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ABSTRACT

This report describes a validation of a current-depth wave refraction
computer model, OUTURAY, which has been developed at Hydraulics Research
Lfunited. Itre validation concentrated on wave data recorded at Shakespeare
Cliff, between Folkestone and Dover. A time seri.es of wave conditions for
February 1988 to May 1989 was predicted using the HR HINDWAVE wave
hindcasting rnodel. The offshore wave conditions from HINDWAVE were modlfied
using the results from OUT1IRAY to obtain the wave conditions at the site of
the measured date. The predicted wave conditions were compared with the
field d,ata. fire OUTURAY model was also used without currents for comparison
with results from the pure-wave 0UTMY model which ignores current effects
and should give identical results. Comparison of the results from OUTURAY
with and without current effects indicated the effect that tidal currents
had on the waves as they travelled inshore.

Ttre results from OUTRAY and OUTUMY with zero current magnitudes rrere, as
oqlected, almost identical.

At the Shakespeare cliff waverider site the currents had little effect on
the waves at high water but at low water the current effect was significant.
At low water the current refracted waves towards the shore normal with wave
directions differing by up to 30o of those calculated without taking
currents tnto account. Waves opposing the currents were increased in heJ.ght
by the currents by up to 9% and those from other directions were decreased
by up to 50%. Most of the highest waves occurred at high water so the
currents did not affect rnany of the storm peak wave heights. Extreme wave
heights were calculated for the separate directional sectors and the results
showed that currents had a significant affect on the calculation of rare
events. The extremes calculated including currents were up to 9% higher for
the dlrection of the highest waves than those calculated ignoring current
refraction. Those in the sectors paral1e1 to the seabed contours were up to
23% lower when current refraction was included in the calculations.

The effect of currents on vaves at a point near the entrance to Dover
Harbour were quite different from that at the waverider site. The main
reason for this was that the current veloeities increase as the waves travel
from offshore towards the harbour entrance, whi.1e they decrease as the waves
travel towards the waverider site.

The work described in this report \ras sponsored by the Ministry of
Agriculture, Fisheries and Food.

For further details on this report please contact Miss C E Je}liman or
Dr H N Southgate of the Maritime Engineering Department, headed by
Dr S W Huntington.
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1 . IIITRODUCTION

Hydraulics Research (HR) has many wave refraction

rnodels which have been used at sites around the

British coast in the last 10 years or more. In recent

years \rave-current interaction has been introduced

into three of these pure-wave computer models, namely

the forward-tracking ray model, the back*tracking ray

nodel, and the finite difference model. Each of these

pure-wave models caters for different coastal wave

prediction problems. The models were tested for some

simple cases involving parallel depth contours and

unidirectional currents for which analytical solutions

are available. These models and tests are described

in Reference I and they highlighted the need for

proper numerical modelling of wave-current problems.

This report describes a validation of one of the HR

current-depth refraction models, OUTUMY, a

back-tracking ray model. ltre pure-\save version of

this nodel is called OUTMY.

Wave conditions were predicted at the site of a

waverider buoy about 1.5 km offshore of Shakespeare

C1iff, between Dover and Folkestone, based on local

wind data from Lydd Ranges. Tidal current information

was provided by the TIDEFLOW-2D model (Ref 2) which

uses an erplicit finite difference method to calculate

tidal flons over a gridded area at 10 minute intervals

throughout a tidal cycle. The results from OUTURAY

were compared with the field wave data. The model was

also run with current effects set to zero for

comparison with results fron the pure-wave OUTRAY

model, which should be identical.

Chapter 2 gives a brief description of the nodels

used in this study, with further details given in the

appendices. Calibration of the rnodels at a specific
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2, DESCRIPTION OF THE

COMPUTER T{ODELS

2.L Introduct ion

2,2 HINDWAVE: The

offshore wave

prediction nodel

e and the results are described in Chapter 3. A

cussion of the results obtained from this study is

in Chapter 4. Finally the conclusions of this

are given in Chapter 5.

OUTMY and OIJIIIIRAY back-tracking wave projection

Is take, as input, wave conditions along the

shore boundary of the mode1. Therefore, to use the

ls to predict wave conditions at an inshore site

corresponding offshore wave conditions are

uired. In many cases measured wave conditions are

available and it is necessary to use a wave

iction model to obtain them. The HR HINDWAVE wave

ting model was used in this study to predict

offshore conditions based on wind data measured at

Ranges. The three mathematical computer models

d during this study, HINDIilAVE, OUTMY and OUTUMY

described in this chapter.

requirement in coastal engineering is to have

ails of the directional wave climate in deep water

shore. In this study an existing method for wave

iction developed at Wallingford was used. The

VE model has been used successfully at many

ints around the UK coast, and has produced good

agreement between calculated and measured wave

condit ions (Ref 3).
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P
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The model takes as input details of the geometry of

the area in which the waves are generated, and hourly

wind records from a loca1 anemometer station (in this

case Lydd Ranges). Output from the model is in the

form of hourly estimates of wave height, period and

direction, which can be condensed into the required

probabilistic description of the wave climate.

