

Hs= (1-0.0071C1d2)Hsc (11.12)
where
Hs = short-wave solar radiation

Cld = cloud cover in tenths (ranging from 1 for low cloud cover to 10 for complete
cloud cover)

Hsc = clear sky short-wave solar radiation

The cloud cover is available through the National Oceanic and Atmospheric
Administration climatologic data sites.

11.4 Coefficient of Surface Heat Exchange and Equilibrium Temperature

The coefficient of surface heat exchange is a function of the wind speed and the
average of the water surface temperature and dew point temperature as Tm =
(Ts+Td)/2. Table 11-2 gives the values of the coefficient of surface heat exchange in
watt/m?/C for a range of Tm and wind speeds.

The Brady approximation, Equation 11.8, shows that the computation of Teq and
CSHE from the meteorologic data of Hs, Td, and W is an iterative process that can be
tedious to do as a hand computation. The routine given in the INTROGLLVHT folder
named Teq and Cshe Computation.exe performs this computation.

The routine asks for clear sky radiation, which is available from Table 11-1, the cloud
cover in tenths, the dew point temperature, and the wind speed. It also asks for the
average depth of the water body to estimate how long it takes the water body to reach
equilibrium. The routine prints out to the screen Teq, CSHE, and the time of
approach to equilibrium. No file is necessary to store these results.

11.5 Response Temperature

A useful quantity for estimating the response time for a water body to approach
equilibrium from initial temperatures is the response temperature. The response
temperature is the temperature a water body would reach due to surface heat
exchange alone. For a mixed water column, it can be defined as follows:
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pCpD dTr/dt = -CSHE*(Tr-Teq) (11.13)
where:
p = density of water (1000 kg/m3 )
Cp = specific heat of water (4186 joules/kg/degC)
D = depth of the water column, m
CSHE = coefficient of surface heat exchange, (15-35 Watt/m*/C)

The solution to Equation (11.13) for a water body beginning at an initial temperature
of Ti is over time:

Tr(t) = TiExp(-Kt)+Teq[1-Exp(-K1)] (11.14)
where:
K = CSHE/(pCpD). (11.15)

Equation (11.14) can be applied to a simple stream case where Ti is the mixed
temperature at the head of the stream and Teq is the temperature the stream would
approach as a function of travel time.

The relationship for excess temperature would be as follows:
de/dt = -K6 (11.16)

and the decay of a fully mixed excess temperature in the downstream direction would
be

0(t) = 89 Exp(-Kt) (11.17)

where 6, is the fully mixed excess temperature computed as Qp 0,/Qr and 6, is the
temperature rise across the facility, Qp is the facility low rate, and Qr is the river flow
rate.

11.6 Plant Heat Rejection, Pumping Rate, and Temperature Rise

The relationship between a steam electric power plant heat rejection rates, pumping
rates, and temperature rise can be illustrated for the cooling reservoir examined in
Chapter 7. A fairly heavily loaded closed loop cooling lake is typically loaded at 1
Megawatt electric (Mwe) per acre. For the example reservoir the loading could then
be as high as 2400 Mwe. Typically, a steam electric plant is approximately 30%
efficient, and at this efficiency a 2400 Mwe plant would have a total heat rejection of
5600 Mwth (Megawatt thermal). For a fossil plant, approximately 80% of this heat is
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rejected to the cooling water, and the rest goes up the stacks. The heat rejection to the
cooling water is, therefore, 4480 Mwth.

For modeling purposes it is necessary to specify the pumping rate of the plant and the
temperature rise across the plant. These are directly related to the plant heat rejection.
The temperature rise across the plant, or the condenser temperature rise, is typically
10° C (18° F). The plant heat rejection, flow rate, and condenser temperature rise are
related as

Hp=p Cp Qp ATp (11.18)
where:
Hp = plant heat rejection in Mwth x 10° to give Wth
p = density of water, 1000 kg/m’
Cp = specific heat of water, 4186 joules/kg/degC (1 joule/sec = 1 Watt)
Qp = plant pumping rate, m’/s
ATp = condenser temperature rise, degrees C

For ATp = 10 °C and Hp = 4480 Mwth, the plant pumping rate is 107 m*/s. A check
which can be made prior to simulation is to estimate the average temperature rise at
the reservoir surface to dissipate the waste heat. The relationship between heat
rejection, reservoir surface area, and temperature rise on a completely mixed
reservoir is as follows:

Hp = Cshe ATs As (11.19)
where:
Cshe = coefficient of surface heat exchange, watt/m*/degC
ATs = increase in surface temperature, degrees C
As = reservoir surface area, m’

For a Cshe of 35 watt/m*degC and a reservoir surface area of 9.8 x 10° m?, the
estimated average surface temperature increase is 13° C. The surface temperatures on

the recirculating reservoir can be compared to this to see if it is more efficient than a
completely mixed reservoir.

Buchak et al. (2001) give further details about evaluating cooling water discharge
sizes, the use of cooling lakes, and real-time modeling and data comparisons.
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Table 11-1. Daily average clear sky solar radiation, W m™".

Latitude Jan Mar Apr May Jun Jul  Aug

47 55.0 }101.6 ]170.7 1244.2 1303.2 |332.2 {323.9 |280.3 [212.7 {138.8 |77.6 [45.0
46 61.5 [108.7 1177.3 |249.6 [306.9 {334.2 1324.5 |280.3 {213.1 |140.3 |80.7 [49.9
45 659 |111.6 1178.9 [250.5 |307.6 {335.6 [327.1 |284.4 |218.5 {146.5 [87.2 [55.8
44 70.9 {116.0 {182.5 |1253.1 |309.6 [337.3 {329.0 [286.8 [221.8 {150.7 {92.0 [61.0
43 76.4 {120.7 1186.2 |255.8 1311.4 {338.7 [330.5 {289.0 |224.9 {154.9 {972 ]66.6
42 81.7 {125.5 |190.0 [258.5 [313.2 (340.0 [331.9 |291.0 {227.8 [158.9 [102.1 {72.0
41 86.8 [129.6 {193.0 [260.4 {311.5 {341.1 [333.4 {293.3 |231.3 [163.4 {107.3 |77.5
40 92.5 11349 1197.3 1263.6 |316.4 |342.2 13342 1294.5 |233.4 {166.8 1111.9 {829
39 97.8 [139.3 1200.6 |265.7 1317.8 {343.3 [335.6 {296.8 [236.8 |171.3 |117.3 |88.7
38 103.3 {144.1 1204.2 1268.1 |319.1 |344.0 {336.3 j298.1 |239.3 ]175.1 {122.1 [94.2
37 108.3 1147.7 1206.5 1269.2 |319.6 {344.6 {337.8 {300.9 |243.5 {180.5 {128.2 [100.1
36 113.3 {151.5 |208.8 |270.3 1320.0 [345.1 {339.0 {303.3 j247.3 |185.5 [134.0 [106.0
35 119.4 1157.6 [213.9 |273.8 1321.7 [345.3 [338.3 {302.6 |247.5 |187.2 |137.4 [111.1
34 124.3 |161.0 |215.8 |274.5 |321.7 {345.3 [339.1 {304.7 |251.2 {192.2 {143.2 {116.9
33 130.0 {166.2 {219.8 1276.9 |322.7 {345.4 [339.0 [305.1 1252.7 [195.2 |147.6 }1223
32 135.4 1171.0 [223.6 |279.5 1324.3 ]346.3 |339.8 1306.6 {255.1 |198.9 |152.4 |127.7
31 139.8 |172.4 |222.5 1277.0 |321.8 {345.3 [341.4 {311.1 {262.2 |207.5 }161.1 [135.1
30 145.9 |179.1 |228.4 |281.2 {323.7 {344.8 {339.2 {308.3 {260.0 |207.0 [162.9 [139.2
29 152.3 1184.9 1233.0 1284.1 |324.9 [344.9 [338.8 1308.3 |261.2 {209.9 1167.5 |145.1
28 156.8 [187.3 |233.5 |283.2 |323.8 |344.5 [1340.2 [311.7 1266.7 {216.7 |174.7 |151.6
27 162.3 1192.0 |236.7 |284.9 1324.1 |344.1 |339.7 1312.0 [268.3 |219.9 {179.3 |157.1
26 166.6 |194.0 1236.6 {283.3 {322.0 {342.8 340.1 |311.8 1273.3 |226.4 {186.3 [163.5

*Based on equations shown in Environmental Protection Agency, 1971. Values are
for the middle of the indicated month. Latitudes range from southern Texas (26°N) to
Washington State (47°N).

