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1 Introduction

Background

Concern for the ecological health of Florida Bay has increased dramati-
cally in recent years. Symptoms of ecological degradation include die-off
of sea grass beds, increases in algal blooms, increases in turbidity,
deterioration of aquatic habitat, and decreases in the diversity and
abundance of aquatic living resources.

Bay scientists have found that sea grass coverage has decreased sub-
stantially in the last decade. A major die-off of Thalassia occurred
around 1987 following several years of dry, hot conditions that may have
promoted disease. Various factors could have lead to plant stress, such as
hypersaline water, high temperatures, and buildup of sulfide in bottom
sediments. There was a second stage die-off around 1991 that the scien-
tists think may have been caused by increased turbidity resulting from the
loss of sea grass during the first stage of die-off. Wetter years have fol-
lowed 1991, and sea grass die-off appears to have slowed some.

The concern for Florida Bay has lead to the formation of the Florida
Bay Science Program to facilitate coordination and focus various State
and Federally funded monitoring and research studies of the Bay. The
general goals of the Florida Bay Science Program are to understand the
Florida Bay ecosystem and guide its restoration. The program is directed
by a Program Management Committee (PMC), which is composed of mem-
bers from various State and Federal water resource agencies.

In addition to sea grass die-off, one of the primary issues surrounding
Florida Bay is nutrient input, especially from freshwater sources. Thus,
one of the elements of the Bay studies is associated with quantifying nutri-
ent sources, fate, and effects. Nutrient related questions posed by the
PMC include the following:

a. To what extent will increased freshwater flows into Florida Bay
increase loadings of phosphorus and nitrogen?
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b. What are implications for nutrient inputs to Florida Bay of shifting
some of the distribution of freshwater flows from Shark River
Slough to Taylor Slough?

c. What is the relationship of regional hydrological restoration to the
quality of water reaching Florida Bay?

d. What is the relative importance of exogenous and endogenous nutri-
ent sources in Florida Bay, and how is this likely to change with
restoration?

e. To what extent are changes in nutrient loadings related to observed
changes in sea grass and water column productivity?

f. What is the spatial pattern in nutrient limitation across Florida Bay
and the causes and consequences of the differences?

g. What is the likelihood that increased freshwater flow into Florida
Bay will adversely affect coral reefs?

A Florida Bay nutrient workshop was held on July 1-2, 1996, in Key
Largo, FL, to exchange information and evaluate databases, research, and
monitoring for deriving inferences about nutrient enrichment and how it
might change as freshwater inflows increase in association with hydrologi-
cal restoration of South Florida. A primary recommendation of the
Science Oversight Panel convened for this workshop was that a numerical
circulation-water quality model of Florida Bay should be developed to sys-
tematize data, pose hypotheses, and anticipate the effects of different
water management scenarios. Specifically, the oversight panel recom-

- mended the model include the following:

a. Coupled hydrodynamic-nutrient-phytoplankton-water quality
variability.

b. Suspended sediments and their influence on turbidity.

c. Sea grass populations and their influence on sediment resuspension,
nutrient cycling, and geochemistry (Florida Bay Science Oversight
Panel (FBSOP) 1996).

To respond to the need for a Florida Bay water quality model, the U.S.
Army Engineer District, Jacksonville, requested the U.S. Army Engineer
Waterways Experiment Station (WES) to assist with model technical scop-
ing. This work plan is the result of the Jacksonville District’s request to
WES. A workshop on design and specification for a Florida Bay water
quality model was held during October 22-24, 1996, in Key Largo, FL, to
facilitate the model scoping effort (See Appendix A for workshop
agenda). Recommendations from the October workshop are incorporated
into this work plan and are also presented in Appendix A. This work plan
has been written to address the recommendations provided by the Model

Chapter 1 Introduction




Evaluation Group for the October workshop (Appendix A). The tasks and
schedule for the study completion of the modeling project components are
provided in Appendix B. Following the first draft of the work plan, the
PMC and various Bay scientists reviewed and commented on it. The
review comments are provided in Appendix C. This final version of the
work plan contains revisions based upon the review comments. The man-
ner in which each comment was addressed is described in Appendix C.

Objectives

The objective of this report is to formally articulate the plans and speci-
fications for development and application of a Florida Bay water quality
model. The work plan also suggests specific field and laboratory studies
needed to support model development.

The overall objective of the proposed model is to evaluate the impact
of human actions and natural events on Florida Bay water quality. Water
quality for Florida Bay should not be limited to nutrients and phytoplank-
ton interactions, but it must also include the effect of water quality on sea
grasses and vice versa. However, the focus of the model is on water qual-
ity issues rather than living resource issues. This model will be used to
investigate various questions posed by the Florida Bay Science Program
and its PMC, such as the following:

* How will alterations in freshwater flows affect Bay water quality
and sea grass?

* What is the relative importance of various nutrient loading sources
on Florida Bay water quality?

* How is sea grass related to changes in nutrient loadings?

The model can be used to investigate the relationship of sea grass to water
quality conditions and vice versa, but it may not be able to simulate spe-
cies competition and succession. Other types of models may be more suit-
able for these purposes. The model can potentially be used to explore
die-off factors related to salinity, thermal, and sulfide stress, nutrient
enrichment, and increased turbidity associated with sediment resuspen-
sion. However, the model should not be expected to determine the cause
of die-off, especially when it might be disease-induced. Although the
model can be used to determine the export of nutrients through the Keys
towards the reef track, the model cannot be used to evaluate the impacts
of nutrients on coral. In general, models such as this have a variety of
uses and benefits as shown in Table 1. Specifically, the model must have
the capabilities listed by the October workshop Model Evaluation Group
(MEG) in paragraphs 1 and 2 of the Summary and Recommendations,
Appendix A.
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Table 1
Model Uses and Benefits

Developing an improved understanding of the system

Investigating the fate of nutrients, e.g., export to the reef
track

Conducting sensitivity tests on various questions

Investigating the impacts on circulation, water quality, and
sea grass of various management options

Investigating the impacts of varied hydrology and
meteorology on water quality and sea grass

Investigating the relative importance of biogeochemical
processes

Fostering synergism with other studies of the system

Focusing data needs and monitoring design

The components of this modeling project include the following:

* Hydrodynamic model.

* Wave model.

* Sediment transport model residing within the water quality model.
* Model linkages.

* Water quality model, including its submodels (water column,
benthic sediments, and sea grasses).

* Model application, including calibration/confirmation, sensitivity
testing, uncertainty analysis, and scenario testing.

* Technology transfer.

Each of these components is discussed in their respective chapters of this
report along with tasks and schedule for the study completion (see Appen-
dix B).

Specific models are discussed in this work plan so that rather definite
recommendations and plans can be formulated. It is difficult to provide
meaningful plans without a firm understanding of the capabilities of mod-
els to be potentially used for a study. Two hydrodynamic models are dis-
cussed, RMA10-WES and CH3D-WES. The presumed water quality
model for use in this study is CE-QUAL-ICM (ICM). These models pro-
vide most of the required capabilities. Other models could be used as
long as they possess the same capabilities and meet the requirements of
the study. However, for the sake of discussions, these models are referred
to throughout this report.
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2 Overall Strategy

Study Procedure

In general, the procedures in a numerical water quality model study are
as follows:

a. Conceptualize the model (i.e., determine general model features,
attributes, and processes that are required).

b. Develop and/or modify the model code to include any new features
and processes.

c. Establish and test model linkages, such as linkage to the hydrody-
namic model if it is external to the water quality model code.

d. Prepare data for model input.

e. Estimate and set model parameters (e.g., model rate coefficients).

f. Test/verify any new model features to ensure proper implementation.
g. Calibrate the model.

h. Confirm the adequacy of the model using different conditions from
those used for calibration.

i. Assess the accuracy of the model (i.e., skill assessment).
J. Conduct sensitivity tests and possibly evaluate model uncertainty.

k. Conduct scenario tests to evaluate management alternatives or other
issues.

I. Transfer technology by providing briefings, written reports, documen-
tation, videos, training, and software.
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The above procedures will apply to this study. Additionally, many of the
above procedures also apply for other model components, such as the
hydrodynamic model that is used to drive the transport terms of the water
quality model. Although not shown explicitly above as a modeling proce-
dure, it should be recognized that the degree of success realized in any
water quality model study depends heavily on frequent scientific exchange
and dialog between the modelers and the local scientists studying the bay.

Model Conceptualization and Components

Comprehensive water quality models generally include water column
state variables and processes for a wide range of constituents, such as
salinity, temperature, suspended solids, light climate, dissolved oxygen,
various forms of carbon, nitrogen, phosphorus, and silica, and multiple
phytoplankton groups. With the development of benthic nutrient and carb-
on diagenesis models, such as the model developed by DiToro and Fitzpa-
trick (1993), the water column can be dynamically coupled to benthic
nutrient and carbon cycling, and sediment oxygen demand can be pre-
dicted rather than specified. Additionally, various models of sea grass
biomass with coupling to light, temperature, nutrients, sediments, and epi-
phytes have been developed and implemented within water quality mod-
els. A Florida Bay water quality model should include water column,
benthic, and sea grass components, as well as suspended sediment and its
effect on light. Since the sediments of Florida Bay are composed predomi-
nately of calcium carbonate as described by Halley and Prager at the
model scoping workshop (October 1996), it was recommended by the
workshop participants that carbonate chemistry, including the calculation
of pH, be included in the model. It was also recommended that benthic
algae be considered for the model.