A detailed description of the HINDWAVE model can be

found in Appendix 1 of this report, but briefly the

method works as follotrs. Information about the shape

of the wave generation area is presented as a table of

fetch lengths, drawn radially outwards at, say, 10o

separations from the point of interest. Using this

infornation, and a wave foreeasting model based on the

JONSWAP method as rnodifi-ed by Se5rmour (Refs 2 and 3 of

Appendix 1),  a set of  s i te-specif ic of fshore wave

forecasting tables are produced. Each table gives the

predicted wave height, peri-od and wave direction for a

wide range of wind speeds and directions, assuming a

particular (fixed) duration of that wind condition.

A variety of such tables are computed corresponding to

a chosen set of  durat ions ( in this case 1, 2,  4,  7,

10, 14, t8,  24 and 30 hours).  Once the set of

forecasting tables has been completed, the second

phase of the process begins. At every hour during the

period being analysed, the hourly wind records are

vectorially averaged over the same number of hours (ie

duration) leading up to that hour as were used in

setting up the forecasting tables (ie over the

preceed ing  L ,  2 ,  4 ,  . . .  hours ) .  For  each dura t ion ,

the corresponding wave height is obtained from the

relevant table, and the largest of all these values is

chosen. This value is stored together with the

associated wave period and direction. This procedure

is then repeated for the next hour, up to the end of

the period of wind data. Once the hourly sequential



wave conditions have been produced it is possible to

condense the results into tables giving details of

say, the probabilities of particular combinations of

wave heights and directions, or wave heights and

periods.

Ihere are a number of parameters to be set before

using the model, and it is possible to "calibrate'r the

rnodel by means of slight adjustments to the values of

these parameters. Some of the parameters relate to

the physics of the model j-tself, and some to use of

land-based wind data to represent conditions over Lhe

sea.

2.3 OUTRAY: The back-

tracking refraction

model (without

currents)

The majority of wave generation will occur in deep

open expanses of water. Iihilst generation will not

cease as waves reach shallower water, the effects of

the seabed become increasingly important. Wave

refraction and shoaling are usually considered

together, as both are caused by spatial variations in

water depth. Shoaling involves a change in wave

height consequent upon the waves slowing down as they

travel through water of decreasing depth. Refraction

occurs when waves approach the coast at oblique angles

of incidence. It involves a gradual change in wave

direction as waves travel towards the coast. Both

these processes are included in the standard

refraction programs used at Hydraulics Research.

Refraction analysis produces sets of transfer

functions for wave energy and velocity, dependent upon

frequency and direction. These actually take the forn

of tables of coeffi-cients relating conditions at the



inshore point to those at the offshore point, for each

frequency and direction considered. The offshore nave

predictions are produced in the form of a di.rectional

spectrum, ie an attay of energy components as a

function of frequency and direction. Each member of

the array is multiplied by the appropriate transfer

coeffi.cient in order to derive the corresponding

inshore spectrum. The spectrum can then be integrated

as shown in Appendix 1, in order to calculate the

usual parameters, ie signi-ficant rrave height, mean

period and mean direction.

For the refraction analysis, a standard nathematical

technique based on the concept of wave rays lras used.

A fuII description of the nodel may be found in

Appendix 2 of this report. However, a brief

explanation is given here. The technique consists of

following or tracking rays seawards from an inshore

point to the offshore edge of the grid system. Each

ray, which is a line perpendicular to the wave crest,

then gives information on how energy travels between

the seaward edge of the grid system and the nearshore

point of interest. By considering a large nr:mber of

such ray paths a particular set of matrices may be

constructed. This set of matrices are knorcn as

transfer functions because they provide a description

of the transformation of wave energy between the edge

of the refraction grids and the point of interest.

Once the transfer functions have been evaluated, and

because linear wave theory is being used, the

refraction of a large variety of offshore wave

conditions can be calculated fairly simply.

An efficient method of combining refraction and

HINDWAVE analysis was used in this study, and is

described in Sect ion 2.5. A representat ive sannple of

wave conditions were put through the refraction

procedure, from which the transfer of all other wave



2.4 OUTUMY: The

back-tracking

refraction model

including current

effects

conditions is inferred by interpolation. Refraction

calculations were used to transfer wave conditions

from the offshore wave prediction point to the

nearshore posit ion of interest.

In some areas around the coast the influence of tidal

curtents on \raves is just as important as refraction

and shoaling. the effect of currents on the waves

depends on the rate of change of the current strength

and its direction relative to the wave direction.