Table 11-2. Coefficient of surface heat exchange in Watt/m*/°C as a function of wind
speed and mean temperature Tm*.

Wind Speed m/s

15 2 25 3 3.5 4

10 11 11 12 13 14 1
15 13 14 15 16 17 18
Tm,C} 20 16 17 18 20 21 23
25 20 21 22 24 26 29
30 24 25 27 30 32 36

30 29 30 33 36 39 4

*Computed from relationships given in Edinger et al. (1974).



12. DISSOLVED OXYGEN DEPRESSION RELATIONSHIPS

The DOD model determines the uptake of dissolved oxygen due to the decay of
ammonium (NH,4) and carbonaceous biochemical oxygen demand (CBOD). It also
includes the mineralization of organic nitrogen (ON) to NH, and the latter to nitrate
(NO3). In this chapter, the fundamental rate relationships used in the DOD model are
presented along with an analytical solution for a simple river channel case.

12.1 The Dissolved Oxygen Depression Processes

The DOD model includes the decay of ON to NH, the decay of NH, to NOs with the
uptake of dissolved oxygen, and the decay of CBOD to carbon dioxide (CO,) with
the uptake of dissolved oxygen.

1.1.3 Decay of Organic Nitrogen

The equation for the decay of ON (NO) to ammonia—ammonium (NH; + NH,) is as
follows:

0 No

=—KonNo (12.1)

where Kon is the organic nitrogen decay rate.

1.1.4 Decay of Biochemical Oxygen Demand

The equation for the decay of BOD (L) is

oL

where Kbod is the decay rate of BOD.

1.1.5 Decay of Ammonia—Ammonium

The equation for the decay of ammonia—ammonium NH;+NH;, (Nh) to NO; is

ONh
——=—KnhNh + KonN
p onNo (12.3)

where Knh is the decay rate of NH,4.
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1.1.6 Uptake of Dissolved Oxygen by Ammonium
The NH, takes up dissolved oxygen as it decays to NO; as follows:

NH;+20, = NO; +H,O0+2H (12.4)
(14 gm) (64 gm),

which shows that every 14 gm of NH, takes up 64 gm of oxygen (O,) when decaying
to NOs. The ratio of dissolved oxygen loss to the rate of decay of ammonia is,

therefore, oy = 4.57 theoretically, although it can vary between 4.33 and 4.57 due to
the uptake of NHy in the cellular structure of bacteria carrying out the reaction.

1.1.7 Dissolved Oxygen Depression

The rate at which the dissolved oxygen is depressed is

5
a—D = KbodL + &, KnhNnh — RsD/ dz (12.5)
t

where D is the dissolved oxygen depression from background values due to an inflow
of ON, NH4, and BOD. The surface reaeration rate of dissolved oxygen is Rs, and it
applies only to the top layer of the model, which has a thickness of dz. In
multilayered water bodies, Rs is usually taken as a function of wind speed using the
Mackay(1980) formulation, which is

Rw(m/d) = 0.055*Wad'~ (12.6)
for the surface reaeration wind speed, Wad, in m/s. The Wad does not necessarily
need to be the same as the Wx and Wy used for surface wind shear.

12.2  Analytical Solution of the Dissolved Oxygen Depression Relationship

For the discharge of NH; and BOD into a fully mixed stream, there is an analytical
solution to the dissolved oxygen depression relationship as a function of travel time
along the stream. This is an extension of the classical Streeter-Phelps solution to the
oxygen sag problem.

The solution of Equation (12.2) for BOD is as follows:
L =-L,e"! (12.7)

where L, is the mixed concentration of the discharge of BOD in the stream and K is
the BOD decay rate.

The solution of Equation (12.3) is
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Nnh =—-N, e (12.8)

where Nj is the mixed concentration of the discharge of NH, in the stream and Ky is
the ammonium decay rate. Substituting Equation (12.6) and (12.7) into Equation
(12.5) and solving the resulting equation gives the dissolved oxygen depression as a
function of travel time along the fully mixed stream as follows:

D — KLLO (e—KLt _e—r() + a’N KNNO

Kyt -1t
e " —e . 12.9
r-K, r-Ky ( ) (12.9)

12.3 Reaeration Formulas for Streams

There are many formulations for determining the reaeration rate, r, from stream
velocity and stream depth (EPA 1985). Churchill et al. (1962) provide a formula
based on extensive stream data that gives

r=5.03 UMy (12.10)

for r in units of per day. The U is the stream velocity in m/s determined from the flow
divided by the cross section, and H is the stream depth in meters determined from the
stream cross section divided by the stream surface width. The Churchill formula is
based on data for stream velocities ranging from 0.50 to 1.5 m/s, and stream depths
ranging from 0.5 to 3.5 m.

The INTROGLLVHT model uses the Mackay (1980) surface wind speed formula as
indicated previously. For simple vertically mixed streams it is necessary to use an
equivalent wind speed that gives the same results as the Churchill et al. (1962)

formulation.
Letting Rw(m/d) = H*r, then an equivalent wind speed is

Wad = 19.64*U%**/H**, (12.11)

The equivalent wind speed allows one to apply the three-dimensional model to simple
streams where reaeration is a function of velocity and depth.
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13. THE WATER QUALITY DISSOLVED PARTICULATE
EUTROPHICATION MODEL

The particulate-based WQDP eutrophication model is an extension of EUTROS
incorporated in the Environmental Protection Agency’s WASPS5 (Ambrose et al.
1993). The WQDPM is similar to the Qual2E model (Brown and Barnwell 1987) that
incorporates the particulate forms of particulate carbonaceous biochemical oxygen
demand (CBOD p), ON p, and OP_p. The Qual2E model applies only to one-
dimensional streams, whereas the WQDPM is three dimensional. In addition, the
WQDPM incorporates grazing zooplankton whose excretions make up a large part of
the particulate constituents. Other water quality models also include the particulate
forms of the nutrient constituents, including the CE-QUAL-W?2 longitudinal-vertical
reservoir and estuary model (Buchak and Edinger 1984; Cole and Buchak 1995) and
the CE-QUAL-ICM model (Cerco and Cole 1993). WQDPM is coupled to the
GLLVHT hydrodynamic and transport model.

13.1 The Water Quality Dissolved Particulate Model Nutrient Cycles and
Processes

The flow chart for the WQDPM is shown in Figure 13-1. The chart shows each of the
11 constituents incorporated in the WQDPM and the cycling of nutrients between the
phytoplankton and the constituents. The dissolved carbonaceous biochemical oxygen
demand (CBOD_d) and CBOD _p take up dissolved oxygen (DO) as they decay to
CO,, but are resupplied by the death of and excretion from the phytoplankton, and by
wastes from the grazing zooplankton. The particulate form settles. Both organic
nitrogen (ON) and organic phosphorous (OP) have dissolved and particulate forms
that decay and take up DO, and are resupplied by death and excretion for the
phytoplankton and wastes from the grazing zooplankton. The decaying OP produces
phosphate (POs) that is taken up by the phytoplankton. The decaying ON produces
ammonium (NH,), which in turn decays to nitrate (NOs), taking up DO. The
phytoplankton use both NH4 and NOs; they prefer NH, until it reaches very low
concentrations, and then they use NO;.