Sea grasses are of central concern. However, detailed physiologically
based models of the various sea grass species known to be present now or
in the past are not appropriate at this initial stage of modeling. It was
agreed at the workshop that two generic types of sea grasses should be
modeled that represent the slowly spreading Thalassia and the rapidly
spreading Halodule. The model formulations will be rather generic, but
tolerance to salinity, temperature, and pore water sulfide concentration
will be included. However, the disease-related start of die-off will be
externally imposed on the model if necessary to reproduce observations.
The sea grass models should also have dependence on water column and
benthic nutrients, temperature, and light as impacted by depth, dissolved
and suspended matter, self-shading, and epiphyte shading.

Resuspension and deposition of sediment are important since sediment
affects water clarity, which affects sea grass growth, and phosphorus trans-
port. Thus, it will be necessary to provide suspended solids resuspension
and transport with its effect on light attenuation, in addition to other sub-
stances that can affect light, such as phytoplankton, detritus, and dissolved
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organic carbon. Thus, a suspended sediment modeling component will be
required. It is not intended that the sediment transport component com-
pute changes in the morphology of the Bay or the effects of hurricanes on
reinitializing the system. For this model to be successful, it is only neces-
sary to reproduce suspended solids concentrations with the associated
effects on light extinction and phosphorus availability. Modeling sus-
pended solids will require simulating particle resuspension, transport, and
deposition.

Bottom shear stresses for sediment resuspension due to currents and
wind-driven waves will be computed. The hydrodynamic model can pro-
vide information on currents, and a wind-wave model can be used to
develop the wave climatology. Since currents, waves, and sediment resus-
pension are influenced by sea grass coverage as discussed at the workshop
(Koch), a method for factoring in these interactions will be required.

In summary, the following model components will be required:

* Hydrodynamic model (HM).
* Wave model.

* Water quality model (WQM), including water column and benthic
components.

* Sediment transport model (SM) within the WQM.
* Sea grass model within the WQM.

The linkages of these various components are discussed in the next sec-
tion, and the details of each are covered in following chapters.

Challenges

There are several aspects of Florida Bay that create challenges when
considering development of a model. The physical features and
bathymetry of the Bay’s keys, mud banks, channels, and submerged lakes
(or basins) present a significant challenge to describe with a numerical
model grid or mesh. The spatial scale of these features vary from the
order of meters to kilometers. It is difficult to attain enough resolution to
describe these features while maintaining a computationally manageable
number of grid cells.

The interrelationship of hydrodynamics, wind-driven waves, sediment
resuspension, and sea grass coverage presents a modeling challenge. As
mentioned above, sediment is resuspended by currents and waves. Sus-
pended sediment affects light which affects sea grass growth. Sea grass
coverage affects currents, waves, and sediment resuspension. As an
extreme case, one could envision hydrodynamic, wind-wave, sediment
transport, and sea grass models all dynamically linked with feedback from
one to another. However, such a complex dynamic coupling could quickly
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render the model too unwieldy for practical application. The key for creat-
ing a usable, reliable model is to determine what processes are of primary
importance and provide those dynamic linkages only where necessary.

Changes in benthic sediments and sea grass occur gradually over years,
so long-term simulations will be required to evaluate the effects of man-
agement strategies. It is anticipated that it will be necessary to run the
model for approximately decadal periods to evaluate management
impacts. The requirement for long-term simulations imposes additional
complexity and computational demands on an already complex model.

Data limitations and inadequate understanding of some processes and
parameters also present a technical obstacle to development and applica-
tion of such a model. A key to successful development of the model rests
in the ability to integrate modeling with data collection, monitoring, and
process-level investigations. Model sensitivity and uncertainty analyses
must also be included in studies such as this.

Each of the above technical challenges must be addressed for the
Florida Bay model and are discussed in this work plan. However, it must
be realized that the complexity of this system makes it impossible to spec-
ify a priori all of the best model features and design. A certain amount of
testing and evaluation will be required to determine the best approach for
some components.

Model Linkages

If all of the above model components are considered to interact, then
the model linkages shown in Figure 1 would exist. The WQM of Figure 1
contains the water column component integrated with the benthic sedi-
ment and sea grass components, which all interact together. The HM pro-
vides currents for the WQM and the SM. The wave model provides the
wave climatology to the SM. With currents and wave conditions, bottom
shear stresses can be calculated for sediment resuspension in the SM.
Suspended sediment information is

provided by the SM to the WQM.

Feedback on changes in sea grass HM ] wam
coverage computed within the WQM :
is provided to the HM and wave Benthic
. . 4 Model

model for the next iteration. The dy-
namic feedback linkages of Figure 1 SM

. . Sea grass
constitute a complex and unwieldy Y Model

model package, especially when con-
sidering the need to conduct long-
term simulations.

Wave Model

Figure 1. Schematic of comprehens
system
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Three simplifications to Figure 1 can be explored. The first simplifica-
tion is to embed the SM within the WQM so that all dynamic feedback
interactions related to suspended sediment, water quality, light, and sea
grass are taken care of within the same code during execution. The sec-
ond simplification is to assume that changes in currents due to predicted
changes in sea grass coverage have an insignificant impact on water qual-
ity and sediment transport. This assumption can and should be tested for
self consistency as explained in Chapter 5. It is suspected that currents
have a minor effect on sediment resuspension when compared with erodi-
bility caused by waves. If this second simplification is justified, then
feedback from the sea grass model to the HM can be eliminated. The third
simplification calls for eliminating the feedback from the sea grass model
to the wave model by building a linkage from the sea grass model directly
to the SM, both of which would be dynamically linked within the WQM.
The wave model is still required to provide basic information on wave
conditions. However, the wave effects on sediment resuspension as influ-
enced by changes in sea grass coverage must be accounted for within the
SM, resident within the WQM. The approach for this third simplification
is discussed further in Chapter 5.

The three simplifications dis-

cussed above results in the model HM M wam
linkages shown in Figure 2. For this

configuration, all feedback linkages - Bﬁgﬂ:f
are handled within the WQM, which Wave

greatly simplifies the model package. Climate Sea grass
It is pointed out that wind climate - Model
information must feed the HM and

wave climate model.

— SM

Dimensionality and

. Figure 2. Schematic of simplified model system
Domain

The model must include at least the two planform dimensions. There
are questions as to whether the third (vertical) dimension is required. The
general consensus is that vertical discretization is not required due to the
shallowness of the Bay. Little or no vertical stratification is observed
over most of the Bay. There is some vertical stratification in the western
part of the Bay where the water is deeper, but this is considered to have a
minor impact on circulation and water quality over the remaining portions
of the Bay. Thus, the plan is to use a vertical-averaged two-dimensional
modeling approach. The hydrodynamic and water quality models recom-
mended for this study have the capability to run in three dimensions if
required.

The model domain should be bounded by the Everglades on the north,
the Gulf of Mexico on the west, and the Keys from the northeast to the
southwest. The domain should actually extend beyond the Keys slightly to
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provide an open ocean boundary condition rather than conditions at the
passes to the keys. The westward boundary should extend far enough
west to allow flow from the western coast of Florida southeastward
toward the Bay. The suggested model domain is shown in Figure 3.

Figure 8. Suggested Florida Bay model domain

With the recommended domain, freshwater flows and nutrient loadings
from the Everglades into the Bay will be treated as model loading input
rather than a part of the model simulation. The mangroves will not be
treated as part of this model. Thus, it will be necessary to accurately
quantify the freshwater sources as modified by the mangroves through
other means, such as using measurements coupled with regression models
or possibly an Everglades simulation model. Atmospheric and groundwa-
ter inputs from the mainland and the keys will also be treated as loading
input.
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3 Hydrodynamics

General Approach

Water quality modeling of Florida Bay requires hydrodynamic circula-
tion with which to advect system constituents that are of interest to under-
standing biological and chemical processes in the Bay. Results provided
by a verified HM are also important for gaining insight into fundamental
questions regarding the circulation and salinity regime of the Bay.
Because the Florida Bay system possesses unique features, the HM must
provide adequate detail of the complex system geometry of basins, chan-
nels, and emergent and submerged mudbanks. Horizontal salinity gradi-
ents are significant and can influence Bay hydrodynamics and water
quality; thus, salinity must be modeled and coupled to hydrodynamic baro-
clinic pressure terms through water density. In addition to baroclinic pres-
sure terms, the HM must also include evaporation, flooding and draining,
subsurface and surface delivery of fresh water to the system, and all other
necessary boundary conditions.

The structured grid, finite difference hydrodynamic model CH3D-WES
is recommended for developing flow fields to drive the Florida Bay
WQM. The initial application of the model will be with one layer through-
out. If vertical resolution is determined to be necessary, the model can
easily be extended to multiple layers. Successful application of the WQM
requires linkage of the HM and WQM: flow rates (cubic meters/second),
water depths, surface areas, and water volumes for all WQM cells must be
provided from the HM calculations. The ICM WQM has been success-
fully linked to CH3D-WES in many other model studies to provide high
quality results on which sponsors could base sound engineering and plan-
ning judgments. CH3D-WES has been successfully verified and applied
in a wide variety of WQM efforts and has been proven to be a reliable pro-
duction tool for the study of estuarine water quality (WQ) issues. The
CH3D-WES model verification results will be assessed against predefined
criteria to judge its acceptability for this study.

