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ABSTRACT

The report reviews the methods presently available for the prediction of
waves at a coast, with particular emphasis on techniques which can be used
in real time. The interest in these techniques stems from the increasing
awareness, In local district councils and regional water authorities, of the

role of wave action in coastal flooding.

It is already normal practice in wmany parts of the country for regional
water authorities to be sent early warning of high tidal levels by the Storm
Tide Warning Service. When such a warning hag been isgsued, it falls to
local duty officers to declide whether any further action should be taken,
perhaps including the evacuation of low lying areas. This decision,
however, 1s heavily influenced by the expected level of wave activity around

the time of high water.

On most coasts, modest wave activity occurring at the time of a high tidal
level occurring, say, once in 10 years will produce a much more dangerous
sltuation than a 1 in 100 year tide occurring when the weather was calm. It
therefore follows that a reliable prediction of wave conditions at a coast

at such times will assist in the assessment of the likelihood of flooding.

However, the complicated sea bed contours along many coasts often make it a
difficult task to convert estimated wave heights offshore into corresponding
values near the sghoreline. Thie problem is made more difficult by the
limited time available toc the duty officer between receiving a storm tide

warning and deciding on an appropriate course of action.

This report reviews the possible techniques which might be of use, and
recommends a method which minimises calculations in real time. Instead,
results are provided in the form of look-up tables or graphs, sets being
provided for key locations along a coast, each covering a wide range of
tidal levels and wave conditions offshore. This technique is relatively
cheap to apply, and can also be extended for use in design calculations if

required.
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2

INTRODUCTION

DEEP WATER WAVE
FORECASTING

Much of the theoretical developnment which forms the
basis of methods to predict wave conditlons close to a
coast has been presented in previous reports (eg Refs
10, 12), and is therefore not reproduced here. This
report concentrates instead on an overview of those
methods which may be useful to engineers who wish to
forecast wave activity in real-time. The use of such
technlques would be to predict wave heights and
periods perhaps 4-6 hours ahead of thelr occurrence,
and they are likely to be combined with results from
tidal forecasts such as provided by the Storm Tide
Warning Service. Armed with the prediction of water
levels and wave conditions, it should then be possible
for the engineer to make an accurate judgement on the
likelihood of overtopping, flooding, and the necessity
for any evacuation.

The specific impetus for producing this review stemmed
from a request to produce material for a manual being
prepared by the Institution of Water Engineers and
Sclentists (Ref 13); this report expands and extends
the discussion presented there. In general outline,
Chapter 2 deals with the prediction of wave in deep
water, followed by a description of the effects of
shallow water in Chapter 3. An important aspect of
the use of such methods is thelr accuracy and this
aspect 1s considered in Chapter 4 together with some
comments on the costs and benefits of thelr use.
Finally in Chapter 5 a summary and some overall
conclusions are presented.

Apart from simple, empirical methods for predicting
extreme wave heights durlng severe storms, the first
attempts to forecast wave conditions from wind data in
the UK were made duriag the Second World War. Not
surprisingly these early methods were rather crude,
partly because of the lack of accurate wave recording
instruments. Almost countlnuous research over the last
40 years has, however, greatly Increased the accuracy
and sophlstication of the methods avallable.
Nevertheless, even 1n deep water, there are still
conslderable difficulties in making accurate
predictions. 1t 1s worthwhile reviewing the processes
involved and some of the problems encountered.

In the first instance the wmechanism by which wind
energy 1s trausferred to the sea to form surface waves
is highly complex and as yet not completely
understood. However, three broad processes have been
identified.



® The flow of air over the sea exerts a
tangential stress on the water surface
resulting in the transfer of energy to the
water and the formation and growth of waves.
This process is dominant in the very early
stages of wave growth.

@ Because the alr flow 1s always turbulent over
the sea surface, wind eddies are formed and
these create rapld variations in the pressure
and shear stress on the water surface. When
these changes in pressure and shear stress
"match” ie, have the same length and velocity
as any existing water waves, these will be
amplified. This process occurs once water
waves have been establisghed.

¢ When waves of a certain size have been
created, the wind can add further energy to
the waves by "form drag”™, ie, by exerting
greater force directly on the rear {upwind)
side of the crest than on the front face which
1s sheltered. The maximum wave growth will be
obtalned when the average wind speed matches
the speed of the water waves.

The second of the wave generation processes mentioned
above implies that, because of turbulent eddies in the
wind, waves with different periods and directions can
be created even when the wind has a constant mean
speed and direction. As a result the sea state during
a storm Is always short-crested and irregular. Of
course, In most storms both the average wind strength
and direction vary in time and space, making the
process of wave growth even more complex. Waves
created in this way at, or close to the site of
interest form an {mportant part of the deep-water wave
field. These waves are generally referred toc as "wind
waves” or "storm waves”. Thelr periocds are usually
within the range 2 seconds to 16 seconds.

