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Guidelines for the use of computational models in coastal and estuarial studies
Wave transformation and wave disturbance models

Report SR 450
March 1996

Computational models are frequently used to assess the impact of engineering
works in coastal and estuarial waters. With the increasing use of
computational hydraulic software by civil engineers and scientists not involved
in model development it is essential that comprehensive guidelines on the
limitations and assumptions of such models are widely available. In selecting
a model for a particular application it is important that the engineer be aware
of the range of models available, the processes they can represent, the
underlying assumptions on which the models are based, their fimitations and
the sofution method used. In order to address this issue, HR Wallingford was
commissioned in 1994 by DOE to develop guidelines for engineers on the
selection and application of computational models for estuarial engineering
studies. The guidelines incorporate wave transformation and disturbance
models and flow and sediment transport models.

In the first stage of this project, completed in March 1994, a review of
computational models in engineering use for hydraulic studies in the UK was
made. This review covered models representing wave transformation, harbour
wave disturbance, flow, sediment transport and ship manoeuvring, movement
and mooring (HR Wallingford 1994). During this first stage it became evident
from industry contacts that very few ship manoeuvring and movement models
are used by non-specialists and that many such models are still under
development. As a consequence, the production of guidelines for such models
would be premature and so they were not included in the second stage of the
project.

The guidelines for the computational models produced in the second stage of
this project are based on the resuits obtained from applying computational
models to a series of benchmark tests. This report contains the guidelines for
wave transformation and wave disturbance models, together with details of the
benchmark tests and results. The guidelines for flow and sediment models are
presented in the companion report, HR Wallingford 1996.
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1 Introduction

1.1 Aims

Computational models are frequently used to assess the impact of engineering
works in coastal and estuarial waters. With the increasing use of
computational hydraulic software by civil engineers and scientists not involved
in model development it is essential that comprehensive guidelines on the
limitations and assumptions of such models are widely available. In selecting
a model for a particular application it is important that the engineer be aware
of the range of models available, the processes they can represent, the
underlying assumptions on which the models are based, their limitations and
the solution method used. In order to address this issue, HR Wallingford was
commissioned in 1993 by the DOE to develop guidelines for engineers on the
selection and application of computational models for estuarial engineering
studies. The guidelines will incorporate wave transformation and disturbance
models and flow and sediment transport models.

In the first stage of this project, completed in March 1994, a review of
computational models in engineering use for hydraulic studies in the UK was
made. This review covered models representing wave transformation, harbour
wave disturbance, flow, sediment transport and ship manoeuvring, movement
and mooring (HR Wallingford 1994). During this first stage it became evident
from industry contacts that very few ship manoeuvring and movement models
are used by non-specialists and that many such models are still under
development. As a consequence, the production of guidelines for such models
would be premature and so they were not included in the second stage of the
project.

The guidelines for the computational models produced in the second stage of
this project are based on the results obtained from applying computational
models to a series of benchmark tests. This report contains the guidelines for
wave transformation and wave disturbance models, together with details of the
benchmark tests and results. The guidelines for flow and sediment models are
presented in the companion report, HR Wallingford 1996.

1.2 Methodology

Many Consulting Engineers in the UK use computational wave disturbance and
wave transformation models. Some of these models have been developed by
the Consulting Engineers themselves, although, more commonly, they use
models that were developed at one of the major international hydraulics
laboratories or at UK Universities. Following the survey of computational wave
transformation and wave disturbance models described in HR Wallingford
(1994), a number of UK Consulting Engineers were contacted, and asked to
take part on this project by applying their models to one or more of a series
of benchmark tests.

The tests were selected at HR Wallingford with the intention that from the
results, the ability of the models to represent different physical processes be
assessed. The test cases range from simple tests with analytic solutions, to
real situations for which field measurements exist. In addition, a number of the
tests are based on physical models, for which data exists. Since the analytic,
physical model and field data were used to assess the performance of the
models, this information was not supplied to the participants. It should be
noted that the participating Consultants ran the tests at their own expense.
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The guidelines incorporated within this report are based on the results supplied
to HR Wallingford by the participants. They refer to models in use between
February 1993 and December 1995. It should be noted when using this report
that existing computational models are periodically updated and that new
models are continually being developed.