In many cases it. is advisable to consider the

interaction between waves and currents rather than to

analyse their separate effects. Signifieantly

different results can be obtained by analysing their

interaction, as compared with just simply adding their

separate effects. The following simplifications have

been made in order to include the effects of

wave-current interaction:

1. The effects of \raves on currents are ignored.

Such effects include rip currents from a beach,

and the circulation induced by differences in

set-up of the water level between areas of

different wave height. Generally the effects of

waves on currents are smaller than those of

currents on waves and often, as in the case of rip

currents, they are local ised, smal l-scale

e f fec ts .



z . Linear vave theory and the depth refracti-on

approximation are assumed. The latter assumption

is that a wave in water of 1oca1 depth, d, will

behave similarly to a '$/ave in water of constant

depth, d.  This simpl i f icat ion is used in HR's

OUTRAY pure-wave model. The reason for this

sinplification is that it a11ows currents to be

introduced without the equations beconing too

complex for the existence of a computational

solution in general coastal situations. The

refraction approximation does place some limits on

the types of waves and bathynetry that can be

nodelled with reasonable accuracy. Generally the

refraction approximation does not hold shorewards

of the breaker zone, and will vork best where

variations in water depth are gradual and

regular.

The currents are assumed to be vertically uniform

and not varying during the time it takes for the

waves to reach the i-nshore location.

4. If the input wave conditions on the offshore

boundary have been predicted, they are assumed to

include eurrent effects in the wave generation

area (ie the area outside the refraction grids).

The HR HINDWAVE nodel assumes current effects are

negligible in the wave generation area.

The wave-current OUTUMY model requires gridded values

of currents, either as magnitudes and directions or as

vector components. The grid system for the currents

is the same as that for the depths.

Figure I shows the definition of a wave ray. . In

contrast to pure \raves, rays are not directed along

orthogonals to wave fronts. Instead they are in the

3 .



direction of travel of the absolute group velocity

(equal to the vector sum of the current and the

relative group velocity). The technique of tracing

rays across successive triangular elements is very

similar to that used in the pure-wave model. However,

there are some differences in the determination of the

curvature of the ray paths. In the pure-wave model

the wave celerity is assumed to lie on a plane within

each triangle. The plane is defined by the values at

the corners of the triangle. However, in the

\rave-current model this is not the case, so the ray

paths are not simple circular arcs. The curvature of

a ray is calculated as it enters a triangle assuming

that the curvature is constant in the triangle. fhe

exit point is determined and the curvature at that

point calculated. Knowing the curvatures at the entry

and exit point, an estimate can be made of the error

in the ray path. If this error exceeds a certain

level, the ray path is re-traced using the average of

the curvatures at the entry and exit.

The wave height at any position on a ray can be

determined by the condition of conservati.on of wave

action along a ray which states:

H ? c  b / w  = c o n s t a n t
g a r

where H is the wave heignt, 
"r" 

is the absolute group

velocity, b is the ray separation and ul, is the

relative angular frequency. The term "relative"

refers to quantities measured relative to the local

current and "absoluterr refers to quantities measured

relative to the seabed.

Equation (1) can be written in terms of the values of

H, c . b and ul at inshore and offshore locaj,ions- g a - r

(referred to by the subscripts o and i) ;

( 1 )
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is known as the refraction
u

) ' i s  known as  the  Dopp ler
o

The variation in wave height due to changes in group

velocity is known as shoaling, and the ocpression

(c^^ /c--  )X i"  known as the shoal ing coeff ic ient.
8to 8"i

The e:rpression (bo/bi)Y

coef f i c ien t ,  and ( r . . / r ,
1

coeff ic ient.

More details

Appendix 2.

2.5 Linking of HINDWAVE

and the refraction

models

on the OUTLTMY model are given in

HINDWAVE can be cornbined with eaeh of the OUIRAY and

OUTUMY models in a computationally efficient way to

sinnrlate a nearshore lrave climate at an inshore point.

HINDWAVE is used to simulate the wave generation, and

OUTURAY or OUTMY is used to simulate the refraction

and shoaling, with or without taking tidal currents

into account (respectively).

Ttre first stage of running the HINDWAVE model consists

of the transformation of a representative rtmenurr of

wind conditions (expressed as combinations of speed,

direction and duration), into a corresponding menu of

offshore wave conditions (expressed as significant

wave height, mean period and mean direction). A large

representative sample of these conditions is turned

into directional offshore wave spectra for use with

the refraction transfer functions for the inshore

point. Each wave condition in the offshore menu can



3. VATIDATIO}I OF

uoDELs

3. I Introduction

TI{E

then be transformed into an equivalent inshore rdave

condition (with a nelr significant wave height, mean

period and direction). In this way, an inshore lrave

condition I'menuir can be derived for the inshore poi-nt,

in equivalent format to the offshore menu produced by

HINDWAVE.