The DO is taken up by the phytoplankton by respiration, and it is produced by the
phytoplankton by photosynthesis. The DO is supplied by reaeration at the water
surface, and taken up by sediment oxygen demand (SOD) in the bottom. The

phytoplankton, CBOD_p, ON_p, and OP p settle to the bottom. The sediment
releases NH, and PO, back into the cycle.

13.2 The Water Quality Dissolved Particulate Model Constituent
Relationships

The constituents included in the WQDPM are listed in Table 13-1, which gives the
reference number used in INTROGLLVHT. The constituent symbol as used for each
constituent in the constituent relationships is given in Table 13-2. The constituent
symbols used in Table 13-2 are extensions of the EUTROS notation. In Table 13-2,
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the DCn/Dt is the total transport derivative and is the sum of the local change in
constituent concentration, the advection of constituent, and the turbulent dispersion of
constituent. Each constituent rate relationship is discussed separately. The individual
parameters in each relationship are listed alphabetically in Table 13-3 and discussed
in Section 13.3.

13.2.1 Ammonia and Ammonium Nitrogen

The NH, relationship is represented in Equation 13.1.1 in Table 13-2. Within the
cycle it is supplied by dying phytoplankton and the mineralization of dissolved and
particulate ON. The particulate ON_p mineralization rate is limited by a
phytoplankton concentration dependent Michaelis—Menton relationship, whereas the
dissolved ON_d mineralizes directly to NH4. The NH4 is taken up by the
phytoplankton in proportion to their growth rate and as controlled by the preference
factor. The decay of NH4 to NOs is rate limited by the DO concentration. Ammonium
can be resupplied from the sediment.

The preference factor is formulated from Thomann and Fitzpatrick (1982) in
Equation 13.1.2 in Table 13-2. It is a relatively complex function that goes to zero
when the NH,4 concentration decreases to zero and is near unity when NH, is large
relative to NO;. Basically, the function states that phytoplankton prefer NH; when it
is present, but will use NO; when NHj 1s not present.

Ammonium can be released from the sediment as indicated by the SEDy4 term. Its
proportionality to SOD using Spnh3 is based on the relationships developed by
Pamatmat (1971). Alternatively, the Spnh3 can be set to zero, and SEDnh3m specified
as a uniform value throughout the water body.

13.2.2 Nitrate Nitrogen

The rate relationship for nitrate nitrogen is given in Equation 13.2.1 in Table 13-2. It
shows the NO; supplied by the decay of NH,, with the rate being controllied by a DO
limitation. The NQj is taken up by phytoplankton in proportion to their growth rate
and the quantity (1-Pyus), demonstrating that the NO; i1s underused when NH; is
present.

The NO; can denitrify. Denitrification takes place at very low DO concentrations and
represents a loss of NOs from the cycle.

13.2.3 Inorganic Phosphorous

The rate relationship for inorganic phosphorous is given in Equation 13.3.1 in Table
13-2. It is supplied by the respiration of phytoplankton and the mineralization of
OP_d and of OP p as limited by the presence or absence of phytoplankton. The
inorganic phosphorous is taken up by the growth of phytoplankton and can be
supplied from the sediment.
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13.2.4 Phytoplankton

The rate relationship for the growth or decay of phytoplankton is given as Equation
13.4.1 in Table 13-2. It shows that phytoplankton grow or decay in proportion to their
own density depending on the net sum of the growth rate, respiration rate, and death
rate. The zooplankton-grazing rate is also proportional to the phytoplankton density.
Phytoplankton settle out of the water column.

The actual growth rate, G, is the maximum growth rate as modified by the
temperature limitation, a light-limiting function, and a nutrient-limiting function. The
latter takes the minimum value of a function dependent on the presence of nitrogen or
dependent on the presence of inorganic phosphorous. Whichever function has the
minimum value is considered to be the limiting nutrient.

The light-limiting function depends on the light saturation value, Is, for a particular
phytoplankton species and the short-wave solar radiation intensity that decreases
through the water column according to Equation 13.4.3. The light intensity is
attenuated through the water column by the sum of a constant attenuation coefficient
and a term proportional to the phytoplankton density. Phytoplankton can become
“self shading” and grow to such a density that they shut off their own light source,
reducing the growth rate to a very low value.

The respiration rate is temperature dependent, but the death rate is not. Zooplankton
grazing is proportional to the phytoplankton density, which basically states that the
more food available for zooplankton, the more they will grow and consume.

13.2.5 Carbonaceous Biochemical Oxygen Demand

The rate relationship for dissolved CBOD _d is given in Equation 13.5.1 in Table 13-
2. It shows that CBOD_d increases in proportion to the death rate of phytoplankton
and the amount of dissolved carbon contained within the phytoplankton cells. The
CBOD_d also increases with the excretion of carbon through the cell walls. The
dissolved CBOD_d decays or oxidizes to a form of CO, when DO is present. The
dissolved CBOD_d can denitrify in the absence of DO and the presence of NOs.

The particulate form of CBOD_p increases in proportion to the phytoplankton death
rate and the amount of particulate organic carbon contained within the phytoplankton
cells. It increases from the excretion of the zooplankton. The latter is limited by the
assimilation efficiency of zooplankton, AS, which states that the greater the ability of
the zooplankton to retain particulate carbon, the less that is released to CBOD p. The
particulate CBOD p oxidizes to some form of CO; similar to the dissolved form of
CBOD_d. Particulate CBOD_p settles out.

13.2.6 Dissolved Oxygen

The DO balance is given in Equation 13.6.1 in Table 13-2. The first term is reaeration
at the water surface where the DO tends to be driven to its saturation value at the
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surface temperature of water. Next is uptake of oxygen by CBOD_d and CBOD p as
they oxidize to simpler carbon products, and its rate can be limited by the DO
concentration. Next is nitrification, or the decay of NH4 to NO;. Oxygen is supplied
by phytoplankton through photosynthesis in proportion to their growth rate, but this
process can be limited by too large a preference factor. Next is the loss of DO to
phytoplankton by their respiration. Dissolved oxygen is taken up by SOD in the
bottom layer.

The wind speed dependent surface reaeration coefficient, Equation 13.6.2, is based on
the relationship developed by MacKay (1980). The surface DO concentration is
computed as a function of the absolute value of the surface temperature (Tk).

Sediment oxygen demand is formulated from the relationship developed by Pamatmat
(1971). The SOD results from the settling of CBOD p, ON_p, and phytoplankton to
the bottom. The coefficients each term is multiplied by have been evaluated from
field data. Using the Pamatmat (1971) relationship makes SOD variable throughout
the water body depending on the distribution of CBOD_p, ON_p, and phytoplankton.
In addition, a spatially and temporally constant SODm can be added to the
relationship, or it can be used independently of the settling components.

13.2.7 Organic Nitrogen

The rate relationship for ON d is given in Equation 13.7.1 in Table 13-2. It is
produced by the death of phytoplankton in proportion to the fraction of ON d
contained in their cells. It is also excreted through the phytoplankton cell walls.
Organic nitrogen decays or mineralizes to NHy.

The rate relationship for ON_p is given in Equation 13.7.2. It is produced by dying
phytoplankton in proportion to the particulate fraction of ON in the cells. The ON_p
is also produced from the unassimilated portion of the wastes from zooplankton
grazing.

Particulate ON mineralizes to NHs, and unlike ON _d, its rate is limited by the
presence or absence of phytoplankton. Not limiting the mineralization of ON_d
allows the WQDPM relationships to function as the ON_d terms in the DOD model
and simpler water quality models without the presence of phytoplankton. The
particulate component of ON can settle out through the water column.