1.3 Notes on the guidelines

The guidelines on the use of wave transformation and wave disturbance
models in coastal and estuarial studies, given in Chapters 2 and 3, are based
on the results obtained when applying a number of models to a series of
benchmark tests. The guidelines concentrate on the model types discussed
in Chapters 4 and 5, rather than on individual modeis. The models applied to
the benchmark tests are representative of those currently in use in the UK. It
is important to note, however, that existing models are periodically updated
and that new models continue to be developed.

The results from the benchmark tests indicate that no one model type can be
considered best for all coastal sites, in terms of producing accurate solutions
efficiently. For some benchmark tests, the same model was applied by
different engineers. The results obtained demonstrate how the interpretation
of the problem and the application of a model by a particular engineer can
have a considerable impact on the results obtained. In addition, the results
also show how, for a particular bathymetry, the performance of a model may
depend on the incident wave conditions.

When selecting a suitable model type, or model, for a partcular application,
various considerations must be taken into account. These may include:

. What are the important physical processes at the site?

+  What information is required?

. What will the wave data be used for?

. Are there financial and duration constraints on the project?

This report presents guidelines on choosing suitable wave transformation and
wave disturbance models for particular studies. While emphasis is given to the
physical processes represented by the model types, information on other
factors, such as where information is required and whether the site being
modelled is large, is also given.

The guidelines in Chapters 2 and 3 are given in two parts. The first
concentrates on model types and gives an indication of what sort of study to
which each model type is particularly applicable. Following this, short, general,
descriptions of typical coastal sites to which wave transformation and wave
disturbance models may be used is given. The types of models are given in
a possible order of preference, taking into account both accuracy and
efficiency. More detailed information on the types of models and the models
actually tested in this project are given in other chapters of this report and in
the Appendices.
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1.4 Organisation of the report

The remainder of this report is organised as follows. The guidelines for the
application of wave transformation and wave disturbance models to estuarial
and coastal studies are presented in Chapters 2 and 3 respectively. The
models applied to the benchmark tests are briefly described in Chapters 4 and
5. Further details of the models are given in Appendices 1 and 2 for wave
transformation and wave disturbance models respectively. The benchmark
tests are described in Chapter 6 and the results discussed in Chapter 7.
Finally, conclusions from the project are given in Chapter 8.

It should be noted that this report supercedes HR Wallingford Report SR 450
which contains information on the benchmark tests.

2.1 Introduction

In this chapter guidelines on the use of wave transformation models in coastal
engineering projects are given. The guidelines are based on the results of the
benchmark tests presented and discussed in Chapters 6 and 7. The models
applied to the tests are representative of the main types of wave
transformation models currently in use in the UK. It is worth noting once more
that most existing models are continually being updated and extended, and
that new models are developed. In this project, none of the participating
Consulting Engineers used nomographs or models based on hyperbolic
approximations to the mild slope equation.

The guidelines given concentrate on the range of physical processes
represented by types of wave transformation models. It should be noted that
linear wave transformation models can be used to model spectral wave
conditions. This is achieved by running the model repeatediy for the different
spectral components and using linear superposition to combine the results. In
some models, wave breaking is not explicitly represented. In such cases, it is
possible to use an empirical representation of wave breaking and simply limit
the predicted significant wave height to be a fraction of the water depth. In
some models which claim to represent wave breaking, this is how it is
modelled. When applying models which use forward marching solution
methods, for example models based on the parabolic approximation to the mild
slope equation, care should be taken in selecting the orientation of the model
grid. Such models generally give more accurate results if the x-axis of the grid
system is aligned with the main forward propagation direction. That is, the
incident waves should be less than approximately 60° to the x-axis.

As was noted in Section 1.3, a number of factors will usually be taken into
account when selecting a suitable model for a particular application. These
include:

. What are the main physical processes affecting the wave conditions at
the site?

. Need all the processes identified be represented, or can some simplifying
assumptions be made?

. What information about the wave conditions is required, for example,
significant wave heights, periods, directions, spectral components?
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. Is the area being modelled, large? Are wave conditions over the whole
of the area required or just at single specified locations?

«  Will the results be used for design purposes? In which case, as accurate
results as possible will be required. Otherwise, a less comprehensive
assessment may be appropriate to give an initial indication of wave
activity at the site.

. Are there duration and financial constraints on the project?