This retention of the efficient rrmenu" forrnat for the

inshore point allows large quantities of seguential

wind data to be processed with quite modest

computational effort. Hindcasting of wave conditions

for the inshore point is then as simple a matter, and

is carried out in the same way, as for the offshore

po in t  (see  Sect ion  2 .2 ) .

The site chosen for use in this study was Shakespeare

Cliff between Folkestone and Dover. It was chosen

because it was one of the few sites where recorded

wave data plus detailed tidal current information was

readily available. This chapter describes how the

OUlltRAY and OUTMY models were used to transform

offshore wave conditions predicted by the HINDWAVE

model into conditions at a point inshore. The inshore

conditions were then compared with the measured data

at that point.

Figure 2 gives a general location map for the area of

interest. A waverider buoy was situated in about 29m

of water, about one and a half kilometres offshore

(see Fig 3).  I t ,  started recording in Decernber 1987

and continued until February 1990. When this- study

was st,arted wind data was only available for use with

10



3.2 Sett ing up and

running of the

models

the HINDWAVE model up until the end of May 1989, and

so wave data after this month was ignored. Wave data

before February 1988 was patchy. So the period of

wave data used for simulation in this validation study

was February 1988 to trlay 1989. References 4 and 5

describe the results from a combined HINDWAVE/OUTMY

model ignoring the effects of tidal currents.

3 .2 .L  HINDWAVE

An offshore wave prediction point was chosen near the

offshore boundary of the grid system to be used by the

re f rac t ion  mode ls  (see Sect ion  3 .2 .2 ) .  I t  i s  loca ted

due south of the waverider site and 7 km offshore.

The position of the offshore point is shown in

Figure 3. However, the exact position is not

particularly important, as the coastline is so open

and the conditions are intended to be representative

of the whole offshore boundary of the refraction

mode ls .

At this stage, calibration of the models is usually

necessary to, for example, adjust the land based wind

speeds to those expected over water. In this case,

the model had already been calibrated in previous

studies at si-tes nearby using Dungeness wind data

(References 4, 6 & 7). Since then the Dungeness

weather station has closed down and has been replaced

by one at Lydd Ranges (see Fig 2). A study for

Shakespeare Cliff (Ref 5) was carried out as a

validation of previous work, but using wind data from

Lydd Ranges. AII of these studies were carri,ed out

with the assumption that current effects were

1 1



negligible. The calibrated model from these studies

was used in this present study.

The wind conditions used to produce the menu of wave

conditions rrere formed from all combination of the

values listed below:

d i . r e c t i o n s  :  1 0 ,  3 0 ,  5 0 ,  . . . ,  3 5 0 o N

s p e e d s  :  3 ,  5 ,  . . . ,  2 7  m / s

durat ions I  1,  2,  4,  7 n 10, 14, 18, 24 and 30 hours

3.2.2 OUTRAY

The first step in using the OUTMY and OUTUMY models

is to represent the seabed over the area of interest

using a set of grids of depth values. Each grid is

rectangular and sub-divided into smaller rectangles.

A depth value is read off the chart at each corner of

these smaller rectangles. The OUTUMY nodel requires

the grid systems for the depths and currents to be

identical. The tidal currents already existed in the

form of one large grid, so the depths had to be

defined by the same grid. Ttrerefore, the grid system

used in the previous wave studies for Shakespeare

Cliff could not be used. The depth grid used in the

HR TIDEWAY two-dimensional modelling system, which

computed the tidal currents, lras used in the

refraction models. Ttre grid is shown on Figure 3. It

extends about 14.5 km either side of Shakespeare Cliff

to ensure that all waves of importance are modelled.

The grid is orientated so that the x-axis makes an

angle of 57.75o with North. There are 184 gr id points

in the x direction and 63 in the y direction, with

each grid rectangle being 160n by 160m.

The next step was to choose a set of wave frequencies

for use in the ray running program. (The wave

frequency (Hz) is simply the inverse of the wave

L2



period in seconds).  Al though the theoret ical  basis of

the wave refraction method suggests the use of wave

frequencies separated by a constant increment, greater

computational efficiency can be obtained by using

frequencies corresponding to wave periods separated by

a constant increment. The periods chosen were 2 to 15

seconds inclusive in I second steps, giving a total of

14 wave periods.

For each period an inshore angular ray separation was

chosen. Since the shorter period waves do not "feelr'

the bottom over much of the refraction grid it is

possible to use large separations for these waves. On

the other hand since longer period waves refract more

strongly, a small angular separation is required to

give an accurate picture of their refraction

behaviour. The following table summarises the angular

separat ions used:

Per iods(s)

Separation (o)

2-5

1 .00

6 -  11

0 .  50

L2_15

o .25

It was now possible to run the ray tracing program to

produce the transfer function matrices at the site of

the waverider. !\ro sets of transfer functions were

obtained, one for I{HWS and the other for MIWS. These

were then combined with HINDWAVE to produce inshore

menus of wave conditions for the two water levels.