As part of a separate study, the RMA10-WES finite element HM is
being applied by WES for the Jacksonville District to determine the
effects of freshwater flow alterations on Florida Bay salinity. This
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ongoing study will be used in support of the CH3D-WES hydrodynamic
and salinity modeling effort. This RMA10-WES Florida Bay model util-
izes a high-resolution, unstructured grid and will be used to guide grid
refinement and application of the CH3D-WES hydrodynamic modeling in
the WQ effort as envisioned in this work plan. Though research is now
underway to make finite element hydrodynamic and salinity results such
as those in the RMA10-WES study available for use in WQ models such
as the ICM model (Carey et al. 1997; Carey, Bicken, and Carey 1997), the
current state of the art requires a CH3D-WES type model for hydrody-
namic calculations. As new technical resources become available, how-
ever, they will be reviewed for possible application in the WQ effort to
ensure the best possible study products.

Since the RMA10-WES study is available, it will be used specifically
for general guidance of the modeling effort since elements of unstructured
grid models like RAM10-WES can be placed in any fashion, thus provid-
ing modelers with the ability to use high resolution where required with-
out being forced to carry that resolution throughout other grid regions.
Such an unstructured grid scheme thus makes it relatively easy to resolve
irregular features, such as mudbanks and cuts. Use of the existing
RMA10-WES model will, then, provide much insight into the need for
detailed resolution of the geometric features of the system and will pro-
vide a comprehensive database for evaluating attempts to reduce resolu-
tion within the structured grid CH3D-WES model. In addition to
providing a comprehensive hydrodynamic database with which to guide
the construction of the structured grid CH3D-WES model, the existing
RMA10-WES model can be used to provide broad-scale circulation fields
during early phases of water quality model development (e.g., for the
initial nutrient budget analysis) and to provide insights regarding sensitiv-
ity of circulation/transport to boundary conditions and resolution of par-
ticular system features.

Considerable computational resources will be required to conduct long-
term (e.g., 10 years) simulations of Florida Bay. Major efforts are pres-
ently underway at WES and elsewhere to convert models to massively
parallel computers to meet computational demands for studies such as
this. Study progress can be facilitated further by making every effort to
reduce computational requirements. For this reason, it would be wise to
relax the HM grid resolution as much as possible. The determination of
the minimum acceptable level of grid resolution for CH3D-WES will be
guided, in part, through analysis of the existing fine-grid RMA10-WES
model results, as discussed above. In the past, the same grid resolution
has generally been used for the CH3D-WES and the ICM grids. New pro-
jection tools under development, however, will allow projection of hydro-
dynamic results from one computational grid to another in such a way that
mass conservation and other attributes of the original grid are preserved
(Carey et al. 1997; Carey, Bicken, and Carey 1997). Such a tool could be
used to allow a higher density hydrodynamic grid to pass accurate hydro-
dynamic results to a lower density WQM grid. Such resolution reduction
is also possible through a careful choice of overlying grids. However, it is

Chapter 3 Hydrodynamics




envisioned that a one-to-one HM-WQM grid correspondence will be used
at the outset of this study.

Numerous studies involving Florida Bay modeling and field data have
been performed or are underway to shed light on the complex modeling
needs of the system. Information on a large sampling of these studies can
be found as part of the “Florida Bay Abstracts” on the Florida Bay web
page http://flabay.saj.usace.army.mil/abstract.htm. Of particular interest
from the modeling perspective are entries by Galperin, Luther, and Haines
(1995); Nuttle et al. (1995); Sheng, Davis, and Liu (1995); Wang and
Monjo (1995); Wang and Lee (1995); Lee and Johns (1995); Roig and
Richards (1995); and Roig (1996). Additionally, Sheng and Davis (1996)
report on the results of modeling efforts in Florida Bay. These and other
resources will continue to be reviewed for insights and help in modeling
the complex Florida Bay system.

Model Descriptions

CH3D-WES (Curvilinear Hydrodynamics in 3 Dimensions - WES ver-
sion), as detailed in Johnson et al. (1991, 1993), makes a combination of
one-dimensional (1-D), 2-D, and/or 3-D free-surface flow computations in
virtually all types of water bodies. The use of nonorthogonal curvilinear
(boundary-fitted) coordinates in the horizontal plane allows for a better
representation of boundary geometry and internal features such as chan-
nels and islands. An example of a boundary-fitted grid of Upper
Chesapeake Bay and Delaware Bay is provided in Figure 4. Sufficient
resolution yields an accurate replication of system geometry/bathymetry.

Figure 4. Boundary-fitted planform grid of Delaware Bay
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Density effects due to salinity and temperature are fully coupled with
the developing flow field in CH3D-WES calculations. Thus, advective
diffusion equations for salinity and temperature are solved along with the
conservation of mass and momentum equations for the flow field. An
equation of state relates the water density to the salinity and temperature
fields. Surface heat exchange is modeled through the concept of an equi-
librium temperature. Turbulence is modeled through the concept of eddy
viscosity and diffusivity. Vertical coefficients are determined through the
modeling of the growth and decay of turbulent kinetic energy, i.e., a k-,
model. A Smagarinsky formulation is incorporated in the horizontal
plane.

The numerical solution scheme is a split mode one. An external mode
makes computations for the water surface that is then used to compute the
barotropic contribution of the horizontal pressure gradient in the internal
mode 3-D computations. The external mode computations are made using
an implicit factored finite difference scheme. In the internal mode, only
the vertical diffusion terms and the bottom friction are treated implicitly.
All computations are made on staggered grids, and mass is absolutely con-
served over each individual cell. For 2-D depth-averaged applications,
only the external mode is used. CH3D-WES has been successfully
applied with the CE-QUAL-ICM water quality model in many different
studies over the past 7 years. Examples of these include Los-Angeles and
Long Beach Harbors (Hall 1990), Chesapeake Bay (Dortch, Chapman, and
Abt 1992; Johnson et al. 1993; and Cerco and Cole 1993), lower Green
Bay (Mark et al. 1993), New York Bight (Hall and Dortch 1994), Indian
River - Rehoboth Bay, Delaware (Cerco et al. 1994), and Newark Bay
(Cerco and Bunch 1997).

The RMA10-WES model (Norton, King, and Orlob 1973; Thomas and
McAnally 1990) is a finite element, unstructured, 1-D, 2-D, and 3-D
hydrodynamic and salinity surface water model. The application in
Florida Bay uses the model in 2-D, depth-averaged mode, and with
coupled hydrodynamics and salinity to account for horizontal density
effects. As with the CH3D-WES model, RMA10-WES can be extended to
3-D as necessary. The RMA10-WES model is based on a finite element
representation of the physics of shallow water tidal phenomena, incorpo-
rating the Reynolds averaged Navier-Stokes equations, the continuity
equation, and an advection-diffusion equation for salinity. RMA10-WES
is one of a suite of WES multidimensional models capable of performing
hydrodynamic, salinity, and sediment modeling with capabilities such as
wetting and drying and evapotranspiration. The model suite has been
applied to well over a hundred sites and is supported by a sophisticated
graphical user interface (GUI) for simplifying model setup and displaying
solutions. This GUI is also being improved to allow use with CH3D-WES
and ICM solutions. The RMA10-WES modeling effort described earlier
is part of a comprehensive water resource management study of south
Florida. The grid being used for the Jacksonville District Florida Bay
circulation/salinity study is shown in Figure 5. The model is being vali-
dated against two field data sets in Fiscal Year 1997.
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Figure 5. Mesh of the existing Florida Bay hydrodynamic model

Grid

The CH3D-WES HM grid will not have the high degree of resolution
along the cuts and mudbanks that is provided by the existing RMA10-
WES model grid, which has about 13,000 elements, due to the more
evenly distributed cells associated with a structured grid. Sheng and
Davis (1996) applied a version of CH3D to Florida Bay for tidal circula-
tion using a 98 by 75 grid with a minimum resolution of 100 m. They
were able to capture reasonably well the coamplitude chart of the M, tidal
constituent. The Sheng model indicated that perhaps more resolution was
needed in the eastern bay to properly represent the dissipation caused by
the mudbanks. Sheng’s model had approximately 5,000 active surface
layer (i.e, planar) cells, and it is anticipated that the grid for the Florida
Bay water quality modeling project must have at least this amount of
resolution.

It is not possible to say a priori how many grid cells will be required
for this study, although grid density will be greater in the eastern and cen-
tral bay than in the western bay and gulf. Additionally, smaller grid cells
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will be required to resolve cuts through the keys. It is questionable how
well individual channel cuts through the mudbanks can be resolved, how-
ever, so it may be necessary to use the RMA10-WES model to guide
adjustment of CH3D-WES model roughness over the banks to pass the
proper amount of water among the basins.