For some studies, it may be appropriate to use more than one wave
transformation model. For example, a refraction model may be used to predict
the wave conditions over a large area. A more detailed analysis of a smaller
area may then be carried out using a refraction/diffraction model. In this case,
results from the refraction model can be used as input to the
refraction/diffraction model. There may, in some projects, be calibration data
available. This is usually in the form of limited wave recordings in the area
being studied. If such data is available, then this can be used to validate or
calibrate the model being used, for example, by selection of a suitable sea-bed
friction coefficient.

The guidelines are given in the following two sections. In the first, types of
coastal sites to which each of the main categories of wave transformation
models is particularly suited, are given. In the second, a number of coastal
sites, typical of engineering projects likely to arise, are given along with the
types of wave models which would be suitable.

2.2 Wave transformation models
2.2.1  Ray tracking refraction models

Back tracking models

Models in this category are particularly suited to studies in which spectral
representations of the wave conditions at single locations are required. These
models are generally computationally efficient and so can be used to represent
wave transformation over very large areas. Shoaling and refraction are the
main processes represented. Back tracking ray models can be used to give
approximate predictions in areas where diffraction due to the bathymetry is
important, particularly if the bathymetry is relatively simple and short period
waves are being modelled. In areas where sea-bed friction is likely to be
significant, these models are likely to over-estimate the wave heights.

Forward tracking models

Models which are based on forward tracking ray methods can be used to
predict monochromatic wave conditions throughout large coastal sites.
Shoaling and refraction are the main physical processes modelled, although
energy dissipation due to sea-bed friction and wave breaking may also
represented. Such models may also be used to give approximate predictions
in areas where diffraction due to the bathymetry is important. However, very
irregular bathymetries may lead to caustics which in turn lead to such models
predicting very large wave heights in some areas and very low wave heights
in others. Forward tracking ray models represent short period waves more
accurately than long period waves.
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2.2.2 Finite difference refraction models

Refraction models which are based on finite difference methods can be used
to model shoaling and refraction over relatively large coastal areas. Wave
conditions throughout the site can be predicted. The size of the finite difference
grid used will affect both the accuracy and efficiency of the model (a fine grid
leading to more accurate solutions, but is more computationally expensive).
Generally such models will represent energy dissipation due to both sea-bed
friction and wave breaking. Finite difference refraction models can be used in
areas where diffraction due to the bathymetry occurs to give approximate
predictions of the wave conditions. This is particularly so when the bathymetry
is relatively smooth.

2.2.3 Refraction/diffraction models

Wave transformation modeis which represent both refraction and diffraction are
generally based on the solution of a governing equation {or system of
equations) using finite difference or finite element methods. In areas where
diffraction due to the bathymetry is important, refraction/diffraction models will
generally give more accurate predictions of the wave conditions than refraction
only models. This is particularly so when there are very rapid changes in the
bathymetry, for example, due to a harbour approach channel. Models which
are based on a parabolic approximation to the mild slope equation may give
poor predictions if the incident wave is at a large angle to the principal wave
propagation direction.

Such models can also be used in areas where shoaling and refraction are the
dominant processes, to predict wave conditions over the whole site. Using
such models over very large coastal areas may be computationally expensive,
compared to refraction only models, without a corresponding increase in
accuracy. Energy dissipation due to both sea-bed friction and wave breaking
is usually represented.

2.3 Typical coastal sites

In this section a number of typical coastal sites where wave transformation
modelling may be required are listed. For each site, an indication of the types
of models which may be applied is given. The suggested models are given in
a possible order of preference, taking into account both accuracy and
efficiency. In the following sections a large area is considered to be of the
order 20km x 20km and a small area 3km x 3km (these should be considered
only as very approximate indications of sizes).

Wave conditions are required over a very large area where refraction
is the dominant process.

¢ Forward tracking ray models.
. Finite difference refraction models.
. Refraction/diffraction models.

Wave conditions are required over a small area where refraction is
the dominant process.

. Finite difference refraction models.

¢  Forward tracking ray models.
. Refraction/diffraction models.
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Wave conditions are required at few locations, although the area
being modelled is large and refraction is the dominant process.

. Back tracking ray models, particularly if spectral wave
conditions are required.
. Forward tracking ray models.
. Finite difference refraction models.
. Refraction/diffraction models.
Wave conditions are required at few locations within a small coastal
area where refraction is the dominant process.

. Finite difference refraction models.
. Back tracking ray models.

. Forward tracking ray models.

. Refraction/diffraction models.

Wave conditions are required in a large coastal area where
refraction and energy dissipation, due to sea-bed friction (for
example if the sea-bed is rocky) and wave breaking, are important.