Times of high water were obtained from Adniralty tide

tables. The 16 nonths of wind data (February

1988 - May 1989) were then run through HINDWAVE and

interpolation between the tlro sets of menus was used

depending upon the state of the tide.

3.2.3 OUTURAY

The OUTUMY rnodel was set up and executed in the same

l/ay as the OUTMY model except that a grid of tidal

13



currents was also input. The current grids were

obtained from a previous study (Ref 2) for four stages

of the tidal cycle, MHWS and 3, 6 and t hours after

UHWS. Transfer function matrices were created for

these four tidal leve1s. Four corresponding inshore

wave condition menus were produced by HINDWAVE. The

16 months of wind data were then run through HINDWAVE

and interpolation between the four sets of menus was

carried out to determine the inshore wave conditions.

The OUTUMY model was also run with current magnitudes

set t,o zero for MHWS and MLWS. These were combined

with HINDWAVE in the sErme tray as for the transfer

function matrices fron OIJIIRAY. The resuLts from

OUTURAY with negligible current effects should be

identical to those from OUTMy.

3.3 Descript ion of the

tidal current data

The tidal current data was obtained from a previous

study for Shakespeare Cliff (Ref 2). It was computed

using the TfDEFLOI{-2D model, which is formulated on

well established equations for the conservation of

mass and momentum. Details of the rnodel ean be found

in Reference 2. Four sets of tidal data were required

for this study, for MHWS and 3, 6 and t hours after

MHWS.

Vector plots of the tidal currents are shown in

Figures 4-7. The current velocities and directions

near the waverider site, and di-rectly offshore on the

offshore boundary of the OUTURAY rnodel, are shown in

the table below.

14



[,Iater

leve1

Inshore

Veloci ty Direct ion

ugl{s

MHWS +

3 hours

MHWS +

6 hours

MHWS +

t hours

(m/s)

0 .95

0 .65

4 .77

I .O7

( 'N )

50

52

233

233

(m/s)

0 .81

0 .  48

0 .57

0 .  35

( " N )

64

66

248

263

It can be seen in the above table that, in general,

the tidal current velocity decreases as the waves

travel inshore. Ihe greatest decrease in velocity

from offshore to inshore occurs 9 hours after MHWS

when it is reduced by about a third. So the greatest

effect of the currents on the waves would be expected

around this stage of the tidal cycle.

The average tidal cycle at Shakespeare Cliff is about

12 hours 20 minutes. The current meter at station El

in Reference 2 is only about 250m inshore of the

waverider site. The current velocities at El reach a

maxinn:m about t hour after HW. Figure B shows the

velocity and direction plots for a tidal cycle. The

direction of the current is fairly constant, around

65oN, from about 3 hours before t{W until about 4 hours

after HW. At 4 hours after IIW the current velocity

drops to about zero and the current direction is

reversed. Between 4 hours and t hours after IIW the

tidal current direction gradually changes from 235 to

270oN. About 6 hours after IIW the current, velocity

reaches another maximr:m though it is almost half as

large as the earlier maximum. At 9.5 hours after HW

another minimum current velocity occurs. Betlreen 9.5

and 10 hours after HW the tidal current reverses

direct ion again.

Offshore

Veloci ty Direct ion
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3.4 Sensit iv i ty tests

of the OUTURAY

model

Two sets of tests were carried out using the OUTUMy

nodel to investigate the sensitivity of the model to
the offshore wave direction and the current field..

One set was for sirnple depth and current fields and

the other was for depth and current fi.elds at

Shakespeare Cliff. These tests are described in the
sect ions below.

3.4.1 Tests using paral1e1 depth contours and

unidirectional currents

The grid system consisted of one grid with the

positive x-axis in an easterly direction. The grid

had 10 rows and 25 columns, with each grid element

being 30rn by 30m. The refraction point was situated

approximately in the centre of the ninth row of

squares. Six tests were carried out using

combinations of 2 depth grids and 3 current fields.

One depth grid was for deep water where no depth

refraction will occur. The other depth grid has a

depth of 15m on the offshore boundary and depths

decreasing linearly to 5m on the inshore boundary.

The current fields trere:

(l) Zero current velocities (no current refraction

will occur). A current field with uniform

magnitudes and directions would give the same

results.

(2) current velocities decreasing linearly from 3nls
offshore to 0.75m/s inshore. A1I current.

direct ions towards 90o N, in the posit ive x

l 6



direction. Figure 9 shows how this current field

and the depth field wi-th decreasing depths are

def ined.