13.2.8 Organic Phosphorous

The OP relationships are similar to the ON relationships. The rate relationship for
OP d is given in Equation 13.8.1 in Table 13-2. It is produced by the death of
phytoplankton in proportion to the fraction of OP_d contained in their cells. It is also
excreted through the phytoplankton cell walls. Organic phosphorus decays or
mineralizes to POj.
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The rate relationship for OP_p is given in Equation 13.8.2. It is produced by dying
phytoplankton in proportion to the particulate fraction of OP in the cells. The OP_p 1s
also produced from the unassimilated portion of the wastes from zooplankton
grazing.

Particulate OP mineralizes to PO, and, unlike OP_d, its rate is limited by the presence
or absence of phytoplankton. Not limiting the mineralization of OP_d allows the
WQDPM relationships to function as the ON_d terms in the DOD model and simpler
water quality models without the presence of phytoplankton. The particulate
component of OP can settle out through the water column.

13.3 Rates and Constants in the Water Quality Dissolved Particulate Model

Certain rates and parameters in the WQDPM can be varied in the INTROGLLVHT
_ WQM .dat file for a project using the WQDPM as indicated previously in Table 3-6.
The rest of the rates and parameters used in the INTROGLLVHT version of the
WQDPM are set at default values. The default values used in the INTROGLLVHT
version of the WQDPM are given in Table 3-6 along with the range of values that has
appeared in the literature. Most of these parameters are the half-saturation constants
used in the Michaelis—Menton type of rate-limiting terms, temperature constants, and
fractions of different organic carbon, nitrogen, and phosphorous found in
phytoplankton and stoichiometric ratios. Most have a very limited range. The rates
and parameters that can be specified in the 'WQM.dat file are also indicated.

The more complete Generalized Environmental Modeling System for Surfacewaters
(GEMSS) modeling system discussed in Chapter 9, which incorporates the WQDPM
as one of its available water quality models, gives access to all of the parameters

listed in Table 13-3 through a graphical users interface display of the process
diagram.

13.4 Higher-Order Water Quality Modeling

The flow diagram for the higher-order carbon-based water quality model WQMCB is
given in Figure 13-2. It treats organic carbon in both dissolved and particulate forms
as separate state variables. In addition, it and a number of the other constituents are
allowed to have “fast” or liable and “slow” or “refractory” decay rates. These
constituents are necessary to link the WQMCB to more complex sediment diagenesis
exchange models. In addition, the WQMCB model includes the hydrolysis of
particulate constituents into solution as dissolved constituents.

The WQMCEB is designed to include a number of phytoplankton species and variable
growth and death rates through time. An important process included in the WQMCB
is the diurnal vertical migration of dinoflagellates as formulated by Boatman (1999)
and Boatman and Buchak (1987). Dinoflagellates move upward through the water
column during daylight hours to a level near where the light level is at their optimal
saturation light level. They sink toward the bottom at night. The net result is that
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dinoflagellates produce a DO maximum a few meters below the water surface during
the day and their respiration removes oxygen from the bottom portion of the water
column at night. They are also important in producing the seasonal oxygen
distribution in a water body because they graze on the phytoplankton. Comparisons
by Boatman (1999) between using the WQMCB without and with the dinoflagellate
migration showed that observed DO distributions could not be reproduced without
this process regardless of what parameters were adjusted. The WQMCB is included
in the GEMSS modeling system discussed in Chapter 9.
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Figure 13-1. Process flow diagram for the WQDPM water quality model.
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Table 13-1. Water quality dissolved particulate model index for each constituent and
constituent symbol used in equations given in Table 13-2.

4 CD5 Dissolved carbonaceous BOD CBOD_D g0y m
S CD7 Dissolved organic nitrogen ON_D gN/m’
6 Ci Ammonia nitrogen NH3 g N/m’
7 C6 Dissolved oxygen DO g O/ m’
8 C2 Nitrate nitrogen NO3 gN/m’
9 CD8 Dissolved organic phosphorus OP D gP/m’
10 C3 Inorganic phosphorus PO4 gP/m’
1t C4 Phytoplankton carbon PHYT gC/m’
12 CP5 Particulate carbonaceous BOD CBOD_P g0,/ m’
13 CP7 Particulate organic nitrogen ON_P gN/m’
14 CP8 Particulate organic phosphorus OP P gP/m’
15 Algrt Net algal growth/death rate Algrt Per day

BOD, biochemical oxygen demand.
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Table 13-2. Constituent source/sink relationships used in the water quality dissolved
particlulate model water quality model.

1. Ammonia nitrogen (NHj3)

D . . C
€ Dy aneCs+kn©7,°Cpy + k7 @%20[_'“3‘_) Crr-Gpan PnusCy
Dt mNc + C4
respiration mineralization growth
T-20 Cs
‘k]2®]2 (—jcl+SEDNH3 (13.1.1)
NIT + C6
nitrification sediment release
ammonia preference factor
CZ KmN

Pus=C +C (13.1.2)

. ’((KmN + Koy Cz)) 1(((:1 + C) Ko * Cz)]

sediment release of NH

SEDu; = Snh3*SOD (13.1.3)

2. Nitrate nitrogen (NO;)

DC . C
Dt2 =k @Ezzo(m) Ci-Granc(1-Prnus) Cs

nitrification growth

-k ®§5Z°(M—J C, (13.2.1)
KNO3 + C6

denitrification

3. Inorganic phosphorus (POy)

DcC;
Dt

=Dy a,Cs+ k83®§§20 Cpe + ks3®§320(_£4—_j Crs
KmP(' + C4

respiration mineralization
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-GrapcCy +SED,, (13.3.1)
growth sediment release

4. Phytoplankton (PHYT)

DC ov,,C
Dt4=((1_fe)G” - D, - D,)C, —ggmze-—&“-z-—“ (13.4.1)
growth-excretion respirationdeath grazing  settling
growth
r-20, 1 1_%
Gp =k16®10 (—e A) (13423)

I

s

temperature and light limitation

min[ G+G sy ] (13.4.2b)

KuwntC +C, Kupt fp:Cs
nutrient limitation

light extinction

I= Ia (t)e_l'()(()‘38+()'()(’5SUM"”f‘”/Czcm")Z (13.4.3)
respiration

Dy =kir(20°C) @ (13.4.4)
death

Dy, =kip (13.4.5)

microzooplankton grazing

K, 0. °C, (13.4.6)

g micrograze ~ - gmicro

macrozooplankton grazing

K, O °C, (13.4.7)

g macrograze _ gmacro
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total zooplankton grazing

g graze =g micrograze + g macrograze ( 13.4. 8)

5. Carbonaceous biochemical oxygen demand (CBOD)

D CD5 T-20, C6
Dt aocfoc DD C4 aoc.fe p4 kd ®d KBOD + C6 CD5
death excretion oxidation
_£32 (7-20) K nos 13.5.1
22 o e, (135.1)
denitrification
DCps _
7135 ™ Qoc (l - foc )DD C4 + aoc (1 - AS)gmicrograze
death grazing
ov.C
kT —Cs | VssCps 13.5.2
ko ®y (KBOD‘*'CJ P5 57 ( )
oxidation settling

6. Dissolved oxygen (DO)

Cs

BOD + C6

D
Co =k Cs-cg)-kd@)ﬁ'”(

64
D )(CD5+CPS)-ﬁk12®$”(i—J of

Knr+Cs

reaeration (surface) heterotrophic respiration nitrification

32 4814 32
+ 4+ ——(1- -—D -SOD @™ 13.6.
GP(]Z 12 12( PNHS))C:& D r Ca O (13.6.1)

phyto. growth phyto. respiration SOD (bottom)

DO reaeration coefficient

k,=6.416-107(U , )" (13.6.2)
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DO saturation concentration