Extreme tidal levels due to surges usually occur 1in
stormy weather maklng the prediction of wind waves
vital at such times. In addition to the wind waves,
which predominant around much of the UK shoreline,
there are also waves generated further afield which
can form a significant contribution to the energy
arriving at a coast. These waves are referred to as
"swell". Typlcally they have qulte a different
character to storm waves due to the long distances
that they have travelled. Swell can easlly be
recognised by the long crests and nearly regular
perilod of the waves. Waves resulting from a storm
will travel away from the generation area Iin much the



same way that waves radiate from a point where a stone
has been thrown into a pond. At a large distance from
the generation area, therefore, the waves will appear
to be almost uni-directional and long-crested. These
waves wlll, moreover, usually have only a narrow range
of perlods. The reason for this is that the waves of
different perlods travel at different speeds as they
propagate away from the generation area. The longer
period waves travel more rapidly than the shorter
period ones. Therefore, although orliginally all wave
components of different periods exist together ia the
generation area, 1in time they separate from one
another with the longest period components reaching a
distant site first, followed by the shorter period
components up to several days later.

The periods of swell waves actually tend to be
somewhat longer, say 12 seconds to 25 seconds, than
those 1n locally generated storms. There are two
reasons for this. Firstly, there is a certain amount
of Interaction between wave components as they begin
to travel outwards from the generation area. This has
the effect of transferring energy from the shorter
perlod components to the longer period ones.

Secondly, the shorter period components tend to lose
their energy through viscous effects more readily than
the longer perlod waves. This energy loss to short
period waves can be quite significant when these waves
have travelled large distances.

The extent to which swell waves need to be taken into
account in coastal flood warning depends on the
location being considered. For example, recent
observations of waves off the Quter Hebrides indicate
that up to 60% of their energy can be attributed to
swell generated in the North Atlantic (Ref 1). For
coasts open to waves generated in the Atlaatic Ocean,
therefore, it may be necessary to include swell in
wave predictions. TForecasting swell waves 1s rather
difficult since their helght, period and time of
arrival usually bears no relation to local wind
conditions. 1In areas such as the Irish Sea, however,
only wind waves are likely to be important.

In the following description of methods used for
predicting waves in deep water it is convenient, in
the first instance, to conslder the simplest types of
technlques. These assume a constant wind speed and
direction over the whole generation area throughout
the duration of a storm. In addition, the direction
of the generatlion area is reduced to a single length,
measured in the direction of the wind across the area
to the point of interest. This length 1s known as the
fetch and usually varies with direction.



The earliest types of wave prediction methods used a
combination of simple formulae and empirically
determined factors to give the wave height and period
for a variety of steady wind conditions. Usually
these methods are presented as graphs from which the
wave helght and period can be read off for a range of
storm conditions. Among these methods can be
mentioned:-

(1) The SMB (Sverdrup—-Munk-Bretschneider)
method (Ref 2). This method uses emplrical
expresslons derived from a comprehensive
serles of observations at locations 1n the
North Pacific, North Atlantic and Great
Lakes.

{(i1) The Darbyshire-Draper method (Ref 3). This
method 1s based on observations around the
UK coast, and 1s only valid for these
areas.

These two methods are usually used to provide an
estimate of just the wave helght and period.

In addition to these baslic methods, 1t 1s also
possible to use more sophisticated techniques to give
Information on the wave frequency spectrum, ie, the
distribution of wave energy as a function of frequency
(the 1nverse of wave perlod). The most important of
these, for applications around the UK coastline, is
the JONSWAP method (Ref 4). This method uses a
seml-empirlcal formula derived from specifically
desipned experiments carried out in the southern North
Sea during the Jolnt North Sea Wave Project (hence the
acronym). The extra luformation on the frequency
spectrum, however, will be lost 1f the results derived
from using this method are simply used to produce
forecasting curves.

The advantages of using such curves, from any of the
above methods, are speed and slmplicity. However,
some accuracy 1s lost by assuming a steady wind and a
greatly simplified description of the geometry of the
generatlon area. A typlcal method of simplifying the
shape of the generating area 1s to just take the
length across it in the wind direction. This latter
silmplification can be avoided if the polnt at which
predictions are required 1s known In advance, and this
is likely to be the case 1ln the context of flood
warnlngs. In thils situation, it is possible to
improve on, say, the general JONSWAP method by
incorporating more detalled information 1n the
geometry of the generation area.