« If suitable data is available, then forward tracking ray models
can be calibrated to give accurate predictions efficiently.

. Refraction/diffraction models - particularly those which use
forward marching solution methods or employ acceleration
techniques such as multigrid methods or conjugate gradient
methods.

. Finite difference refraction models.

. Back tracking ray models.

Wave conditions are required in a small coastal area where
refraction and energy dissipation, due to sea-bed friction and wave
breaking are important.

. Refraction/diffraction models.

. Finite difference refraction models.
. Forward tracking ray models.

. Back tracking ray models.

In the following examples of coastal areas where wave transformation
models may be applied, it is assumed that the sea-bed is not flat, so that
both shoaling and refraction of the waves will occur.

Wave conditions are required in large coastal areas where mild
diffraction effects, for example due to small berms or shoals, may
occur.

. if initial estimates of the wave conditions area required, or
conditions near the berm or shoal, then finite difference
refraction models may be suitable.

»  Refraction/diffraction models, particularly those employing
acceleration techniques or which use forward marching
solution methods.

. Possibly back tracking ray models, if conditions near the shoal
or berm are required.
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Wave conditions are required in a small coastal area where mild
diffraction effects may occur.

. Refraction/diffraction models.
. Finite difference refraction models, particularly if conditions
near the berm or shoal are required.

Wave conditions in areas where there are rapid changes in the
bathymetry, for example, due to the presence of large berms or
shoals.

»  Refraction/diffraction models. If the area is very large, then
models which use forward marching solution techniques will be
the most efficient.

Wave conditions in areas where there are rapid changes in the
bathymetry, for example due to dredged channels.

. Refraction/diffraction models based on the parabolic
approximation to the mild slope equation, particularly if the
incident wave has a long period and the area being modelied
is large.

»  Other refraction/diffraction models.

3 Guidelines for wave disturbance modelling

3.1 Introduction

Guidelines on the application of wave disturbance models to coastal
engineering projects are given in this chapter. The guidelines are mainly
based on the results of the benchmark tests presented and discussed in
Chapters 6 and 7. As with wave transformation models, it is important to note
that existing wave disturbance models are updated and extended periodically
and new models are continually being developed.

When considering engineering projects at coastal sites where natural or man-
made structures are present, it will be necessary to apply a wave disturbance
model rather than a wave transformation model. Wave disturbance models,
as well as representing refraction and shoaling, also represent reflection and
diffraction due to surface piercing structures. Such coastal sites will often
involve waves propagating through shallower water and so energy dissipation
processes such as wave breaking and seabed friction may also be
represented. In regularly shaped harbours, where the harbour boundaries are
mainly vertical, concrete walls, harbour resonance may also be a problem.
The representation of these different physical processes and their interaction
mean that wave disturbance problems are generally more complicated than
wave transformation projects.

As is evident from the numbers of models tested in this project, there are far
fewer wave disturbance models in common engineering use than wave
transformation models. At present, physical wave disturbance models are
often used for many harbour development projects and are often the preferred
option when design wave conditions are required. This is particularly so when
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there is no data available for calibrating computational wave disturbance
models.

The wave disturbance models applied to the benchmark tests fall into two main
categories; ray models and models based on the solution of the mild slope
equation. Models in the former category are well-established and have been
used on very many engineering projects. In contrast, models based on the
mild slope equation modeis are relatively new to application to coastal
engineering studies. This is, to some extent, illustrated by the resuits
discussed in Chapter 7 where the ray models tend to give more accurate
solutions than the finite difference and finite element models. This is partially
deemed to be a feature of their more frequent use.

At present, the most appropriate use for wave disturbance models is in
comparing possible harbour layouts. If calibration data is available and the
performance of the computational wave disturbance mode! validated, the
results from a wave disturbance model could be used for engineering design.
If such data is not available, then computational wave disturbance models can
be effectively used alongside physical models of wave disturbance. Most
often, the computational model will be used to compare a number of possible
harbour developments, with the preferred layout subsequently tested using a
physical model. The physical model will be used to provide design parameters
and to further optimise the selected layout.

As noted in earlier Chapters, a number of factors will usually be taken into
account when selecting a suitable model for a particular application. These
include:

. What are the main physical processes affecting the wave conditions at
the site?

. Need all the processes identified be represented, or can some simplifying
assumptions be made?

. What information about the wave conditions is required, for example,
significant wave heights, periods, directions, spectral components?