InC, =-139.34 +(1.5757 - 10° )T{ - (6.6423 - 10’ )T#
+(1.2438 - 10" )T% - (8.6219 - 10" )T# (13.6.3)
- 0.55355(0.031929 - 19.428T; + 3867.3T%)

sediment oxygen demand
SOD =[S ,v,C;+S,v,C, +S,,2a,v,C,]+SODm (13.6.4)

7. Organic nitrogen (ON)

D
—gjt—DlzDDancfo,,C4+ancferC4 -k ©37 Cps (13.7.1)
death excretion mineralization
DcC
DtP7 = DD Anc (1 - fon) C4 + ancp (1 - AS)gmicrograze
death grazing
T-20 Cy 1z vs7Cp7
- —_ — 13.72
k” ®7] (KmNc + C4 ] CP7 aZ ( )
mineralization settling

8. Organic phosphorus (OP)

D Cps

" Doa fopCe+ @, .G, C, - ks O35 Cos (13.8.1)
death excretion mineralization
DcC
Dtp8 =Dp A pe (1 - fop) Cit Apep (1 - AS)gmicrograze
death grazing
_ T-20 C4 _ 5‘)58 CP8 13 8 2
kg3 Os; [——_Kmpc+C4]CP8 57 (13.8.2)

mineralization settling
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Table 13-3. Parameters used in water quality dissolved particulate model water
quality model equations given in Table 13-2, arranged alphabetically.

Parameter

Detault

Range

Definition

Units

Reference

O,n 1.08 1.08 Temperature coefficient None Ambrose (1993)

O 1.08 1.08 Temperature coefficient None Ambrose (1993)

O 1.068 1.068 Temperature coefficient None Ambrose (1993)

Or 1.045 1.045 Temperature coefficient None Ambrose (1993)

Or 1.045 1.045 Temperature coefficient None Ambrose (1993)

O 1.045 1.045 Temperature coefficient None Ambrose (1993)

=™ 1.08 1.08 Temperature coefficient None Ambrose (1993)

O 1.08 1.08 Temperature coefficient None Ambrose (1993)

04 1.047 1.047 Temperature coefficient None Ambrose (1993)

Okr 1.045 1.045 Temperature coefficient None Ambrose (1993)

[ch 1.08 1.08 Temperature coefficient None Ambrose (1993)

Ane 0.25 0.25 Nitrogen to carbon ratio gN/gC Ambrose (1993)

ncp 0.25 0.25 Particulate nitrogen to carbon | None Ambrose (1993)
ratio

Ay 32112 3212 Oxygen uptake per unit of g0,/gC Ambrose (1993)
algae respired

agc 32/12 32/12 Oxygen to carbon ratio g 0/gC Ambrose (1993)

apc 0.025 0.025 Phosphorus to carbon ratio gP/gC Ambrose (1993)

pep 0.75 0.70 ~0.80 Particulate organic phosphorus | None Ambrose (1993)
to carbon ratio

as 0.5 05-08 Assimilation efficiency of None EPA (1985)
zooplankton grazing

c2chla 30 10 - 100 Ratio of carbon to chlorophyll | None EPA (1985)
a

G Equation Equation Dissolved oxygen saturation g0,/ m’ Ambrose (1993)

(6.3) (6.3)

f. Specify 0.1 0.1~0.8 Excretion fraction of None EPA (1985)
phytoplankton

foc 0.5 0.5 Organic carbon from dead None Ambrose (1993)
algae

fon 0.5 0.5 Organic nitrogen from dead None Ambrose (1993)
algae

fop 0.5 0.5 Organic phosphorus from dead | None Ambrose (1993)
algae

I; Specify 127 110-150 Saturating light intensity watt/m? WDOE (1984)

Gzoo 1.0 0.0-2.5 Multiplier on graze rate ND

k,, Specify 0.02 (0.09~0.13) Nitrification rate day™ WDOE (1984)

k. Specify 20 2.0 Maximum growth rate day™ Ambrose (1993)

kqp Specify 0.015 0.2 Death rate day™ WDOE (1984)

kir Specify 0.125 0.125 Phytoplankton respiration rate, | day™ Ambrose (1993)
20°C

kir Specify 0.015 (.05-.20) Endogenous respiration rate at | day” WDOE (1984)
20°C

k, Equation Reaeration rate @ 20°C day™ Ambrose (1993)

(13.6.2)

kyp Specify 0.09 0.09 Denitrification rate at 20°C day” Ambrose (1993)

k7 Specify .0075 0.01-0.15 Organic nitrogen day WDOE (1984)
mineralization rate

kg3 Specify 0.22 0.10-0.30 Dissolved organic phosphorus | day’ Ambrose (1993)
mineralization at 20°C

Ksop 0.5 0.5 Half-saturation constant for g Oy m’ Ambrose (1993)
oxygen limitation

kq Specify 0.15 (0.02-0.20) Deoxygenation rate @ 20°C day™ WDOE (1984)
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Parameter

Default

Definition

Units
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Reference

Kgmacro 0.101 0.101 Grazing rate due to day Boatman (1997)
macrozooplankton

Kgmicro 0.081 0.081 Grazing rate due to day” Boatman (1997)
microzooplankton

KN 10/1000 25/1000 Half-saturation constant for g N/’ WDOE (1984)
nitrogen

KinNe 1.0 1.0 Half-saturation constant for gC/m’ Boatman (1997)
nitrogen mineralization

Kip 1.0/1000 1.0/1000 Half-saturation constant for gP/m’ Ambrose (1993)
phosphorus

Kinpe 5.0 1.-10.0 Half-saturation constant for gC/m’ Boatman (1997)
phosphorus mineralization

Knit 2.0 2.0 Half-saturation constant for g0,/ m’ Ambrose (1993)
oxygen limitation of
nitrification

Kyos 0.1 0.1 Michaelis constant for g O,/ m’ Ambrose (1993)
denitrification

Pxms Eq. (13-6.2) Preference for ammonia None Ambrose (1993)
uptake term

S4 Specify 0.02 0.01-0.09 Algae contribution to sediment | None Pamamat (1971)
oxygen demand

SEDnmn Formula Data Sediment release of ammonia | g N/m/d WDOE (1984)

SEDyyam Specify | 0.0 0.25-2.50 Measured. sediment release of | g N/ Measurement
NH3 m%/d

SEDposm Specify | 1.5 Field data Measured sediment release of [ g P/m?/d Measurement
phosphorus

SODm Specify 0.0 0.5-5.0 Background sediment oxygen | gO,/m’/d | WDOE (1984)
release

Sp5 Specify 0.07 0.01-0.09 CBOD_P contribution to None Pamamat(1971)
sediment oxygen demand

Sp7 Specify 0.07 0.01-0.09 ON_P contribution to None Pamamat(1971)
sediment oxygen demand

SpNH3 0.45 0.20-0.60 Fraction of sediment oxygen Panamat(1971)
demand released as NH3

vsq Specify 0.09 (0.05~0.5) Settling velocity m/day WDOE (1984)
Phytoplankton .

Vss Specify 0.08 (0.050.2) Settling velocity of CBOD_P m/day EPA (1985)

v¢7 Specify 0.08 (0.05~0.5) Settling velocity of ON_P m/day EPA (1985)

v Specify 0.08 (0.05~0.2) Settling velocity m/day EPA (1985)
OP_P

Wad Specify Field data Field data Wind speed m/'s Measurement

Specify =» See key parameters in Water Quality Dissolved Particulate Model
(WQDMPM) Water Quality Model, Chapter 3, Table 3-5.

CBOD P, particulate carbonaceous biochemical oxygen demand; NHj3;, ammonia,

ON_P, particulate organic nitrogen; OP_P, particulate organic phosphorous.




14. SEDIMENT SCOUR AND DEPOSITION RELATIONSHIPS
In this chapter, the detailed sediment transport and scour relationships will first be
presented, and then the sediment rate will be defined. Also given is the approximate
relationship between the model input sediment parameters.
14.1 Sediment Transport Relationships
The sediment transport relationship is as follows:

DC/Dt =-0V,C/0z + hy, (14.1)

where C is the suspended sediment concentration in g/m’, V; is the settling velocity
in m/s, and hy is the bottom scour load in g/mz/s.