A sultable methed for this purpose was proposed by
Seymour {Ref 5). He suggested that a set of radial
fetch lines should be drawa at say 10° intervals
originating from the point at which predictions are
required {(Flg 1). Wave conditions at the 'target'
point are calculated by summing contributions arriviag
along each ray which is within 90° of the wind
direction. Such calculations can be carried out
rapidly with a simple computer program for a wide
range of hypotherical wind conditions. The results
obtained can then be presented as a set of
site-specific forecasting curves. Each graph would
give predictions for a fairly narrow range of wind
directions, and the whole set can be prepared well in
advance of belng required for application.

Such a method 1s certalunly an improvement on using
more general forecasting curves, and may be
sufficiently accurate in many areas for flood warning
purposes. It also has the advantage of being very
simple to use. However, it cannot deal properly with
wind conditions which may vary elther 1in space or time
during a storm, nor can 1t predict the arrival or
intensity of swell.

To tackle these more complicated problems it 1is
necessary to turn to correspondingly more
sophisticated numerical models. Generally, such
models use a fionlte difference grid over the
generation area, and require wind conditions to be
specified at regular intervals both in space and
time.

The more detailed specification of wind conditions
will certainly Improve the accuracy of wave
predictions, but many of the advantages of the simple
methods are lost. In particular it becomes impossible
to carry out calculations for all possible wind
fields, and this prevents carrying out calculations
well in advance of a possible flood event. As a
consequence, it becomes necessary to run such a model
in real time in order to provide predicrions for flood
warnings.

A large variety of computer models have been developed
in recent years to tackle this type of problem, and a
number have been recently reviewed by MIAS (Ref 6).

It would also be possible for a potential user to
develop a specific model for his own particular
application. However, the requirement to predice
swell can be a major complicating factor. In view of
this it {s likely that most users will find the
existing fine-mesh wave model (Ref 7) run by the
Meteorological O0ffice to be the most sultable way to



3

PREDICTING WAVES
CLOSE TO A COAST

provide the information they require. This model
covers the whole North-West European continental shelf
and further afield, at a grid spacing of 25km. 1In
addictlion, it adjoins a coarser mesh model which

covers the North Atlantic and provides information on
waves generated In that area and travelling towards
the British Isles.

The fine-mesh model 1is run twice a day and provides
deep water storm wave and swell predictions for up to
36 hours 1in advance at 3 hourly intervals. These
results, together with forecasts of wind conditions,
are then distributed using the Public Switched
Telephone Network (PSTN) to subscribers, by a document
facsimile system. The mesh size is generally
sufficlent to represent the shape of the generation
areas accurately, and the model also incorporates the
effects of water depth (Ref 7).

As with the other models described above the fine mesh
wave model 1s not designed to luclude the effects of
near-shore topography where both depth and wave wind
conditions may vary substantially over lengths of a
kilometre or less. Nevertheless It may, on exposed
coasts, produce lmpressively accurate predictions of
the wave heights and the time of their occurrence (see
Fig 2 showing a comparison between model prediccions
in January 1984 at Seaford in the English Channel and
recorded near-shore wave helghts)}. More often,
however, the ccastal topography may provide
conslderable shelter, and it will be found that
deep-water wave predictions will substantially
over-estimate near-shore wave helghts. This problem
1s discussed nexc.

The previous section described a varlety of methods
which prediect the growth and propagation of waves in
the open sea. Most of these models, however, do not
explicitly allow for the effects of changlng water
depth. The JONSWAP model, for example, was developed
aud validated usiong measurements from the southern
North Sea. It cannot be readily adopted to give
accurate predictions of wave growth in a deep ocean or
in very shallow water adjacent to a coast. Even the
Meteorological Office fine-mesh wave model, which does
include shallow water effects, can only do so at a
coarse scale 1n the context of coastal bathymetry.

Close to the shoreline, however, waves that have been

generated over many tens or hundreds of kilometres are
substantially modified and finally destroyed in a

very narrow strip of shallow water. In this section,



therefore, attention is turned to describing both the
processes that occur in this lmportant area and the
methods available to model them. As in previous
sections, the main purpose of this review is to
identify methods of calculations which can be applied
quickly and easily in order to produce results in real
Cime.

There are a large number of processes which affect
waves as they approach a coast and they can be
convenlently grouped into two classes. Filrstly there
are the phenomena which only alter the spatial
distribution of wave energy over the sea surface.
These processes lnclude shoaling, refraction and
diffraction and are termed 'non-dissipative'.