. Is the area being modelled, large? Are wave conditions over the whole
of the area required or just at single specified locations?

. Will the results be used for design purposes? In which case, results as
accurate as possible will be required. Otherwise, a less comprehensive
assessment may be appropriate to give an initial indication of wave
activity at the site.

. Are there duration and financial constraints on the project?

As with computational wave transformation models, the guidelines are given
in two sections. In the first, types of coastal sites to which each of the main
categories of wave disturbance models is particularly suited, are given. Inthe
second a number of coastal sites, typical of engineering projects likely to arise,
are given along with the types of wave models which would be suitable.

3.2 Wave disturbance models

3.2.1  Ray tracking models
Back tracking ray models

The use of back tracking ray models in wave disturbance projects is limited to
sites where refraction, shoaling and diffraction due to a single natural or man-
made structure are the important processes. Such models can be efficiently
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used to represent spectral wave conditions at individual locations at fairly open
coastal sites, near, for example, a natural headland. Back tracking wave
transformation models are often used to provide incident wave conditions for
computational wave disturbance models by, for example, predicting wave
conditions near a harbour entrance.

Forward tracking ray models

Forward tracking wave disturbance models predict wave conditions throughout
the model area and can be used to represent both small and large harbour
areas. These models can generally represent a fairly complicated layout of
harbour boundaries and can represent both total and partial reflections from
harbour walls. Forward tracking ray models are most suited to projects where
the incident wave period is in the range 5 - 15s, although they can be used
with care to represent wave periods outside this range. If the bathymetry in
the harbour area is complicated, for example, due to an approach channel,
these models will tend to over-estimate wave heights due to caustics caused
by the crossing of wave rays.

3.2.2 Finite difference / finite element models
Heimbholtz equation

The use of models based on the finite difference or finite element solution of
the Helmholtz equation is restricted to fairly idealised harbour geometries, with
a constant depth of water. Such models can be used in preliminary studies
to provide an estimate of wave conditions within or near a harbour.

Mild slope equation

Models based on the solution of the mild slope equation are suited to small or
medium sized harbours, particularly where diffraction due to variations in the
seabed may be important. For example, harbours in which there is an
approach or navigation channel, or where there are irregular mounds in the
seabed, perhaps due to dumped material or natural rock. Finite difference
models may be restricted to fairly simple geometries in which the harbour
boundaries can be represented along the grids lines. The use of variable
sized triangular grids, however, makes finite element models suitable for fairly
complicated harbour geometries. When using finite element models to
compare layouts, some care must be taken to ensure that differences in
results are due to differences in the harbour layout, rather than differences in
the finite element grid. Models based on the mild slope equation can be used
to represent incident wave conditions with periods longer than the 15s quoted
for forward tracking ray models.

3.2.3 Non-linear wave disturbance models

One category of computational wave disturbance models not represented in
this project is non-linear wave disturbance models such as those based on the
solution of the Boussinesq equations. At present, such models are expensive
to use in terms of computer memory and processing time and tend to be rarely
used by Consulting Engineers in the UK. It is likely, however, that with the
advent of increasingly powerful machines and efficient solution methods, such
models will become more widely used in the future. Models based on the
solution of the Boussinesq equations are particularly suited to coastal projects
where non-linear wave-wave interaction is likely to be important and where
harbour resonance is likely to occur, for example, in regularly shaped harbours
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exposed to long period incident waves. These models can be used to
represent set-down which can also result in harbour resonance which in turn
can cause major problems for vessels within a harbour.

3.3 Typical coastal sites

In this section a number of typical coastal sites where wave disturbance
odelling may be required are listed. For each site, an indication of the types
of model which may be applied is given. The suggested models are given in
a possible order of preference, taking into account both accuracy and
efficiency. In the following sections a large harbour area is considered to be
of the order 5km x 5km and a small area 1km x 1km (these are very
approximate indications of size).

Wave conditions are required at individual locations at sites where
refraction and diffraction due to a surface piercing structure are the
dominant processes.

. Back tracking ray models.
. Forward tracking rays models.
. Finite difference / finite element models.

Wave conditions are required throughout a coastal area where
refraction and diffraction due to a surface piercing structure are the
dominant processes.

. Forward tracking ray models.
. Finite difference / finite element models.

Wave conditions are required throughout a small, regularly shaped
harbour with constant water depth and incident wave period less
than 15s.

. Foward tracking