A grid of 5,000 or more cells does not present an excessive computa-
tional challenge for long-term hydrodynamic and water quality modeling
using CH3D-WES and ICM. For example, 10-year simulations are being
conducted on Chesapeake Bay with these two models where the grid is
approximately 10,000 cells and is 3-D (multilayered). Considerably less
computer resources will be required if Florida Bay can be modeled in 2-
D, rather then 3-D. Three-dimensional resolution may be required in the
western bay to preserve the variations in salinity and currents over the
depth. This need will be explored.

Model Verification

The term model verification is used here to refer to the process of mak-
ing model adjustments and comparing model results against observations
to judge the level of model accuracy achieved. This process has also been
referred to as model skill assessment, model confirmation, and model vali-
dation. The RMA10-WES HM of Florida Bay will be verified during the
ongoing study for the Jacksonville District. Verification to field data
involves a succession of comparisons and model adjustments to match
field data for tides, current velocities, and salinity, as well as qualitative
behavior indicative of the estuarine system, so that the features of the
physical system deemed important to the study goals are reproduced suffi-
ciently well for good engineering and planning decisions to be made from
a use of the model to make base and plan type comparisons.

The CH3D-WES HM for Florida Bay will be adjusted during the water
quality model study using the same verification data used for the RMA10-
WES model. Verification will follow the patterns set out in other studies
such as, for example, the Chesapeake Bay effort by Johnson et al. (1993)
or the Galveston Bay effort by Berger, Martin, and McAdory (1995) and
Berger et al. (1995). Verification results from the Florida Bay effort will
be compared with these and other relevant verification efforts. Results
from the fine-grid RMA10-WES model will be consulted to aid in the veri-
fication process.

Synoptic data sets such as that provided by Pratt and Smith (in prepara-
tion) will be used, along with National Park Service data sets for'the same
time period from stations in Florida Bay, in the verification process. The
Pratt data are being analyzed further by Smith (1997a,b,c), and these
analyses will also be used in the verification process. The web site men-
tioned above also contains information on numerous data-collection and
analysis efforts in Florida Bay, such as Maul (1995); Smith (1995); Vargo,
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Ogden, and Humphrey (1995); and Wang and Lee (1995). Information on
groundwater, hydrology, freshwater inflows, meteorological forcing, and
Florida Bay flows and interactions with surrounding waters is also pre-
sented at the web site.

Following model verification, CH3D-WES results will be evaluated
against explicit criteria to judge if successful verification has been
achieved. Relative mean absolute error (RMAE) will be used for these cri-
teria. RMAE is computed as the mean of the absolute errors (i.e., differ-
ence in predicted and observed values) divided by the mean of observed
values; thus, it is the mean absolute error relative to the observed mean.
RMAE is especially useful in computing performance between variables
of different magnitude or performance of models of different systems.

The following criteria will be used to determine if successful HM veri-
fication has been achieved. Water surface elevations and velocities will be
decomposed into their major harmonic constituents, e.g., the M2 constitu-
ent. The RMAE of the amplitudes of the major constituents of the water
surface elevations must bee less that 0.10, with similar RMAE for the
phases. With point velocities generally being more difficult to reproduce
in a finite size numerical grid, the amplitudes of the major constituents
must have an RMAE less that 0.20, with an RMAE for the phases being
less that 0.10. The RMAE for the salinity will be less than 0.10.
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4 Sediment Resuspension

This chapter describes data compilation and modeling related to sedi-
ment resuspension. Florida Bay water quality and submersed aquatic
vegetation issues are related to water column turbidity and particulate re-
suspension. To address water quality and sea grass issues, simulations of
sediment resuspension will be required. To perform this modeling, new
capabilities will be added to the WQM, and information on winds and
waves will be assembled for model input. Transport and resettling of re-
suspended sediment can be handled within the WQM similar to other con-
stituents. The sections to follow describe background information on
resuspension; development of wind climate for use by the HM and resus-
pension module; wave information at offshore stations and development
of wave climate within the Florida Bay study area; the resuspension
model module; and resuspension module adjustment and verification.

Background

Sediment resuspension and transport are important to water quality in
Florida Bay mainly as they impact water clarity and light penetration to
sea grasses. Areas bare of sea grass are prone to resuspension that can
appreciably decrease water clarity and may prevent sea grass estab-
lishment or cause further sea grass decline. On the other hand, sea grass
beds slow water movement, damp waves, and trap and hold sediments.
Thus, there are feedbacks between the presence of sea grass, water clarity,
and the establishment of new sea grass. These interactions are shown
schematically in Figure 6.

Resuspension is driven by bed shear stress generated by tidal and wind-
driven currents and by wind waves. Tidal currents are generally weak
except through bank cuts and passes. Wind-forced currents with subtidal
periods may be very important to circulation and flushing. Winds com-
monly move larger volumes of water than do tides in the interior of
Florida Bay (Enos 1989), and 85 percent of alongshore velocity variance
on nearby West Florida Shelf is in the subtidal frequency band (Mitchum
and Sturges 1982).
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Figure 6. Sediment resuspension, water quality, and aquatic vegetation

Wind-generated currents and waves both create bed shear stresses that
can resuspend bed material and mix it throughout the water column.
Wind-generated currents transport salt, heat, and chemical constituents
throughout the bay. Wind-wave resuspension is reported to be important
to total suspended solids (TSS) levels in the water column and therefore
to turbidity. Phlips, Lynch, and Badylak (1995) made observations and
sampled at 17 stations in Florida Bay monthly over a 1-year period. Trip-
ton (TSS minus algal biomass) levels ranged from 8 to 30 ppm, with
higher values in the western bay. They reported that tripton was responsi-
ble for 54 to 92 percent of the water column light attenuation, with chloro-
phyll-containing particles the next most important contributor.

Florida Bay is a 1,500-sq km lagoon system consisting of largely inter-
connecting banks and associated islands which semienclose shallow
“lakes.” Banks are shallow, restrict flows and flushing, and affect waves.
The Bay has 237 islands greater than 100 sq m that have a mean area of
0.11 sq km, median area of 0.02 sq km, and maximum area of 1.68 sq km
(Enos 1989). Islands constitute 1.73 percent of the total Bay area. The
entire Bay is underlain by pleistocene limestone at roughly 2 to 5 m depth
deepening east to west. Florida Bay bed sediments are predominantly bio-
genic carbonate that vary considerably in texture from place to place.
Windward (north and east) edges of islands and banks are mostly
erosional and are composed primarily of sand- and gravel-sized material.
Leeward (south and west) edges of banks are depositional and have finer
sediment texture.
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Lake bottoms are primarily carbonate mud with sand- and gravel-sized
components. Sediments migrate from lake bottoms, where most are pro-
duced, onto relatively stable banks or out of the system (Bosence 1989).
The northeastern or interior portion of the Bay is sediment starved, with
thin banks and some bare rock bottom (Bosence 1989). Thicker sediment
beds occur in the central bay. The western portion of the Bay contains a
relatively deep (18-m) area called the “sluiceway,” which has a rock and
shell bottom and is reported to be frequently scoured (Schomer and Drew
1982).

Previous, rather sparse, sampling indicated that, overall, Bay sediments
are 52 percent finer than 62 um and on average a bi-modal mix of sand,
silt, and clay-sized material. A new study is analyzing 600 samples from
the Bay and will provide improved description of sediment characteristics
in the near future (Prager, Halley, and Hansen 1996).

Shallow water carbonate sediments are relatively rare, and few studies
have reported on the erodibility of sediments such as those that occur in
Florida Bay. While erodibility information is not yet available for these
sediments, studies are ongoing and results will be available soon (Prager,
Halley, and Hansen 1996). Calcareous silt from the deep ocean, which
might be similar to some fine sediments in the Bay, has been previously
found to be eroded by low near-bed current speeds. Erodability of Florida
Bay samples will depend on sediment characteristics as well as the nature
and quantity of algae and other organic materials that generally reduce the
erodibility of sediments.

Large, shallow water bodies such as lakes, estuaries, and lagoons are
often subject to resuspension by wind waves. Resuspension model studies
of such systems have used wave measurements or results from wave mod-
els driven by winds to provide wave parameters for use in calculations of
bottom shear stresses and have been reasonably successful at simulating
TSS levels (Luettich, Harleman, and Somlyody 1990; Hawley and Lesht
1992; Sheng, Eliason, and Chen 1992; and others). In the case of Florida
Bay water quality modeling, simplifying assumptions such as a single
grain class and independent erosion and deposition processes can be made
(similar to the previous studies cited) to reduce resuspension model com-
plexity and computational burden, as long as changes to sediments and
depths are not varied for plan tests.