In contrast, there are a varlety of 'dissipative'
processes which alter the total energy of waves as
they travel shorewards, converting 1t first into
turbulence and hence into heat and movement of the sea
bed material. Wave breaking and dissipation due to
fricctional effects fall into this category.

Most of the shallow water processes mentloned above
are usually only significant in a narrow strip of
water immediately adjacent to the coast. Typlcally
this strip 1s only a few kllometres wide and within
thls region it 1s usually reasonable to 1gnore any
increase in wave energy due to wind action, at least
in comparison with the rapld decreases caused by
refraction or frictional dissipation. This
simplification also reduces the complexity of
subsequent calculations.

As with models for wave growth in the open sea, there
are a varlety of technlques for predicting the change
in wave characteristics in shallow water. For sea bed
contours that are stralght and parallel it 1s possible
to use a very simple graphical method to calculate the
shoaling and refraction of waves of uniform period and
direction (Ref B8). However, this idealised situation
is unlikely to be even a reasonable approximation to
conditions around our coastline, especlally during
storms. In consequence, it becomes necessary to
construct a speclfic numerical model for each stretch
of coasc that needs to be considered. For flood
warning purposes thils means that the model has to be
set up well 1o advance of its use In real time.

In choosing a sultable model for calculating shallow
water effects, the engineer 1s faced with a varlety of
deciglons. First 1t 18 necessary to define the area
covered by the model. Generally speaking, a single
model will cover perhaps 5 — 10km of the coastline,



although on straight cecasts which have uniform
offshore wave conditions, this dimension may be
increased whllst retaining a manageable model. Along
the UK coastline, however, the often rapid changes in
beach orientatlion and wave exposure will usually lead
to the use of several small models rather than a
single large one.

The seaward limit of any model will have to be defined
carefully, especlally in areas such as the North Sea
or Irish Sea. Here it is Impractical tc choose an
offshore boundary seawards of which waves do not
refract at all, since the area so defined would
include moat or all of the area in which the waves are
generated. The cholice of the ofishore boundary is
therefore a compromise depending on the distance
offshore and the character of the likely wave
conditiocns. As a very rough guide, in shallow seas,
the seaward limit of a shallow water model corresponds
to a minlmum water depth of 15m - 25m. On Atlantic
coasts Wwhere the wave periods tend to be greater, the
offshore boundary would normally be further offshore
in depths of perhaps 40m - 60m.

Between this offshore boundary and the coast it 1s
necessary to represent the sea bathymetry by setting
up an internal grid mesh, usually using rectangular
elements. The longer sides of these elements are
aligned roughly parallel to the coast. Thils reduces
computational effort whilst retalunlng accuracy. The
dimensions of the grid elements will depend on the
irregularity of the sea bed contours, but typically
vary from 5S00m 1in deeper water down to perhaps 50m
close to the coast.

Having decided on a suitable grid system, 1t 1s then
necessary to declde on the physical processes that
need to be taken into account. Almost without
exception both wave refraction and shoaling will bhe
included, since these are usually regarded as the most
important of the shallow water phenomena. If a
particular area of interest 1s partly sheltered by a
headland or an offshore 1sland, 1t may be necessary to
include wave diffraction effects as well. 1If these
are the ounly important processes, then the production
of results for use Iin real-time forecasting 1s greatly
silmplified, since linear wave theory can be used.

This aspect 18 discussed in more detail later.

In areas where the sea bed slope is very shallow, or
where an offshore bank crest is close to the water
surface, it may be necessary to lnclude dissipative
effects such as wave breaking or attenuation due to
friction. To do so requires a more complex model, and



a very substantial increase In computational etffort to
produce suitable results in advance of real-time
forecasting.

The next decision concerns the specification of the
wave and tidal conditions which are to be input to the
model. This includes chooslng one or more tidal
elevatlons (Iincluding the effects of a surge), and
perhaps providing information on tidal currents (at
the chosen water level) 1f they are sufficlently
strong to alter the wave propagation pattern.

For each or all of these 'flat surface' situations, 1t
1s then necessary to specify the incldent wave
conditions at the outer edge of the grid system. At
the minimum, some estimate of the offshore wave
height, direction and perlocd are required to enable
the subsequent calculations to be carried out. 1In
areas where swell is lmportant, as well as locally
generated seas, this type of informatlon 1s needed for
both types of waves. However, It 1s usually necessary
to provide rather more than this very baslc
informatlion to obtain accurate answers. For example,
most numerlical models now deal with wave conditions
speclfied as directlional spectra, ie with the wave
energy defined as a function of both frequency and
direction. Although this improves the accuracy of the
modelling of shallow water effects, 1t clearly also
Increases the computational effort required. This
becomes a disadvantage for real-time forecastng.
unless a substantial portion of the calculations can
be carrled out 1n advance.