(3) Current velocities increasing linearly from

O.75 m/s offshore to 3 m/s i i rshore. A11 current

directions towards 90oN.

A11 tests 'rrere carried out using a single wave period

of 16 seconds. Table 1 shows the ratio of the inshore

wave height to the offshore wave height for each of

the tests. The ratios are the average for each 10o

offshore wave direction sector. Table 2 shows the

corresponding inshore wave directions for the central

direction of each offshore direction sector.

In deep water with uniform currents (test 1) there is

no depth or current refraction. So the ray paths are

straight and there is no change in wave height along

the rays. The shoaling, refraction and Doppler

coeff ic ients in equat ion (2) (Sect ion 2.4) are a1I

equal to unity. In test 2 there was depth refraction

but no currents. Ihe waves are refracted towards the

shore normal as they travel inshore. Ttre wave heights

of the waves travelling normal to the shore (180'N)

are not affected by wave refraction but they are

increased by shoaling. The shoaling coefficient is

1.56 for al l  d irect ions. The average refract ion

coeff ic ient is 0.78 for waves in the sectors 10"

either side of the shore normal. The coefficient is

lower for larger angles between the wave direction and

shore normal because more refraction is occurring.

For wave directions 40-50' from the shore normal, the

average refract ion coeff ic ient is 0.70. Test 3 was

for waves travelling in deep water (ie no depth

refraction) in a direction in which the current

velocity is decreasing. For a wave travelling normal

to the direction of the current, the wave height and

L7



direction are not significantly changed as it travels

along. Ttre greater the angle between the offshore

direction and the normal to the current direction the

greater the change of wave direction clockwise. The

wave height ratio is highest for \raves for 200-210oN

and lowest for waves from 150-160"N. Test 5 was also

for waves in deep water but the current veLocity was

increasing in the direction the waves travelled.

Waves travelling normal to the current direction are

unchanged. The greater the angle between wave

direction and the normal to the current direction the

greater the change in inshore wave direction in an

anticlockwise direction. Wave height ratios are

highest for 140-150oN and lowest for 2OO-2l0oN. Tests

4 and 6 were repeats of 3 and 5 but with linearly

decreasing depths.

The test conditions are surnrnarised in Tables 1 and 2

together with the results of the test,s. It can be

seen from the tables that combining the results from

depth refraction only and current refraction only does

not give the same results as the tests using both

depth and current refraction together.

3.4.2 Tests using depths and currents at Shakespeare

c l i f f

An offshore di-rectional wave spectrum was created

using a single fetch of 100km for all wave directions

and the periods used in creating the transfer

functions. The offshore significant wave height was

3.6m and the significant wave period was 6.0s. This

hypothetical storm was input to the wave

transformation models using mean wave directions from

40 to 280'N in 20o increments.

There was no significant difference betv""r, ,f,.

results from the Dure-wave OUTMY model and the

l 8



OUTUMY model with current velocities set to zero.

This rras expected since the OUTUMY model was

developed from OUTMY. If there had been any

difference it would have meant an error in one of the

models.

Figure 10 shows the offshore to inshore wave height

ratio against offshore wave direction for OUTURAY with

zero current effects, for MHWS and MLWS. Waves

travelling from l50oN offshore are only slightly

reduced in height as they travel inshore. The wave

height reduction due to refraction and shoaling

increases as the offshore wave di-rection moves away

from 150oN. Figure 11 shows the curve of inshore

against offshore wave direction. For an offshore wave

direction of about 150oN the inshore direction is also

about 150oN. Waves from other directions bend towards

150oN as they travel inshore. This is because the

normal to the seabed contours seawards of the inshore

point is approximately 150oN, and the waves tend to

refract towards the normal as they travel i-nshore.

From 140o through to 280oN there is very little

difference between the results for high and low

waters. Waves with offshore directions from the north

east travel through shallower water, so the difference

in the amount of wave refraction for the two water

levels is greater, with wave heights being about 8%

lower at the inshore site for lower vater than for

high water.

Figures 12 and 13 show the results, including the

effects of tialal currents, for the four tidal levels.

At I{HWS the wave heights are about 1% higher inshore

for all directions than those calculated ignoring

currents. The wave directions have turned slightly

more towards the normal of the seabed contour-s than

in the case without currents. At 3 hours after MIIWS

the wave directions are fairly similar and the inshore
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3.5 Results for

Shakespeare Cliff

wave heights only slightly lower than at MHWS.

However by 6 hours after MIIWS the tide has reversed

direction and the curves on Figures 11 and 12 are very

different from those for HW. Waves following the

current decrease in height as they Lravel inshore and

waves opposing the current iricrease in height. The

inshore directions are nearer 200oN than for MHWS. For

the tide t hours after MHWS the reduction in wave

height is greater than for 6 hours after HW and the

wave direction changes less as the waves travel

inshore.