The settling velocity is computed from Stokes law as

V, = g(Spgr — 1)d*/(18v) (14.2)
where g is the gravitational acceleration, 9.78 m/s%; Spgr is the specific gravity of the
sediment; d is the diameter of the sediment particle in meters; and v is the molecular

viscosity of water in m?/s.

The molecular viscosity of water can be computed as a function of temperature as
follows:

v =1.79 x 10" Exp(-0.0266Temp) (14.3)
where Temp is the water temperature in degrees C.

The bottom scour rate, hy, is computed using the Van Rijn formula given in Nielson
(1992, Equation 5.3.2) as

hy = Vscour*Cbottom (14.4)
where:

Vscour = 0.00033 (8°/6, — 1)(Spgr — 1)*°g*4d*8/02 (14.5)
where 0. is the critical Shields parameter and 6 is the bottom friction parameter.

The bottom friction parameter is computed from the relationship of (Nielson 1992,
Equation 2.2.4):

0’ = v’/[g(Sgr - 1)d] (14.6)

where:
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1’ = gU,%/Ch? (14.7)

1s the bottom shear stress of the flow on the sediment and Uy, is bottom velocity in
nV/s and Ch is the Chezy bottom friction in m"%/s.

The Cbottom is computed by applying the balance between the downward advection

of the particle with the upward turbulent mixing at the bottom from the relationship
of

VC — AzoC/oz = 0. (14.8)
This gives the bottom concentration of
Chbottom = C(dz) Exp(Vs dz/Dz) (14.9)

where C(dz) is the finite difference model concentration at a distance of dz off the
bottom, dz is the finite difference model bottom layer thickness, Vs is the settling
velocity in m/s, and Dz is the vertical turbulent dispersion coefficient in the bottom
layer.

For scour to take place, there has to be some bottom sediment concentration. Hence,
Cbottom is computed as the maximum of the value given by Equation 14.9 or the
Cbotmin specified in the input data. Estimates of Cbotmin are given in Table 14-1 as
a function of particle diameter derived from the tidal channel model simulations using
data provided by Schubel et al. (1978).

14.2 Definition of Sediment Rate

The sediment rate is defined as the long-term average of the difference between the
settling rate and the scouring rate. The formulation is

Sedrate = 1/t; Z(V;C(dz) — VscourCbottom)dt (14.10)
where dt is the computational time step in seconds and t, is the length of simulation.

The sediment rate is usually converted to units of g/m?/yr. If the Sedrate is positive,
then bottom sediment is building up over time; if it is negative, then there is net
scouring.

The instantaneous sediment rate, Isdrte, is defined as follows:
Isdrte = V,C(dz) — VscourCbottom. (14.11)

For steady-state cases, the average sediment rate, Sedrate, will become equal to the
instantaneous sediment rate. For tidal and time-varying cases, the Isdrte will describe
the variation around Sedrate.
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14.3 Relationship Between Model Input Parameters

The input parameters for the sediment model shown in Chapter 3, Section 3.3.4 are
the sediment particle diameter, diased; the sediment specific gravity, Spgr; the critical
Shields parameter, Shldp; and the minimum bottom sediment concentration, cbotmin.
Very approximately, the larger the diased, then the larger the Spgr and the Cbotmin
as shown in Table 14-1. The Shields parameter ranges from 0.03 to 0.08 (Nielson
1992, Figure 2.2.2 and Equation 2.2.7), and depends on the cohesivness of the bottom
sediments.

Table 14-1. Approximate relationships between sedimentation parameters.

Spgr 1.2 1.8 22

Cbotmin, mg/l | 1.0 3.0 5.0




GLOSSARY
baroclinic flow. Circulation induced by horizontal density differences.
barotropic flow. Circulation induced by differences in surface elevation.

bottom scour load. The rate of sediment transfer from the bottom of a water body
into the water column.

boundary conditions. The external conditions driving the circulation within a water
body including inflows, outflows, tides, and winds.

brine. Water with a very high salt concentration.

carbon-based model. A water quality model that includes organic carbon as well as
organic nitrogen and organic phosphorous as a state variable.

Chezy friction coefficient. The coefficient relating bottom velocity to bottom shear.
circulation. The three-dimensional flow field within a water body.

coefficient of surface heat exchange. The coefficient describing the rate at which
heat is exchanged across the water surface.

computational time step. The increment of time at which the numerical computation
1s proceeding.

constituent relationship. An equation that describes how fast a constituent
concentration is changing due to different biochemical processes.

Coriolis acceleration. An artificial acceleration imposed on the fluid due to the fixed
coordinate system rotating with the earth about its axis.

curtain wall. An interior barrier or boundary within a water body that forces the
circulation to go over, under, or around it.

decay rate. The rate at which a constituent decreases in concentration due to a
biochemical or radioactive process.

dew point temperature. The temperature at which a parcel of air becomes saturated
with water vapor.

dinoflagellates. Mobile plankton that undergo vertical migration in response to light
intensity.

dissolved oxygen depression. The amount that dissolved oxygen is reduced due to
flows into a water body.

diurnal. An event with a daily cycle.

198
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dummy cells. The first or outer row or column of cells in the model grid.

equation of state. The relationship describing water density in terms of temperature,
salinity, and pressure.

equilibrium temperature of surface heat exchange. The water surface temperature
at which the heat entering a water body due to short-wave solar radiation and
atmospheric long-wave radiation equals the loss of heat from the water due to long-
wave back radiation, evaporation, and conduction.

eutrophication. Excessively high densities of phytoplankton, usually accompanied
by low dissolved oxygen levels due to high nutrient inflows to a water body.

excess temperature. The increment of temperature related to a heat source inflow
other than surface heat exchange.

first-order decay. The rate of decrease of a constituent in proportion to its
concentration.

flushing time. The time it takes for a simulated initial dye concentration to decrease
by one half in a specific model cell.

grazing rate. Rate at which zooplankton consume phytoplankton.

groundwater. Water that enters the water body below the water surface elevation
from the surrounding land.

half-life. The time required for the concentration of a constituent to reduce by one
half when undergoing decay.

heat rejection rate. The rate at which a cooling water discharge puts heat into a
water body.

hydrodynamic modeling. The modeling of the flow field, surface elevations, and at
least the temperature and salinity as they affect density, due to the model boundary
conditions.

hypolimnion. The portion of a water body that is below the point on a temperature
profile where temperature changes most rapidly with depth.

iteration time step. See computational time step.
jetty. A wall sticking out into a water body. See also curtain wall.

kinetic reaction rate. The rate at which a particular biochemical process proceeds in
a water quality model.

macrozooplankton. Large zooplankton.
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microzooplankton. Small zooplankton.

mineralization. The process by which organic compounds are transformed into ionic
compounds.

model grid. The overall rectangular grid on which the water depths are placed.

model grid cell. The surface dx by dy cell on the model grid, and sometimes the
whole dx by dy by dz cell volume.

nutrient cycle. A description of the processes by which nutrients are passed into and
out of phytoplankton.

particulate-based model. The WQDP model that includes both the particulate as
well as the dissolved form of organic nitrogen and organic phosphorous.

photosynthesis. The process by which phytoplankton produce dissolved oxygen
using light as an energy source.

phytoplankton. Small, immobile organisms that drift with currents and can produce
dissolved oxygen due to photosynthesis.

plant heat rejection. See heat rejection rate.

pumping rate. The rate at which water is pumped through a facility such as a power
plant.

rate of decay. See decay rate.

reaeration. The coefficient describing the rate at which dissolved oxygen is
exchanged across the water surface.

residence time. See flushing time.

respiration. The uptake of dissolved oxygen by phytoplankton in the absence of
sunlight.

response temperature. The temperature in a mixed column of water that results due
to surface heat exchange alone.

response time. The time required for the response temperature to reach within a
certain limit of the equilibrium temperature.