At thils stage 1t becomes useful to concentrate on a
single modelling technique which 1s likely to be
useful 1n real-time flood forecasting. Whilst
discussing the particular method, however, other
posslble approaches are compared both in terms of
their accuracy and thelr ease of application.

The method chosen as an example includes the effects
of both wave refraction and shoaling, aund produces
results at a single location, usually chosen close to
a coast. It can alsoc be adapted, if necessary, to
include diffraction around, say, an offshore island.
The model uses wave 'rays' 1le, lines perpendicular to
the wave crests, and tracks the ray paths seawards
from the chosen polnt towards deep water. Because the
ray paths are reversible, this gives information on
the way that wave energy travels from the seaward edge
of the model grid to the point of interest. This
technique was orlginally suggested by Dorresteln (Ref
9) but has since been considerably extended by many



organisations and can now also deal, for example, with
the effects of tidal currents (Refs 10, 11).

A significaant advantage of this technique is that the
whole computational efrort is directed towards
obtaining results for one specific point, usually just
offshore from a particular area of concern. Hany
other models deliver results along a longer stretch of
coast but, for the same computational effort, consider
many fewer wave conditions.

In addition to using a reverse-tracklng ray technique,
the example method also uses linear wave theory. As
will be seen later this greatly simplifies the
calculations, and allows most if not all of those
calculations to be carried out 1n advance of belng
needed for real-time coastal flood warnings. A
disadvantage, however, 1is that the model cannot
properly include dissipative effects such as bed
frictiou or wave breaking. As a result it will tend
to somewhat over-estlimate wave heights close to the
shore.

In essence, the model works as follows. For each
chosen still water level, a large number of different
lacident wave conditions are considered, each having a
single direction and period. A large range of
directions and perliods are used (perhaps 250); they
are all assumed (at thils stage) to have unit height
and can be termed "components”. The results from the
modelling of these components are stored in a set of
matrices, in which each row corresponds to an offshore
direction and each column to a wave perliod. Each
matrix entry gives information on the change In the
character of that component (eg, 1lts energy) between
the offshore edge of the grid system and the chosen
inshore site of Interest. These matrices are
therefore known as transfer functions. They contaln
all the information necessary to calculate the
refraction behaviour of more complex incident wave
conditlons and produce corresponding conditions at the
inshore location. An example of one such matrix 1is
presented as Figure 3.

To study any particular offshore wave conditions,
whether locally generated, swell, or a comblination of
both, the procedure 1s as follows. The specified
inclident wave fleld 1s first represented by a weighted
combination of the components, with the weighting
factors entered into a matrix of the same form as the
transfer functions. The corresponding inshore wave
conditions that result are then obtained by a
multiplicatlion of the transfer functions and the
weighting factors matrix. This is a trivial operation

10



on a computer, and coulid easily be carried out in
real-time if necessary.

In practice, however, it is simpler to anticipate a
wide range of offshore wave conditioms, and carry out
these operations well in advance of any application.
In this way results can be presented in the form of
graphs or tables which can be used rapldly to produce
estimates of nearshore wave conditlons during a storm.
A typical set of graphs from such an exerclse are
presented as Flgures 4 - 6. The first, Flgure 4,
contains curves which enable the engineer to calculate
the 1lnshore wave helght given the offshore wave
direction (horizontal axls) and the (zero-crossing)
wave perlod (labelled curves). Notice that the
inshore wave helght has to be evaluated using the
ratlo of inshore/offshore helghts (vertical axis).

It should be noted here that in order to use such a
slmple graph, it is necessary to make some assumptlons
about the form of the frequency spectrum, and also the
directional spread of wave energy offshore. However,
it is usuvally found that these assumptions can be made
to match the site being conslidered, and the results
obtalped are reliable.

Flgure 5 works 1o a similar way but returns the
inshore (zero-crossing) wave period, while Figure 6 is
slmpler still and directly gives the 1nshore wave
direction (in degrees North). Note that a set of
these curves would be required for each tidal stage
considered (usually at a speclified high water level).
A separate set of transfer functions, and results, are
needed for each different location along a coast.

Even so, the real-time prediction of nearshore wave
conditions can be carried out using an easily
manageable number of graphs.

An alternative way of presenting results would be to
use tables rather than graphs. As an example, Flgure
7 shows a table of 1nshore/offshore wave helght ratios
arranged by offshore wave direction (columns) and wave
helght (rows). Although this 1s a slightly different
method of presentation, 1t 1s clearly still simple to
use.