As mentioned earlier, sea grass and macrophytes in general reduce
wind wave resuspension (James and Barko 1994; Hamilton and Mitchell
1996). Sea grass reduces shear stress at the sediment bed below that
which would occur on a bare bottom. At the same time, sea grass greatly
increases total resistance to flow and wave damping, absorbing shear
stress, and sheltering the sediment in sea grass beds. A number of studies
have documented the effects of submersed aquatic vegetation (SAV) on
total flow friction and on wind wave damping (for example, see the bibli-
ography of Dawson and Charlton (1988) and Fonseca and Cahalan
(1992)). Sea grass probably greatly affects resuspension in Florida Bay.
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Wave orbital velocity is a critical parameter for resuspension of bed
sediments. Short-period oscillatory currents forced by wind waves are
more effective at developing bed shear stress than the same current magni-
tudes forced by tides due to boundary layer effects. Pejrup (1986) points
out that, where wave heights and depths change appreciably, wind speed
(being relatively constant over an area) may correlate better to TSS con-
centrations than wave height at a point. Analysis of TSS time series from
a microtidal estuary indicated that wind alone, regardless of direction, had
the best correlation to TSS levels (Pejrup 1986). Arfi, Guiral, and Bouvy
(1993) tested an expression relating wind speed and water column buoy-
ancy to calculate thresholds for resuspension and obtained results that
were similar in magnitude to wave-based threshold estimators. Although
wave characteristics are critical, large shallow lagoons and estuaries
respond to winds at small hydrodynamic scales (for example, Langmuir
circulation cells and buoyant eddy overturning) so that an overall model
correlation to observed TSS levels is likely to be improved by considering
winds as well as wind waves.

Wind Climate

It is important to know what wind conditions cause the resuspension
events and to characterize them according to frequency of occurrence,
magnitude, and duration. This component of the study will analyze
existing measured and hindcast wind data to determine the wind climate
over Florida Bay.

Measured wind data are available at six Coastal Marine Automated
Network stations and two National Data Buoy Center buoys in the area.
Station identifier, location, and availability of data are summarized in
Table 2.
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Table 2

Summary of Wind Measurements

Station ID Station Name Lat. Deg N Long. Deg W Data Availability
DRYF1 Dry Tortugas 24.10 82.15 12/92—Present
SANF1 Sand Key 24.08 81.15 1/91—Present
SMKFA1 Sombrero Key 24.10 81.02 2/88—Present
LONF1 Long Key 24.13 80.15 11/92—Present
ALRF1 Alligator Reef 24.15 80.15 1/85-12/87
MLRF1 Molassas Reef 25.00 80.07 12/87-Present
42025 * 7/93-7/94
42037 * 3/94—Present
Note: * = Buoys are not assigned station names.

Hindcast wind data from the National Center for Environmental Predic-
tion are available from 1979 to 1993. These data are located at four sta-
tions in the area: (25.71 deg N, 82.50 deg W), (25.71 deg N, 80.63 deg
W), (23.81 deg N, 82.50 deg W), and (23.81 deg N, 80.63 deg W). These
data are from the NCEP Re-analysis Project, which is a study to reanalyze
meteorological data. The purpose is to use current technology to remove
any trends in data due to changes in analysis schemes or numerical
weather models over time and to use all possible data of acceptable qual-
ity. Wind speed and direction are available every 6 hr during the 15-year
period at a height of 10 m above the sea surface. Additionally, Mattocks
(1996) has developed a climate model that could be used to provide wind
fields for Florida Bay. Both measured and hindcast data will be analyzed
to determine the distribution of wind speed and direction as a function of
space and time.

The wind data will be analyzed and selected to produce the most accu-
rate representation of meso-scale wind distributions over Florida Bay for
the WQM calibration and confirmation periods (approximately 1986 to
present). Data assimilation schemes will be used where necessary to give
weight to the measured data that may contain local-scale winds not repre-
sented in the larger scale hindcast winds. It is not clear at this time how
much spatial and temporal variability in wind fields will be needed for the
model; thus, the required temporal and spatial resolution will be evalu-
ated, and the appropriate wind fields will be processed for model (HM,
wave model, and WQM) use. The wind fields can be processed to provide
1-hr updates of spatially varying winds for various regions of the model
domain if necessary.
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Wave Climate

There are few previous wave measurements in the area, although wave
data are presently being collected.! A search for all available measured
wave data will be made. Hindcast wave data are available at locations
near the area for the period 1956-1996 from the WES Wave Information
Study. Data from these sites are acceptable as boundary conditions for
waves entering the area, but do not represent local wave conditions in the
Bay itself. Data from these stations will be analyzed to determine the
nature of waves propagating toward the Bay and their percent occurrence.
Since the area is sheltered from all but the westerly direction, this analy-
sis will determine the influence of waves not generated in the area.

Waves generated locally in the area can be estimated with a shallow-
water wave model (e.g., SWAN, Holthuijsen, Ris, and Booij 1996, or the
HISTWAV model being applied by Prager!) for those events determined
from the wind climate to result in combined wind/wave bottom shear
stresses that resuspend bottom material. The HISTWAYV model is a steady-
state event model, and Prager! is using spatially invariant wind; she is
using a 100-m grid resolution for Florida Bay. A time-varying wave
model may not be required since waves respond rapidly to wind in shal-
low water. It is not clear at this time whether or not spatially varying
wind will be required for the wave estimates.

The wind climate data and Florida Bay bathymetric and bottom-type
data will be used with a simple wave model to generate first-order esti-
mates of local wave conditions for the WQM calibration and confirmation
period. The wave model will be verified against any available observa-
tional data.

Resuspension Model Description

To meet the needs of the Florida Bay water quality model, a new capa-
bility will be added to the ICM model to provide resuspension modeling.
Wind and wave climate information, circulation model flows and water
levels, and sea grass density will be used as input. The objective is to
develop a simple, flexible tool for simulating resuspension levels in Flor-
ida Bay without substantially increasing the computational requirements
of the model.

The ICM model, described in Chapter 6, uses suspended sediment as
one component that factors into the calculation of diffuse light attenu-
ation. For Florida Bay, the WQM will not address changes to inorganic
sediment conditions in the bed. Rather, suspended sediment levels will

1 Personal Communication, 1997, E. J. Prager, U.S. Geological Survey, St. Petersburg, FL.
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change as a result of winds and currents and changes in sea grass density.
For the purposes of this study, it is not necessary to model bed sediment
transport or bed morphology, bed shoaling, or uprooting of sea grasses.
The model will allow resuspension and transport of inorganic and organic
sediment, and one sediment size class of each will be provided. The pro-
portion of inorganic and organic sediment resuspended will be based upon
the fraction of organic sediment in the bed.

The resuspension algorithm developed for the ICM model will provide
a time-varying bed flux of sediment that depends on currents, winds, wind
waves, and sea grass density. The resuspension at each cell will be calcu-
lated based on a weighted sum of shear stress contributions from circula-
tion, winds, and cell-centered hindcasted waves. HM and wave model
shear stresses will be adjusted to include the proper frictional effects of
existing grain, form, and sea grass roughness.

As described earlier and discussed by Evamaria Koch at the October
1996 workshop, the presence of sea grass alters velocity profiles and
shear stresses imposed on the bed by currents and waves. Since the HM
and wave model will not be dynamically linked to the resuspension model
built within the WQM, it will be necessary to develop an indirect linkage
formulation that accounts for the effect of time-varying sea grass density
on total and bottom shear stresses, without having to rerun the HM and
wave model. Shear stress calculations will include the effects of sea grass
density, as well as grain and form roughness, such that the portion of
shear stress acting to erode sediments will be differentiated from the total
shear stress. The modified shear stress will be computed dynamically
within the WQM along with temporally and spatially changing sea grass
density. The detailed steps for the development of the modified shear
stress formulation will be determined during the specification exercises at
the initiation of the study. While some inaccuracies will result from uncou-
pling HM and wave models from changes in sea grass density, the pro-
posed method will provide the proper direction of change in shear stress
in response to change in sea grass density.

Even though winds are used as input to the HM, vertically averaged
shallow water wave equations, as used in the HM, only portray to first-
order accuracy bed shear stress generated by wind stress on the water sur-
face. Therefore, winds will also be considered in the resuspension mod-
ule to ensure that the effects of wind stress are fully taken into account.

Shear-stress thresholds for erosion and deposition, erosion rate parame-
ters, and settling rates will be specified locally based on measurements
being made by the U.S. Geological Survey (USGS), St. Petersburg
(Prager, Halley, and Hansen 1996). The sediment bed will be represented
by a single layer, initialized with a sediment bed mass per grid cell to
limit resuspension and conserve the total sediment mass for the system.
Settling and deposition processes will also be included as well as water
column transport.
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Note that threshold values for erosion (resuspension) and deposition
will be set independently, thus allowing for the possibility of concurrent
erosion and deposition. While experimental evidence for these processes
acting concurrently is lacking, from a modeling standpoint, two inde-
pendent threshold values can be used to reduce model complexity
involved in representing the sediment bed while maintaining source limita-
tion during erosion.

Model Adjustment and Verification

Initial model adjustment and verification will be performed in conjunc-
tion with other WQM components, such as particulate organic matter and
algae as described in Chapter 6, on several areas within Florida Bay
where the most complete data sets are available. The procedure will fol-
low that of the WQM calibration as described in Chapter 6, including us-
ing reduced systems to facilitate calibration. Final calibration will be to a
period of several years from the mid-1990s, when data are more abundant.
Data from field studies of bed sediment characteristics and erodibility
being performed by the USGS (Prager, Halley, and Hanson 1996) will
guide selection of model parameter values, but, ultimately, model to proto-
type time series agreement will determine final model parameter values.