The results of the sensitivity tests for the

pure-wave OUTRAY model and the OUTUMY model with the

zero current velocities were, as e:<pected, not

significantly different. Therefore only results from

the OIITUMY rnodel are presented in this section. The

results consist of predicted hourly wave conditions

for February 1988 to May 1989 at the site of the

rsaverider buoy, about 1.5krn offshore of Shakespeare

Cliff. l\lo sets of results were predicted, one

assuming negJ.igible currents and the other using the

real tidal current data.

The combined HINDWAVE and OUTRAY models had been

calibrated during previous work assuming that ti.daI

currents were negligible, and using vind data from

Dungeness. This weather station has since closed down

and has been replaced by one at Lydd Ranges (see

Figure 2). The model has not been re-calibrated using

wind data from the new station nor taking the effects

of tidal currents inLo account. Therefore the

comparison between measurements and predictions may

not be as good as it could have been, but it is

adequate for this study. In Reference 5 a comparison
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between measured waves and waves predicted by the

pure*\rave OUTMY model was carried out for the same

time period. These predictions 'rrere calculated using

a different grid system, but in general the results

are similar to those obtained from the present study

when current velocities are set to zero. Conments on

the calibration are given j.n Reference 5.

Figures L4-2L show comparisons of the measured wave

heights against the two sets of predictions, ie with

and without current refraction. Some of the measured

data was corrupted by interference between 28 November

1988 and 23 Jawtary 1989. Ttris data has not been

plotted since it was not known which storms were real

and which were spurious. The predictions including

current effects fluctuate more than those excluding

current effects. At high water the two sets of

predictions are similar and, since most of the storms

occur at high water, most of the storm peaks are

similar. One of the most noticeable periods when the

two sets of predictions differ is for April 1988 when

the inclusion of currents greatly improves the diurnal

fluctuations associated with the tides. The

predictions including current effects follow the rise

and fal1 of the measured wave height nuch better than

the predictions without currents. Figure 22 gives a

comparison of the Lwo sets of predicted inshore wave -

directions for the f irst four months. There 'lrere no

measured directions since the waverider was not a

directional recorder. The wave directions predicted

taking current effects into account are closer to the

beach normal (about 150"N) than those predicted

ignoring currents. The two sets of directions are

sfunilar for high water but they can differ by about 20

to 30o around low water. Comparison of Figures 14, 15

and 22 show that the difference between the trso sets

of predicted wave heights is greatest when the waves

are from the east.
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Tables 3 and 4 show the distribution of wave height

and wave direction for the two sets of predictions.

The same information is shown in the form of wave

roses in Figures 23 and 24. Table 5 shows a

comparison of the wave heights for the peaks of storms

where either the measured or predicted Hs is over 2m.

On average the storm peak wave heights calculated

without taking currents into account are 11%

underpredicted while those predicted including

currents are 8% underpredicted.

Figure 25 shows the wave height exceedence curves for

the measured data and two sets of predictions. There

is approximately 0.8% of the wave data above a wave

height of 2.5m for al l  three sets of data. Above l .5m

the two sets of predictions have almost j.dentical

curves. Below 1.5m there is a greater percentage of

the predicted data ignoring currents above a given

wave height than for the predicted data including

currents. The curve for the wave heights including

currents is closer to the curve for the measured data

than that without currents. Below 0.5m both sets of

predicted wave heights are lower than the measured

heights. This may be because only waves travelling

from the offshore boundary are modelled, ignoring

waves travelling seawards which are locally generated.

The waves travelling offshore will only be very sma11

and so are not usually important in wave studies.

Another method of comparing the two sets of

predictions is to carry out an extremes analysis to

calculate extreme events. This method of analysis is

described in Appendix 3. A three-parameter Weibull

distribution was fitted to the distribution of Hs for

the measured data and both sets of predictions.

Extreme significant wave heights nrere then determined,

corresponding to probabi l i t ies of three hours

occurrence every 1, 10 and 50 years. These results
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are listed in Table 6. The extremes calculated from

the OUTUMY model results are lower when current

effects are excluded. The measured data and the

predictions including currents effects lead to

similar estimates of extremes, with the predicted 1 in

50 year H- beine about 2% Iower than the measured.- s

Without currents the predicted 1 in 50 year Hs is

nearly 10% lower than that of the measured data.