In areas where both locally generated waves and swell
occur, the result tables or graphs could be used
twice, 1le, for both components separately. The total
inshore wave height (Hp) would then be obtained by
using the formula:

2 - y24 p2
By B+ Hoy
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where H; 1is the calculated nearshore wave height

due to the locally generated waves and Hgy that due to
swell. Rough estimates can also be made of the
resultant total wave period and mean direction of the
lashore location. This calculation, however, 1is
always likely to be difficult because of the problems
1a specifying the swell waves accurately.

It can be seen from the above that the example method
chosen, 1e, using reverse ray-tracklng and linear wave
theory, is both versatile and produces results 1in a
simple format which 1s suitable for real-time
forecasting.

For more sophlsticated models, which include
dissipative effects such as wave breaking and
frictional dissipation, these substantial advantages
disappear. Thils is because it 1s no longer possible
to represent the modification of any requlred offshore
wave conditlion by combining the results from the
component waves Introduced above. As a result, no
transfer function can be produced and each offshore
wave condition has to be studied individually.

It 1s concelivable 1In the future that such modelling
could be done 1in real-time. Certalnly the
Metecorological Office Flne Mesh Wave Model can produce
predictions of offshore waves as a discretised
spectra, Including both the swell and locally
generated waves, and this information is precisely
what a computational model requires as {input.
However, it seems unlikely that the sophisticated
system that would be needed to accept this data from
the Meteorologlical 0Office, and then rum a specific
shallow water wave model, is likely to be appropriate
at present.

Probably the most effective way of incorporating
dissipative effects ilnto real-time wave prediction is
to obtain some idea of the extent to which the
ray-tracking model overpredicts the nearshore wave
heights. This might be done directly, 1le, by
measurlng waves at the chosen polnt of interest and
then comparing actual conditions with those forecast
by the model. Such an exerclse would probably need to
be carrled out at normal tidal levels (eg, at High
Water of Spring Tides), and would give the best
posslible validation of the model predictions. This
tople is discussed further in Chapter 4 below.

Alternatively, a more sophlsticated numerical model

could be run, to estimate the effects of dissipative
phenomena, for a modest selection of likely storms.
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4.1

VALIDATION AND
VALUE

Accuracy and

validation of the

prediction
techniques

The results would then be compared with those from a
ray-tracking model to give guidance on the latter
models over-estimation of wave helights. This, of
course, would be done in advance of needing results
for real-time predictions.

In conclusion, there are a large number of numerical
models avallable to predict wave conditions in shallow
water. At present the more sophisticated methods,
whilst perhaps producing more reliable results, are
probably too cumbersome to use in real-time. Simpler
models, based on linear wave theory are cheaper to
run, and much easler to use, although they may
over-estimate wave conditions close to a coast. For
further detalls on the subject the reader is referred
to Reference 10.

Two important features of any mathematical modelling
technique are its accuracy and its cost. Both of
these types are considered Iin this chapter, starting
first with a discussion of the accuracy of the results
which can be expected and how that accuracy might be
improved at any particular site by local measurements.
This is followed by a discussion of the value of the
techniques nentioned, 1n terms of both the costs
involved and the benefits likely to accrue.

The accuracy of the prediction of waves and the coast
depends on three maln factors, namely the forecasting
of winds, and the modelling of both the growth of
waves In deep water, and thelr subsequent modification
as they travel to the coast.

It 1s beyond the scope of thls report to comment on
the methods used by meteorologlsts to model the lower
levels of the earth's atmosphere. Suffice 1t to say
that the sophlisticated computer models used at present
are particularly good at predicting wind conditions
many hours In advance. The likely errors are
therefore not llkely to be large, especially in view
of the possible inaccuracies 1n the subsequent wave
nodelling.

The forecasting of wave growth under the action of
winds has advanced very considerably over the last
decade or so, and is much more reliable as a result.
An example of the wave conditlons off the Sussex coast
forecast by the Meteorological Office fine mesh wave
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model is presented in Figure 2 together with recorded
wave conditions nearby (off Seaford). It is worth
making the point here that this sort of comparison 1is
rather rare. Usually hindcast wave conditlons are
compared with wave records, so that actual measured
wind speeds are used in the forecasting model, after
the event. The predicted wave conditions in Figure 2
use predicted wind speeds up to 24 hours in advance.
Despite this, and the fact that no wave refraction
modelling had been carried ocut to adjust the offshore
predictions to give more refined forecasts for the
nearshore wave recording site, the accuracy 1is very
good. Both the timing and height of the large wave
conditions were well anticipated and could be used
with some confidence in a real-time forecasting
sltuation. There 15 little difference between the
accuracy of the 12 hour and 24 hour forecasts in the
example, but 1t seems likely that forecasts will be
rather more accurate for shorter periods (le 3 to 6
hours 1n advance as would be likely in a flood
forecasting situation). Another point worth wmaking is
that the location for which the wave predictions were
made Iin Figure 2 lies in the English Channel and is
open to swell waves propagating up the south western
approaches from the Atlantic. The long fetches in
this direction, together with the shorter areas across
the Channel make the task of forecasting waves rather
difficult, and so the success of the model is
particularly re-assuring.