Measurements of TSS or related parameters such as turbidity will be
used to verify model performance. Since a primary goal of the resuspen-
sion model will be to provide accurate radiative transfer to sea grasses,
the most important statistical property to reproduce is the central portion
of the TSS frequency distribution. Sea grass responds to normal, day-to-
day light levels, and extreme values are of less importance. Thus model
and prototype TSS levels from 10- to 90-percent dectiles will be com-
pared. Since a transfer function is applied to convert TSS to light extinc-
tion coefficient, it is more important to reproduce the slope of the TSS
frequency distribution correctly than to reproduce say the mean or median
value. Any error in the latter can be easily compensated for in the trans-
fer function. The goal of the resuspension model will be to reproduce the
central portion of the TSS frequency distribution such that model and pro-
totype slopes in these distributions do not differ by more than 10 percent.
Statistical measures of the goodness of agreement between the model and
field observations will be presented.
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5 Model Linkages

Hydrodynamics and Water Quality

The WQM will be indirectly linked to output saved from the HM. Indi-
rect linkage means that the HM is first executed, and its output is saved
and used later by the WQM whenever required. Based upon the argu-
ments presented in Chapter 2, it is proposed that indirect linkage, without
feedback, will provide a satisfactory modeling strategy.

There are two types of HM output that must be saved, time-invariant
grid geometric information and time-varying hydrodynamic information.
The grid geometric information consists of the grid cell locations with
respect to each other and their numbering, initial volumes and facial ar-
eas, and distances between neighboring cell interfaces. The hydrody-
namic information is provided at a specified update time interval and
consists of flows through each cell face, averaged over the update inter-
val, and cell volumes at the end of the update interval.

Linkage software and procedures are in place for the CH3D-WES and
ICM models and have been used on numerous studies as mentioned in
Chapter 3. However, if the RMA10-WES model has to be used for this
study, there would be a need to further develop and test linkage software,
although much progress towards this goal has been recently completed.

It is recommended that a one-to-one grid correspondence be used
between the HM and WQM grids. This means that the same number of
cells and their locations will be used for both models. If a one-to-one cor-
respondence proves to be too restrictive on the allowable WQM time step,
then grid overlay procedures for CH3D-WES and ICM exist and can be
used.

Following linkage of the WQM to the Florida Bay HM grid, it will be
necessary to show that the two models are correctly linked and transport
is properly preserved. Various volume and mass conservation tests will
be run to demonstrate that the models are correctly linked. Volume con-
servation can be checked in ICM by turning on the volume balance check
switch. If a volume imbalance occurs, there will be a grid linkage error.
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Additionally, mass conservation will be checked by turning on the mass
conservation check switch for a conservative, nonreacting, tracer variable
transported by the model. Both global and local mass balance tests will

be performed to ensure that balances are achieved within acceptable toler-
ances. Transport tests will be performed by introducing conservative trac-
ers in both the HM and WQM at the same locations and comparing tracer
concentration contours from both models. The two results should com-
pare closely except for possibly small differences caused by the numerical
methods employed in the two models. Additionally, salinity will be simu-
lated by both models providing an another verification of correct transport.

Hydrodynamic and Water Quality Model Self
Consistency

As discussed in Chapter 2, the self consistency of the HM and WQM
linkage must be tested. The need for this test arises from elimination of
the dynamic feedback loop from the sea grass model to circulation to sim-
plify model linkages. The circulation model will be run with a specified
sea grass distribution observed near the beginning of the WQM confirma-
tion period. The resulting circulation field is used for a WQM confirma-
tion simulation. Next, the observed sea grass distribution at the end of the
WQM confirmation period is used to adjust the HM roughness. Then this
flow field is used for another WQM confirmation simulation. At this
point, the results from the two WQM simulations are examined. If the
results from the two simulations are similar, then self consistency exists,
and feedback from the sea grass model to the HM is not necessary. If the
results are significantly different, then a dynamic linkage between the HM
and WQM/sea grass model will be required, or either additional iterations
will be necessary to achieve self consistency. Hypothesis testing at the
95-percent confidence level will be used to determine whether the two
simulations are significantly different.

Wind Wave Model, Sediment Transport, and
Water Quality

A model linkage simplification calls for eliminating the feedback from
the sea grass model to the wave model by building a linkage from the sea
grass model directly to the SM, both of which would be dynamically cou-
pled within the WQM. A wave model will be used to provide basic infor-
mation on wave conditions as a function of local wind speed, water depth,
and bottom friction. It will be necessary to develop a relationship
between sea grass density and bottom shear stress. As current and wave
information is provided to the WQM from output from the HM and the
wave model, respectively, the associated bottom shear stresses will be
calculated within the SM component of the WQM and modified based on
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local sea grass density predicted by the sea grass component of the WQM.
The modified shear stresses will then be used to calculate resuspension
rates within the SM component. Resuspended sediment will be trans-
ported and eventually redeposited by the water column component of the
WQM. Thus, as predictions for sea grass coverage evolve, sediment resus-
pension predictions can change too as a result of local sea grass coverage
without the need for feedback to the wave model. The difficulty lies in
developing the algorithms to relate bottom shear stress to sea grass
density.
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6 Water Quality

The water quality model will consist of four interactive submodels: a
model of water quality processes in the water column; a model of sedi-
ment resuspension, transport, and deposition; a model of sediment diage-
netic processes; and a model of sea grasses (or submersed aquatic
vegetation, SAV). Together, these four submodels comprise the CE-
QUAL-ICM water quality model, which is discussed herein as a primary
candidate for conducting this study. The current status of CE-QUAL-ICM
and proposed modifications for Florida Bay application are described in
subsequent sections of this chapter.

During the course of the study, the WQM variables and processes may
be revised from those described below to better represent Florida Bay. To
facilitate model conceptualization at the initiation of the study, it is recom-
mended that three specification exercises be held to help refine specifica-
tions for the WQM. These exercises may take the form of exchanges
through a Web site and e-mail and phone discussions with various scien-
tists. Bay scientists, modelers, the MEG, and various other experts will
be asked to review strawman proposals for the three specification exer-
cises to address specific issues dealing with the four WQM components.
Following the reviews and informal exchanges, a meeting (possibly in con-
junction with the MEG briefings) or brief workshop may be held to con-
clude each specification exercise. The first specification exercise will
address the suspended sediment module and related computations, includ-
ing winds, waves, and resuspension as related to winds, waves, currents,
and sea grass. The second specification exercise will address the water
column and benthic sediment components of the WQM to refine the state
variables and processes to be included. The third exercise will address
the sea grass model component to refine the state variables, processes,
and related mechanisms to include. The results of these three exercises
will be documented and used to guide model development.
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Water Column Processes

Current status

The CE-QUAL-ICM water quality model was developed as one compo-
nent of a model package employed to study eutrophication processes in
Chesapeake Bay (Cerco and Cole 1993; Cerco and Cole 1994; Cerco
1995a,b). Subsequent to employment in the Bay study, the model code
was generalized and released for public distribution and use on other sys-
tems (Cerco and Cole 1995).

The foundation of CE-QUAL-ICM is a finite volume solution to the
3-D mass-conservation equation. CE-QUAL-ICM solves, for each control
volume and for each state variable, the equation:

a(z;cj) _ iQkC" +340,€ 43
t = = ox, (1)
where

Vj = volume of jth control volume, m’

Cj = concentration in jth control volume, g m>

t, x = temporal and spatial coordinates

n = number of flow faces attached to jth control volume

O,= volu3metr_if flow across flow face k of jth control volume,

m” sec

C, = concentration in flow across flow face k, g m>

A, = area of flow face k, m?

D, = diffusion coefficient at flow face k, m? sec”!

SJ. = external loads and kinetic sources and sinks in jth control
volume, g sec’!

The central issues in eutrophication modeling are primary production
of carbon by algae and concentration of dissolved oxygen. Primary pro-
duction provides the energy required by the ecosystem to function. Exces-
sive primary production is detrimental, however, since its decomposition,
in the water and sediments, consumes oxygen. Dissolved oxygen is neces-
sary to support the life functions of higher organisms and is considered an
indicator of the “health” of estuarine systems. In order to predict primary
production and dissolved oxygen, a large suite of model state variables is
necessary (Table 3). The 22 model state variables include physical proper-
ties that impact eutrophication and components necessary to represent
cycling of carbon, nitrogen, phosphorus, dissolved oxygen, and silica.
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Table 3

Existing Water Quality Model State Variables

Temperature Salinity

Suspended solids Cyanobacteria

Diatoms Flagellates and other algae

Dissolved organic carbon Labile particulate organic carbon
Refractory particulate organic carbon Ammonium nitrogen

Nitrate + nitrite nitrogen Dissolved organic nitrogen

Labile particulate organic nitrogen Refractory particulate organic nitrogen
Total phosphate phosphorus Dissolved organic phosphorus

Labile particulate organic phosphorus Refractory particulate organic phosphorus
Chemical oxygen demand Dissolved oxygen

Particulate biogenic silica Dissolved silica

An effort has recently been completed to include higher trophic levels
(microzooplankton, mesozooplankton, deposit-feeding benthos, and filter-
feeding benthos) in the CE-QUAL-ICM framework. Addition of these
components adds tremendously to the data requirements, calibration
effort, and computational demands of the model. Initial indications are
that addition of higher trophic levels does not increase the accuracy of the
model. The addition is worthwhile solely if quantifying biomass and proc-
esses within higher trophic levels is a major study objective. Since the
Florida Bay study is concerned primarily with SAV and the processes that
affect SAV, inclusion of higher trophic levels within the model framework
is not recommended.