Richardson number. The ratio of the vertical density gradient to the velocity shear.
salinity stratification. The variation of salinity with depth.

sediment rate. The product of the settling velocity and the concentration near the
bottom of sediment.
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semi-implicit solution. The combined solution for the surface elevations and velocity
distributions in the hydrodynamic model.

settling velocity. The velocity at which a sediment particle settles to the bottom in
quiescent water.

Shield’s parameter. The ratio of the bottom shear stress to the square of the settling
velocity. It allows one to determine the shear stress at which a sediment particle is
resuspended.

skimmer wall. See curtain wall.

source/sink terms. The terms describing the rate at which constituents are added to
or removed from a water body due to inflows and withdrawals.

Stokes law. The name of the formula for the settling velocity of a sediment particle in
terms of the viscosity of water, the specific gravity of the sediment, and the particle
diameter.

surface wind stress. The shear stress placed on a water surface due to the wind.
tank test. A modeling configuration that includes no inflows and outflows.

Torrence condition. The condition that applies to numerical forms of the constituent
transport relationships that states no more flow can be removed from a cell volume
than the volume of the cell itself over a computational time step.

vapor pressure slope. The change in water vapor pressure with water temperature.

Von Karman constant. A constant found from experimental data that allows one to
relate the shear within a water column to the horizontal velocity shear.

water quality modeling. The computation of water quality constituent
concentrations using formulations that include different biochemical rate processes
from the inflows into a water body.

wind shear coefficient. A coefficient that allows one to relate the square of the wind
speed to the surface wind shear.

zooplankton. Large, somewhat mobile plankton that graze on phytoplankton and
excrete organic nutrients mostly in particulate form.
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fossil electric power plants
174-175

freshwater inflows 4; estuaries 54,
56
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102; incorrect identifier 34; SED
model 23; SED model for rivers
141; for TSC model 25; WQDPM
model 181

Okubo, A. 158

open boundaries, estuaries 123

open coastal case, nesting of adjoining
open boundaries 58. 64

organic constituents 167

organic nitrogen 5, 184, /92; decay
177; DOD model 101;
phytoplankton 184; WQDPM model
181

organic phosphorus 5, 184-185, 192;
phytoplankton 184-185; WQDPM
model 181

outflows 8, 19, 20; canals 124, 125;
estuaries 57; lakes 83, 120-121;
reservoirs 83, 106; rivers 141

output files 9; description 34-38

output profiles 22-23

output specifications 6

output surfaces 23

output time series 23-24

overbank areas, rivers 143

oxygen 5; benthic demand 117;
dissolved 5, 117,
119-120, 121, 122, 183184,
191-192

Pamatmat, M.M. 39, 119, 182, 184

phosphate 5, 118

phosphorus 117; inorganic 182, /89;
organic 118, 119, 184-185, 192

photosynthesis 5, 117, WQDPM model
181

phytoplankton 5; canals 125, 126;
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carbon 39; death 120; growth
rate 120; net growth rate 117;
organic nitrogen 184; organic
phosphorus 184-185;
respiration 39, 120; tank test
simulation results
128-129, 130-131; WQDPM
model 39, 117-120, 126,
181183, 185186, 190191

Pierson, W.J. 4

plant heat rejection 174-175

plot files 36-37; animations
37-38; EST_TSC 01 48

power plants 84, 174-175

pressure gradients 155-156

Pritchard, D.W. 3, 54

profile initializing, formatting data
21

profile plot file 36, 48

project files, example applications
folder 9-10

project names 8; CON.dat file
8-9

pumping rate 174-175

qgrndwtr 25
Qual2E model 181

rate of decay 21-22

Rdecay 22;lakes 82;tank tests
102

reaeration 3; formulas for streams
179; wind speed 39

reaeration wind speed 104

recirculation 22; estuaries 52, 54,
56

RES DOD 01 INP.dat 106

RES _DOD 01 SPO.dat 106

RES DOD 01 TSO.dat 106

Reservoir BATH PLT 81

reservoirs 81-100; bathymetric
map 81, 87; bathymetry data
file 92; circulation patterns 83;
closed loop reservoirs 174;
dams 106, 121; dissolved
oxygen depression 106;
dissolved oxygen profile 109;
DOD model 105-107; flow
conditions 81; groundwater
inflows 83; inflows 83, 106,
107, 121; input data file 84,
98-99. 100, 106; interior
boundaries 106; marinas
106-107; models 34, 101;
outflows 83, 106; recirculating
cooling 117; simulation results

INDEX

85; spatial output file 106, 122;
study examples 83—84, 85-86,
106-107; surface wind 83;
temperature 84, 97; temperature
profile 90; time series output file
106; TSC model 81-86; velocity
components 90, 91, WQDPM model
117, 120-121, 121-122

residence times 25; computation 168;
estuaries 54-56, 70; lakes 82, 95, 97

respiration 5; phytoplankton 39, 120;
WQDPM model 181

response temperature, formulas 173-174

Res TSC 01 81, 83

Res_TSC_02: input data file 98-99;
results 85; simulation results 89

Res WQDPM 01 121, 126, 132

Res WQDPM 01 SPO 121

Res WQDPM 02 121, /33

Res WQDPM 02 SPO 122

Res WQDPM_02_TSO 122

Richardson number 158

rivers 141-144; bathymetry data file
152; channels 143; current patterns
149; discharges 143; eddies
142-143; elevation boundaries
141-142; inflows 19; input data file
153—154; internal boundaries 142:
overbank areas 143 scour/deposition
rates 142, 148; SED model
141-144; sediment concentration
142: simulation results 147, 148,
149; spatial output file 143; study
examples 143;tidal 143-144, 149;
tidal period 142; U-velocity
components 142; V-velocity
components 142; viscosity 143

Riv_Sed 01 141, 147

Riv_Sed 01 SPO.dat 143

Riv_Sed 01 TSO.dat 143

Riv_Sed 02 /48

salinity 1.5, 36; bottom distribution for
coastal water 59, 78; coastal brine
discharge project 59, 60, 61-62, 66,
77: estuaries 52, 52-53, 54, 55;
estuary time series 63; tidal rivers
144

salinity distributions 1; coastal brine
discharge project 60, 65, 80

salinity profiles 35; vertical 3

salt wedge estuary 54

scour/deposition rates 141; rivers 142,
148

Sed 141

SED model 4, 6, 141-154; breakwater



145-146; coastal water projects
145; defined 141; input data
file
141-142; marinas 145-146;
nwgm 23, 141; parameter
default values 39-40, 50, 142;
parameters /352; relationships
195-197; rivers 141-144;
simulation results 142-143;
tidal river 143-144

sediment concentration 40, 143;
rivers 142

sediment exchange relationship
119

sediment oxygen demand 39, 184;
canals 125

sediment particle diameter 6, 40,
197

sediment rate 196

sediment relationships 167-168

sediment scour and deposition
model. see SED model

sediment scour and deposition
relationships 195-197

sediment specific gravity 197

sediment transport relationships
195-196

sedrate 23, 196

sedrt 141, 144

Sed WQM.dat 39-40, 145

settling rates 120

settling velocity 195, 196

Shields parameter 40, 195, 197

Shidp 40, 197

short-wave solar radiation 173,
183

simple toxic substances decay 22

simulation length 24

simulation results 34--38;
breakwater /47,
canals 124-125, 134, 135,
coastal water projects 145;
cooling reservoir 85, 89; lakes
82-83, 121, 7132, 133; marinas
145-146; reservoirs 85; rivers
147, 148, 149; SED model
142-143; streams 104-105;
tank tests 102, 127, 128129,
130-131; tidal river 144

simulation status, indicators 34

simulation time conditions 24

simulation, time to complete 7

skimmer walls 84-86, 144

Smagorinsky, J. 166

SOD 39

spatial output file 35-36; estuary

INDEX

example application 42—46: lakes
121; reservoirs 106, 122; residence
times profile results 56: rivers 143

specific gravity 6, 40

spgr 40, 197

_SPO.dat 35, 35-36, 37, 57

steam electric power plants 84, 174

Str DOD 01 103

Str DOD_01_TSO.dat 105

Str DOD_01_WQM.dat 104

streams 103-105; bathymetry data file
103, 112; carbonaceous biochemical
oxygen demand 105,
115-116; constituent concentrations
104; dissolved oxygen deficit
115-116; dissolved oxygen
depression 105; DOD model 101,
103-105; elevation boundaries 104;
facility discharges 103, 105; inflows
103, 105; input data file 103-104,
113—-114; project name 103;
reaeration formulas 179; reaeration
wind speed 104; simulation results
104-105; study examples 105;
temperature 103, 104; velocity
profile 104, 115-116; vertical shear
104; water quality parameters 104