In the particular case at Seaford, however, the coast
is relatively straight and the sea bed has rather
smooth contours. As a result there was no great need
to adjust the offshore waves to improve the
predictions for the 1Inshore wave recording site which
was in 10-15m of water. Thils will certalinly not
always be the case, and shallow water effects will
generally need to be modelled as well. Necessarily
this further stage in the prediction method introduces
yet another source of possible error, the size of
which depends on the difficulty of the area being
consldered.

The maln source of difficulty 1s likely to be when
either offshore banks or very shallow sea bed slopes
cause non-linear effects such as wave breaking or
bottom friction to become important. Usually arouad
the coast of this country such effects are only
important near the large estuaries, eg the Thames
Estuary, Morecambe Bay, and The Wash. Such effects
are also at their least significant at high tidal
levels, which is the situation of most interest for
real-time flood warnings.

14



Eventually, of course, breaking limits the height of
the incident waves on all low lying coasts, and it is
therefore normally the practice to try to predict
waves at some distance seaward of the surf zone.
Subsequent uses of the wave conditions obtained, for
example the calculation of set—up, run-up or wave
overtopping discharges, usually Involve techniques
which take account of the wave breaking further
inshore (eg the sea wall overtopping model, SWALLOW,
Ref 14), often relying on scale model experiments or
prototype observations.

if a good wave refraction model 1s used to predict
wave condlitions just seawards of the breaker line, as
is normally the case, then it can be expected that the
accuracy of the results obtained will be within about
+10% except in areas of complex bathymetry where 20%
is probably more likely. Work is presently continuing
at Wallingford on verifying such models and a more
comprehensive report, complete with case histories,
should be available in 1988.

Overall, therefore, the coastal engineer would
normally expect the combination of wind forecasts with
wave growth and refraction models to give predictions
accurate to about *20%. On particularly open coasts
wilith simple contours offshore and only local generated
waves, this figure may drop to #10%. On rocky
Atlantic shores where distant swell and offshore
breaking are complicating factors, the accuracy may be
less than *30%.

In any situation, however, the accuracy of such
predictions may be improved substantially by wave
measurements. Of course it 1s not likely that the
combination of an extreme high tidal level and storm
waves would occur 1n, say, a One-year measurement
program. However., the careful analysis of wave
records, in comparison with predictions from
mathematical models, at more normal tidal levels (eg
MHWS) will give much greater confidence in future
applications. Some adjustment of the models is
usually possible, for example to adjust nearshore wave
helights for the effects of bottom friction, and
extrapolating the models to greater tidal levels can
then be carried out with less doubt. The disadvantage
of such a method for calibrating the mathematical
models 1s the added cost of installing the wave
records. The question of expense 1s dealt with unext.
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4,2 Costs and benefits

of real-time wave

forecasting
In this section, the benefits of modelling waves in
real-time are outlined, followed by some comments on
the likely costs. The major benefits arise from the
lmprovement in the accuracy of flood warnings. It is
therefore worth drawing attention to the lmportaunce
attached to such warnings.

A recent paper (Ref 15) showed the rate of grant
available for flood warning schemes was the same as
that for urban sea defences. More importantly, a
letter from MAFF to the Regional Land Drainage
Committees, dated 9 January 1985, set out priorities
for schemes attracting grant ald. Flood warnlng was
placed top of the list, even above urban sea defences.
Even though each application for grant aid is treated
on 1ts own merits, the perceilved value of flood
warnlngs 1Is very clear.

There are two ways in which modelling waves can
improve flood forecasts. 1If large waves are predicted
to occur at the same time as a tidal level which
itself would cause no difficulties, then early
warnings will produce considerable savings. The
calculation of such benefits can be assessed in a
similar way to that used for fluvial floods. Useful
reports on such method (Refs 16, 17) have been
produced by the Flood Hazard Research Centre
(Middlesex Polytechnic), including aspects such as
inrangible benefits. However, only a percentage of
the potential savings can reasonably be claimed as
benefit. This is because of the difficulties 1in
contacting all the people likely to be affected by
flooding in good time (see Chapter 4, Ref 13).