Application to Florida Bay

The eutrophication framework presently incorporated in CE-QUAL-
ICM is robust and should transfer readily to Florida Bay. Primary modifi-
cations will be in parameter evaluation and in model emphasis rather than
in formulation. For example, the three algal groups presently comprise
diatoms, freshwater cyanobacteria, and flagellates. These can be made to
represent indigenous Florida Bay phytoplankton through adaptation of
appropriate model parameters. Since anoxia is not a problem in Florida
Bay, this phenomenon can be de-emphasized and attention devoted to
more significant processes.

Major changes to the model will involve inclusion of the calcium car-
bonate system and interactions of calcium carbonate with phosphorus.
The carbonate system will be represented through the addition of four
model state variables: calcium, calcium carbonate, alkalinity, and total
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inorganic carbon (TIC). From these, pH and concentrations of carbonate
species can be derived using well-known relationships (e.g., Faust and
Aly 1981). Inclusion of these state variables will require modifying the
model to incorporate calcium dissolution, settling and resuspension, and
TIC production, consumption, and atmospheric exchange. Modeling
calcium-phosphorus interactions will require the introduction of a calcium
phosphate state variable too and representation of phosphorus sorption
onto calcium carbonate.

Algorithms to compute the carbonate system and calcium-phosphorus
interactions are widely available, e.g., Brown and Allison (1987). Public-
domain codes are inefficient, however, and not suited to the magnitude of
computations anticipated in Florida Bay (thousands of cells, time incre-
ments of minutes, and duration of years). Likely an efficient, specialized
algorithm will have to be developed as part of the project.

There is one other modification that must be made to the water column
component of the WQM. Wetting and drying of cells and proper handling
of residual mass in dry cells must be added.

Sediment Transport

Current status

CE-QUAL-ICM presently contains an inorganic suspended sediment
(ISS) variable that is transported within the water column, thus varying
temporally and spatially. The model does not account for benthic inor-
ganic sediments, nor does it presently contain resuspension. ISS enters
the system through external loadings and can be lost from the water col-
umn through settling. Light attenuation is affected by ISS concentration.

Application to Florida Bay

The ISS module of CE-QUAL-ICM must be modified to include resus-
pension as described in Chapter 4. Additionally, organic sediments will
be allowed to resuspend as explained in Chapter 4. A single inorganic
sediment bed layer will be included, but bed transport and bed morphol-
ogy will not be modeled.
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Benthic Sediment Diagenesis Model

Current Status

Benthic sediments are represented as two layers with a total depth of
10 cm. The upper layer, in contact with the water column, may be oxic or
anoxic depending on dissolved oxygen concentration in the water. The
lower layer is permanently anoxic. The thickness of the upper layer is
determined by the penetration of oxygen into the sediments. At its maxi-
mum thickness, the oxic layer depth is only a small fraction of the total.

The sediment model consists of three basic processes. The first is
deposition of particulate organic matter from the water column to the sedi-
ments. Due to the negligible thickness of the upper layer, deposition pro-
ceeds from the water column directly to the lower, anoxic layer. Within
the lower layer, organic matter is subject to the second basic process,
diagenesis (or decay). The third basic process is flux of substances pro-
duced by diagenesis to the upper sediment layer, to the water column, and
to deep, inactive sediments. The flux portion of the model is the most
complex. Computation of flux requires consideration of reactions in both
sediment layers, of partitioning between particulate and dissolved frac-
tions in both layers, of sedimentation from the upper to lower layer and
from the lower layer to deep inactive sediments, of particle mixing
between layers, of diffusion between layers, and of mass transfer between
the upper layer and the water column.

Subtidal benthic algae occupy a thin layer between the water column
and the benthic sediments. CE-QUAL-ICM simulates these as part of the
sediment diagenesis model. Biomass within the layer is determined by
the balance of production, respiration, and losses to predation:

2B (G-R-P)B
ai @

where

B = algal biomass, as carbon, g C m2

G = production rate, day'1
R = respiration rate, day'1
P = predation rate, day'1
Formulations of the production, respiration, and predation terms are
similar to conventional models of algal dynamics in the water column.

Key factors that determine these terms include light, nutrients, and tem-
perature at the sediment-water interface.
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A listing of sediment model state variables and computed sediment-
water fluxes is provided in Table 4. Documentation of the diagenesis
model is provided by DiToro and Fitzpatrick (1993). The benthic algal
component is detailed in Cerco and Seitzinger (1997).

Table 4

Existing Sediment Model State Variables and Fluxes

State Variable Sediment-Water Flux

Temperature

Particulate organic carbon Sediment oxygen demand
Sulfide/methane Release of chemical oxygen demand

Particulate organic nitrogen

Ammonium Ammonium flux

Nitrate Nitrate flux

Particulate organic phosphorus

Phosphate Phosphate flux

Particulate biogenic silica

Dissolved silica Silica flux

Benthic algal biomass Dissolved oxygen, nutrients

Application to Florida Bay

The primary modification to the benthic sediment model will be adapta-
tion to the carbonate sediments of Florida Bay. The adaptation will pri-
marily affect sediment phosphorus cycling since phosphorus has a high
affinity to sorb to sediment solids such as calcium carbonate. As pres-
ently configured, the model is adapted to iron-rich sediments such as
those found in Chesapeake Bay. Precipitation and dissolution of iron and
adsorption/desorption of phosphorus to solids are roughly represented
through empirical solubility and sorption coefficients. The model will be
improved through detailed representation of carbonate cycling between
the water column and sediments and through improved representation of
phosphorus partitioning between dissolved and particulate phases. An
initial effort to incorporate carbonate cycling into the sediment model has
already been completed as part of research on sediment iron and manga-
nese modeling (DiToro, Fitzpatrick, and Isleib 1994).

State variables to be introduced into the sediment model will largely
follow the modifications to the model of the water column, i.e., calcium,
calcium carbonate, calcium phosphate, alkalinity, and TIC. Phosphate
adsorption to calcium carbonate and formation of calcium phosphate will
be represented. Computation of pH in sediments is a complex problem
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due to the enormous number of reactions that affect and are affected by
pH. As a first approach, a simplification will be employed in which pH is
determined by the carbonate system alone.

Incorporation of resuspension may require substantial modifications to
the sediment model. As presently represented, solids deposited on the bot-
tom stay there permanently. If resuspension is represented in detail, all
sediment solids including particulate carbon, nitrogen, phosphorus, and
silica must be considered. Modeling the introduction of resuspended sol-
ids and associated interstitial dissolved matter into the water column can
be readily addressed. Modeling the reconstitution of benthic sediments
upon deposition of resuspended material is not straightforward. Substan-
tial effort will be required for this portion of the model study.

Sea Grass Model

Current status

The sea grass (i.e., submersed aquatic vegetation, or SAV) model
builds on principles established by Wetzel and Neckles (1986) and
Madden and Kemp (1996). Three state variables are computed: shoots
(aboveground biomass), roots (below-ground biomass), and epiphytes
(attached algae). Each state variable is computed as a density, e.g., gram
shoot carbon per square meter of bottom area. The model is based on
mass-balance principles expressed through differential equations that
describe growth and loss of each state variable. For example, the basic
equation governing shoot biomass is:

i(c SH)=(1-F, )P CSH
dt g €)
where

C = coverage, m?

SH = shoot biomass, g C m2

Fpsr = fraction of primary production transferred from shoots to
roots
P = net production rate, day'1

Production is computed as a function of temperature, light, and nutri-
ents in water and sediments. Light at leaf surfaces is computed as a func-
tion of light at the water surface and attenuation within the water column.
Attenuation is computed, in turn, as a function of concentrations of par-
ticulate and dissolved matter and depth. Self shading and shading by epi-
phytes, based on nutrient availability, are also included. The model is
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carbon based but incorporates SAV nitrogen and phosphorus through the
use of fixed nitrogen-to-carbon and phosphorus-to-carbon ratios. Model
SAV can extract nutrients from the sediments and water column.

Separate equations for shoot density (SH) and coverage (C) can be
derived by applying chain rule differentiation of Equation 3 and separat-
ing both equations resulting in

d SH =FD(

1-F, )P SH
dt

psr

*)

dcC
— (- FD)1-F,,)PC 5

where FD is the fraction of total production that goes to increased/
decreased shoot density. The fraction is determined by an optimization
algorithm that minimizes the biomass required for SAV spread through
spatial expansion on the bed or through increasing shoot density within
the bed.

Root biomass is governed by

M=FS,PCSH—RCRT
dt & (6)
where

RT = root biomass, gm C m2

R = root respiration rate, day'1

Epiphyte biomass is governed by

d(C EP SH)

= (G, - R, -PR-SL)C EP SH

@)
where

E = epiphyte density, g epiphyte C g'1 shoot C
G, = epiphyte growth rate, day'1
R __ = epiphyte respiration rate, day'1
PR = predation rate on epiphytes, day'1
SL = sloughing rate of SAV shoots, day'1
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The model has been applied to two species at two sites in Chesapeake
Bay: Zostera marina at the mouth of the York River and Potamogeton per-
foliatis in Choptank River mesocosms. Application of the model system-
wide is presently underway.