Streeter-Phelps solution 178

study examples: canals 125-126: coastal
brine discharge 61-62: coastal water
projects 145; cooling reservoirs
85-86; estuaries 5354, 56; estuaries
with groundwater inflow 57-58;
estuarine residence and flushing 56;
lakes 83-84, 122-123; marinas 146;
reservoirs 83-84, 85-86, 106-107:
rivers 143; streams 1035; tank tests
102-103, 119-120; tidal rivers 144

surface elevation 2, 3/; formulas 156

surface elevation equation 160-161

surface heat exchange 1, 3, 5;
coefficient 38; constituent values
31; cooling reservoir 85: CSHE 171,
173; equilibrium temperature 38;
lakes 81-82; netrate 171-172:
parameters 6; relationships 171-175

surface output 35, 36, 42-46

surface plot files 37

surface reaeration 5, 117, 178; streams
104: tank tests 102. 103; wind speed
103,178, 184

surface slope 3, /2

surface wave equation 157

surface wind speed 22; estuaries 54;
formula 179

surface winds 1, /2; lakes 83: reservoirs
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83; shear 2;tank tests 101, 102

tank tests 101; bathymetry data file
102, 110; biochemical oxygen
demand 102; bottom friction
102; constituent concentrations
101, 102, 130-131; dissolved
oxygen depression 102; DOD
model 101-103; elevation
boundaries 118; inflows 118;
input data file 102, /71, 118;
output times 102; simulation
results 102, 127, 128-129,
130-131; study examples
102-103, 119-120; surface area
102; surface reaeration 102,
103; surface reaeration wind
speed 103; surface wind 101,
102; time series results /08;
time steps 102, 103; WQDPM
model 117, 118-120, /36-137;
WQDPM model compared to
DOD model 118; WQDPM
model with phytoplankton
118-119; zooplankton grazing
126

Tank_DOD 0l.dat 108

Tank DOD 01 WQM.dat 102

Tank_ WQDPM 01 118

TECPLOT software 35

temperature 1, 5, 36; canals 124;
coastal brine discharge project
60; cooling reservoir 84, 85,
90, 91; dependency 5; inflows
20; lakes 84, 95; reservoirs 84,
91; streams 103, 104

temperature distributions, lakes 88

temperature rise 174-175

temperature, salinity, first-order
decay constituent model. see
TSC model

Teq 25-26; cooling reservoirs 84;
input data file 21-22; lakes
122; surface heat exchange
171, 173

Teq Cshe Computation.exe 6, 122

Thomann, R.V. 182

tidal amplitude 21; estuaries 56;
tidal rivers 144

tidal boundaries 1, 8; coastal water
projects 58, 145; elevation 19;
estuaries 52, 123-124; files
34; open boundary
specifications 59; open
boundary specifications
summary 79

INDEX

tidal cases 35

tidal conditions 1; coastal brine
discharge project 61; estuaries 54

tidal currents 4

tidal cycle 51-52

tidal elevation 1; canals 124

tidal exchange, canals 125

tidal models 34

tidal period 21; rivers 142

tidal rivers 143-144, 149; breakwater
144; circulation patterns 144; jetties
144, salinity 144; SED model
143-144; simulation results 144;
skimmer walls 144; study examples
144; tidal amplitude 144; time series
output file 144

tidal time lags 60

tideper 21

time series output file 24, 35, 36, 47,
estuaries 47, 51-52; reservoirs 106;
residence times profile results 56;
tidal rivers 144

time step of integration 33

time steps for tank tests 102, 103

tmend 24

tmeout 24, 35

tmeserout 24

Torrence condition 24, 158, 161

tracer dye concentration 168; estuaries
53, 55, 57; estuary time series 64,
lakes 120

transport model 1-2

transport relationships 161-163;
GLLVHT formulas 156—157

TSC model 4-5, 36, 51-100;
bathymetry test 51; default
parameters 38; default values 33;
estuaries 51-54; lakes 81-86:; nwqm
25; parameters 38; reservoirs 81-86

Tsc_wgm.dat 38

_TSO.dat 35,36

U-velocity components 1, 54; coastal
brine discharge project 60, 80;
coastal water projects 145; estuaries
56: estuary time series 63; rivers
142

U-velocity profiles 35

underflow 24; weir 121

upwelling, estuaries 56

V-velocity components 1; coastal brine
discharge project 60; rivers 142

Van Rijn formula 195

velocity components 1, 2, 22-23,24, 3],
35; canals 125,134, 133,



coastal brine discharge project
59, 78; computation 161;
constituent values 3/; cooling
reservoir 90, 91; cooling
reservoir profile 9/; formulas
156-157; horizontal 82; lakes
120, 132, 133; reservoirs 90,
91

velocity profile 3; channel with
combined salinity profile /4;
coastal brine discharge project
59, 66, 77; lakes 82, 88, 95, 97;
streams 104, 115-116

velocity shear, streams 104

velocity spiral 4

velocity time series, estuaries 52

vertical eddy viscosity 4

vertical momentum dispersion
coefficient 158

vertical profiles 22

vertical shear 4; streams 104

vinyl chloride 167

viscosity 143, 195

Von Karman relationship 158

W-velocity components 1

W-velocity components, estuaries
56

Wad, streams 104

WASP5 181

water quality models 4-6; default
parameter files 38-40; higher-
order models 185-186; nwqm
19; WQM.dat file 8-9

water quality parameters:
initializing 21; streams 104

INDEX

water surface elevation 1,24, 35, 155

wave surge barrier 124

weir, underflow 121

wind shear 3, 22; coefficient 158

wind speed 4; components 21, 22, 61,
158; lakes 122

wind surface stress 158

WQDPM model 4-5, 101, 117-140,
181-194; canals 123-126;
carbonaceous biochemical oxygen
demand 181; coastal water projects
123-126; constituents 181-185,
189-192; cooling reservoir 117,
121-122; default parameters 38-39;
defined 117; estuaries 123-126;
flow chart 181, /87; input data file
138; lakes 117, 120-121; nwgm
181; organic nitrogen 181; organic
phosphorus 181; parameter default
values 49-50; parameters 39,
136-137, 193-194; particulate modetl
index /88; photosynthesis 181:
phytoplankton 39, 117-120, 126.
181, 183, 185186, 190. 191 rates
and constants 185:; reservoirs 117,
120-122; respiration 181; tank test
simulation results /27; tank tests
118-120: zooplankton grazing 126,
181

_WQDPM.dat 126

WQMCB 185--186; flow chart 187

_WQM.dat 8§, 33, 185

zamp 21

zmean 21

zooplankton grazing 5, 39, 181; rate
183; tank tests 126: WQDPM model
126, 181
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