In contrast, 1f predicted wave heights are small then
even a very high tide may not cause flooding. There
would be some direct savings as a result of not
issuing, or continuing a flood warning. For example,
it would not be necessary to mobilise emergency
services. 1In addition, there would be some benefit in
the relief from stress or anxiety amongst the local
populace. Perhaps more important, however, would be
the increased confidence i{n the flcod warning system.
The danger of "crylng wolf" 1s very real, and could
lead to much more serious damage in the long term.

As well as the above advantages of improved flood
warnlngs, there are other benefits from the models
used. For example, extreme wave conditions can be
predicted close to the shore and used in the design of
coastal defences. Similarly by use of the models, the
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nearshore wave climate can be calculated. The
resulting information can then form the input to
models of alongshore sediment transport, or to
indicate the likelihood of calm conditions necessary
to operate floating plant. Both these pieces of
information would be valuable in assessing a beach
nourishment exercise. Alternatively, of course, much
of the cost of a wave forecastling exerclse could be
saved by setting up similar wmodels for speclfic design
tasks.

Turnlag finally to the costs of a wave forecasting
system two main aspects have to be consldered.
Firstly, the mathematical models need to be
established and run. Then, optionally, specific wave
measurements may be carried out to improve the
accuracy of the forecasts from those models.

To an extent the cost of both of these exercises will
depend on the size of the area considered, and the
complexity of the sea bed contours. On straight
coasts, with steeply shelving, regularly contoured
beaches setting up a depth grid 1s very simple. 1In
addition only one or two polnts along the coast may
need to be counsidered, reducing both time and effort.
In such an area the cost of the mathematical modelling
would probably be less than £15,000. More complicated
areas would requlre greater effort and this would be
reflected 1n the costs. Even so, a very large model
conslderling several sites and tidal levels would
rarely exceed £50,000.

The cost of wave measurements also depends on the
number of sites that have to be considered.
Additionally, however, the length of deployment of a
recorder also affects the expense incurred. As a
rough guide a years' recording at a single site would
cost about £20,000 to £25,000. For some studies both
offshore and nearshore wave recordlng may be
justified, perhaps Lnvolving several locatlions close
to the coast. This 1is more likely for a major capital
works scheme than for a real-time forecasting
exerclgse. More usually a single wave recorder at a
cruclal position 1Is used. Although this is less than
ideal, it will still significantly improve the wave
predictions in most situations. This 1lmprovement will
also carry over to estimates of extreme waves.

In view of the possible damage 1in low-lylng areas
caused by a single unanticlpated flood, the above
costs are comparatively modest. Indeed 1n many
situations the cost/benefit ratio of mathematical
modelling and wave recording will be favourable on the
basls of real-time forecasts alone. The added
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6

SUMMARY AND
CONCLUSIONS

ACKNOWLEDGEMENTS

benefits of better inforwmation on extrewe waves, or on
the general wave climate, will improve the ratlo
sufficiently of many other sites. Finally, since the
responsiblility for the coast In this country is
divided amongst many authorities, it 1s sometimes
possible to share resources. In the present context a
wave forecasting model may well be coustructed to
serve two or more authorities, bringing about savings
for both.

This report has considered the methods avallable to
improve coastal flood warnings by predicting wave
conditions at high water. A variety of possible
technlques for real-time forecasting have been
consldered, tirst to predict waves 1n deep water and
then to calculate the modification they undergo as
they travel to the shore.

For deep water waves, two methods seem useful.

Firstly the Meteorological Office Fine Mesh Wave Model
can be used, especlally on open coasts. This model
not only predicts wind waves but also swell and this
is important on coasts open to the Atlantic.
Alternatively a simpler model of wave generatlon can
be used for more confined areas, where more detail in
the generating area may be useful. The Irish Sea 1s
an obvious example. This simpler model cannot predict
distantly generated swell.

To modify such offshore waves to obtaln corresponding
conditions just seaward of the breaker line, a further
model is required. It 1s concluded that running such
a wave refraction model in real-time would be
difficult. Instead, calculations can be carried out
well in advance. Results can then be stored in the
form of look-up tables, which can be rapidly used
during a flood alert. The tables can cover a range of
tidal levels and 1Incident wave conditions for a single
site on the coasct. To conslider several locatlons, a
corresponding set of tables would be required for
each.

Finally the likely benefits and costs of such
modelling have been reviewed. Even if specific wave
recording 1{s carried out to lmprove the predictions
made, 1t seems that such modelling will be well
worthwhile in many areas.

The author wishes to thank Southern Water (Sussex
Division) and the Meteorological Office, Bracknell,
for their permission to publish Figure 2. The helpful
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