Application to Florida Bay

As with the water column model, application of the SAV component to
Florida Bay largely amounts to applying parameters appropriate for in-
digenous species and local conditions. For example, the model presently
depends on epiphytes as the major light-limiting factor. Sediment sulfide
toxicity is incorporated in the code but not activated. Indications from
the October workshop are that epiphytes may be less of a limiting factor
than sulfide toxicity. A switch of the role of these limiting factors can be
readily accommodated through selection of appropriate parameters.

Two species have been selected for simulation: Thalassia testudinum
and Halodule wrightii. At present, the model does not represent the coex-
istence of two or more species. Rather, it simulates a single dominant spe-
cies in each model cell. If Thalassia and Halodule coincide or compete,
then modifications to the model are required, which are expected to be
straightforward.

A second modification to the model involves incorporating potential
TIC limitation to growth. Since TIC will be computed in the water col-
umn as part of the calcium carbonate system, addition of TIC to the pre-
sent list of limiting factors (temperature, nutrients, and light) can be
readily accommodated. It is recommended that a sea grass modeling
workshop be held at the beginning of the project to refine the plans for the
sea grass component.

Initial Nutrient Budget Analysis

It was recommended at both the July and October workshops that the
WQM be applied to the Bay as quickly as possible to rapidly gain a better
understanding of the Bay nutrient budget. It was suggested that a very
coarse grid (approximately 20 to 40 cells) model application of the entire
Bay be conducted to assess the relative importance of external nutrient
loadings and internal nutrient cycling. The version of the WQM existing
at the beginning of this project can be used for this application. This
application should be conducted early into the project to help guide model
development and further development of nutrient loadings. Broad-scale,
seasonally averaged circulation fields can be derived from existing mod-
els, such as RMA10-WES HM or the Florida International University box
model of Nuttle and Fourqurean, and provided to the WQM for the nutri-
ent budget analysis. This application should consist of data from recent
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years. Consideration should be given to using the box model grid configu-
ration of the Nuttle and Fourqurean box model.

Initial Calibration

Application of a complex eutrophication model to a system such as
Florida Bay is a major task involving data assembly, model parameter
evaluation, and model parameter calibration through comparison of predic-
tions and observations. The study of Florida Bay will involve addition of
new state variables, development of new model algorithms, and evalu-
ation of unknown parameters. Under these circumstances, development
and application are greatly facilitated through application of the model to
a reduced system with a relatively limited grid. Development can be con-
ducted rapidly on the reduced system without incurring the lengthy com-
puter turn-around time involved in modeling the complete system.

Three reduced systems will be employed in the initial development and
application of the Florida Bay model. Each will be one of the natural
basins formed by the topography of Florida Bay. Basins will be selected
to represent a range of conditions that occur in the Bay, such as a central,
eastern, and western basin. A second criteria for selection will be data
availability. The data should be representative of the variables and proc-
esses computed in the model and should extend over at least 1 year.
Flows into and out of each basin may be derived from the currently avail-
able finite element model if results from the CH3D-WES model are not
yet available; seasonally averaged flow fields will be employed from the
RMA10-WES model in this case. Boundary conditions will be specified
based on observations. Model simulation period and parameters will be
selected in cooperation with Bay-area scientists. Existing data for 1 year
will be used for initial model calibration and comparisons.

Final Calibration and Confirmation

Final calibration of the model will be conducted on the complete bay
system using the full, detailed grid driven by the CH3D-WES HM (assum-
ing it is determined to be acceptable). Final calibration will cover a
period sufficient to demonstrate agreement between observed and com-
puted changes in water quality and sea grass. A period of several years
from the mid-1990s, when data are more abundant, should be used for
final model calibration. Alternatively, if future monitoring efforts are
modified to better reflect the needs of the WQM, and if results are pro-
vided within the time frame required for the model study, then monitoring
data from a future period, rather than existing data, should be used to pro-
vide a more complete final model calibration.
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Following final model calibration, the model will be confirmed over a
longer period of time, within which sea grass conditions have changed
substantially. (As mentioned in Chapter 3, the terms model verification or
validation could just as well be used for confirmation.) Workshop discus-
sions indicated that a major sea grass die-off occurred during 1987.
Therefore, simulations will commence from about 1986, to encompass the
die-off, and extend through 1996, to include recent sea grass and water
quality surveys. The exact period for model confirmation will be devel-
oped through discussions with the study oversight committee, MEG, and
Bay scientists.

Graphical plots and statistical analyses for computed and observed data
will be used to assess the skill of model calibration and confirmation.
Time series of computed and observed concentrations at stations will be
plotted. Snapshot and/or time-averaged results will be used for planar
contour plots to compare computed and observed 2-D data. Seasonal
mean-, maximum-, and minimum-computed and observed data will be
compared along longitudinal transect plots. Statistical analyses of com-
puted and observed results will include mean error, mean absolute error,
RMAE, root mean square error, and the cumulative frequency distribution
of absolute error and relative absolute error.

WOQM confirmation will be considered acceptable when the RMAE val-
ues shown in Table 5 are satisfied. The values in Table 5 are comparable
with those of other similar water quality models. The RMAE criteria in
Table 5 can be modified through recommendations by the MEG and study
oversight committee early in the study.

Table 5

RMAE Values for Water Quality Model
Acceptance

Variable RMAE
Temperature 0.10

Dissolved oxygen 0.15
Chlorophyl a 0.30

Total organic carbon 0.30

Total nitrogen 0.20

Total phosphorus 0.25
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7 Water Quality Model
Application

This chapter deals specifically with the application of the WQM for
sensitivity tests, scenario testing, and uncertainty analysis. Sensitivity
analysis and scenario testing will also be conducted with the HM. Each
WQM scenario test involving a change in the system physical features or
hydrology and hydrodynamics will require application of the HM to gener-
ate the scenario circulation field.

Sensitivity Tests

Tests should be conducted to evaluate model sensitivity to various
assumptions and input values. Obviously, it is not practical to test every
model parameter and input value, but the more questionable input values,
such as certain model rate coefficients and boundary conditions, should be
examined to determine their relative significance to the modeling process.
As an example, tests to determine the sensitivity of the model to various
nutrient loading sources are commonly conducted. Sensitivity tests help
to focus future data-collection efforts, process investigations, and model
development. The specific details of sensitivity tests cannot be provided
at this time, but such tests should be coordinated through the study over-
sight committee and MEG. The WQM calibration process results in a
large number of computer runs where parameters are adjusted, thus provid-
ing much sensitivity information.

Scenario Testing

Following model calibration, confirmation, and sensitivity testing, the
model will be used to evaluate various management scenarios. Each
WQM scenario simulation should be conducted for approximately a 10-
year period to allow sufficient time for the system to reach a new equilib-
rium. Water quality alterations affect sediment quality and sea grass
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conditions, which in turn affect water quality. For planning and budget-
ing purposes, six management scenarios are assumed. Management sce-
narios will generally involve various alternatives for freshwater flows and
nutrient loadings. Structural modifications, such as opening new passes
through the keys, can also be evaluated. The scenario specifications will
be established by the study partners and the PMC.

Each scenario should be compared with a base condition. The base
condition is usually existing conditions for loads, freshwater flows, and
structural configuration. Historical conditions are usually used to con-
struct the input conditions for the base condition and scenario tests. It is
recommended that the 10-year WQM confirmation simulation be used for
the base condition. This same period will also be used for the manage-
ment scenarios, but the model input will be adjusted to reflect the particu-
lar management alternative. In addition to comparing each scenario
against base conditions, model results can also be analyzed in various
ways to assess differences in scenarios. For example, nutrient fates can
be assessed and compared among the scenarios.

The HM must be executed for each scenario that involves flow or struc-
tural alterations. It will not be necessary to execute the HM for scenarios
involving only changes in nutrient loads. It is planned that the HM will
be executed for the entire 10-year scenario simulation period, and the out-
put will be used to drive the WQM for the same period.

Uncertainty Analysis

Concern for the environmental health of Florida Bay has developed
relatively recently. Thus, the Florida Bay database is not rich, and the sci-
entific understanding of certain bay environmental processes is not
mature. Additionally, Florida Bay is a relatively complex system. For
these reasons, there will be uncertainty associated with any model projec-
tions of the Bay, as there is with any model study.

Using Monte Carlo simulation techniques, the confidence limits associ-
ated with stochastic inputs can be constructed. Ideally, it would be desir-
able to estimate the total uncertainty associated with all input values to
provide confidence limits on model projections. However, it is infeasible
to place confidence limits on long-term water quality model simulations
when a large number of input variables are involved. The number of reali-
zations that must be run are on the order of N3, where N is the number of
input variables included in the uncertainty analysis. When each run takes
hours of CPU time on a supercomputer, it is easy to see why it is neces-
sary to restrict N, thus the number of runs.

It is possible to conduct uncertainty analysis for a limited number of

input variables. The sensitivity work should reveal which parameters and
input conditions have the most effect on the model. The modeling process
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will also help focus the primary data limitations. This information can be
used to design uncertainty analysis for the most sensitive model input val-
ues with the least information.

All uncertain input variables can be simultaneously perturbed ran-
domly during each realization. It may be necessary to run hundreds of re-
alizations. The preferred manag