ltte same method of analysis was applied to the wave

height data in Tables 3 and 4 to obtain the extremes

for each directional sector. These results are listed

in Tab1e 7. To the east of l60oN and in the 220-240"N

sector the extremes calculated including currents are

higher. This is what the sensitivity tests in Section

3.4.2 indicated. From Figures 10 and 12 the waves at

M}IWS with and without currents were similar. However,

at low wat,er the waves from 140-230oN offshore

(160-210"N inshore) were higher when current effects

were included, and those from other directions were

lower than those excluding current effects. In Table

7 the greatest difference between the extreme wave

heights predicted with and without currents is 30% for

the 1 year return period in the 220-24O'N sector,

followed by 20?6 for the same return period in the

60-80oN sector. This is because any of the high wave

heights oceurring at low water in these sectors when

currents are ignored, would be reduced and probably

moved into the next sector (80-100 or 200-220oN) when

currents are taken into account. For the I in 50 year

return period, the greatest difference is for waves

travelling normal to the coast (120-160'N) where the

wave height without currents is 10% greater than the

wave height with currents. For the 180-200oN sector

the I year return period H" is B% lower when currents

are ignored and the 50 year Hs is 5% lower. .
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4 . DISCUSSION

The OTIIMY and OUTUMY models can be used for nearly

any seabed bath5nnetry provided the depths only vary

gently. The models do not include wave breaking, so

they would not be applicable where wave breaking

occurs. A1so, they do not include seabed friction.

Generally, waves need to propogate over considerable

distances (of the order of kilometres) in shallow

water for bottom frictional losses to be significant.

In coastal areas where the seabed slopes reasonably

steeply to a depth of at  least 20m, fr ict ional losses

can usually be neglected to a good approximation. The

OUTRAY model assumes current refraction is negligible

but the OUTUMY model includes the combined effect of

current and depth refraction on waves.

The Shakespeare Cliff site chosen for the validation

study faces open sea and the seabed is fairly smooth

and even. The inshore point is in a depth of about

29m. This is deep enough that wave breaking will not

occur, and seabed friction is likely to be

insignificant.

The time series of wave predictions were calculated

using tidal currents for spring tides for every day of

the lunar month. At neap tides the current strengths

r.rould be much lower, and hence, the effect of the

current on the waves will be less than at spring tide.

The differences between the annually averaged results

with and without currents are, therefore, likely to be

less than that given in Section 3.5. The model could

be run using neap tidal currents, if available, as

well as spring tidal currents. In many cases it would

be sufficient to reduce the magnitudes of the currents

at spring tides to give approxinate values al,neap

tides, and for times betveen these two tides.

Offshore of Shakepeare Cliff the strength of the neap
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tidal current is about 55% of that of the spring tidal

current.

The waverider was situated in an area where current

velocities were lower than on the offshore boundaty of

the refraction models. The current velocities near

Dover Harbour, however, are in general higher than

those offshore. So the effects of currents on waves

are 1ike1y to be very different near Dover Harbour

than at the waverider site.

In view of this, further runs of the model were

carried out to test the sesitivity of the model to the

current velocities. The sensitivity tests carried

out for the waverider position at Shakespeare Cliff

(Sect ion 3.4.2) were also carr ied out for a point near

the entrance to Dover Harbour for lorr and high water.

Figure 26 shows the offshore to inshore wave height

ratios and Figure 27 shows the mean inshore wave

angles as a function of offshore wave direction for a

point near Dover Harbour. Ihese curves are very

different from the equivalent curves at the waverider

site in Figures 12 and 14. At the waverider position

the effect of currents on wave heights was only snal1

at high water. At 1ow water waves from the east were

reduced by the currents and those from the south were

increased. Near the entrance to Dover Harbour,

however, the effect of current refraction on wave

heights at high water was to increase waves from

20-200"N. Wave heights for an offshore direction of

B0oN were about doubled when current refraction was

taken into account. At low water the currents only

slightly increased the waves from 20-l60oN and waves

from 160-260'N were decreased by up to 10% of their

offshore height
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5. SI'MI{ARY A}ID

CONCLUSIONS

Figure 2.8 of Reference 8 gives an equat ion for

calculating the effect a current has on the wave

height. However, this equation is for waves

travelling from still water into a steadily increasing

current velocity in deep water. So it is not suitable

for use when the waves are travelling into a

decreasing current velocity or when the offshore

current is not negligible. It also ignores the

interaction between current and depth refraction.

Sometimes tidal current data is only available tor one

or two points inshore, such as that given by Adrniralty

Diamond tidal stream data. If the currents are

negligible offshore and they can be assumed to be

increasing linearly in the inshore direction then the

eguation in Reference 8 could be used to give a rough

indication of the effect the current has on the wave

height. Figure 2.7 of Reference 8 gives an indication

of maximum tidal currents around the coast of Great

Bri tain.

This report has considered the transformation of wave

energy from offshore to an inshore site using HR's

OUTURAY current-depth wave refraction model. lhe

model was validated using field wave data and tidal

current data from the HR TIDEWAY-2D model for an area

offshore of Shakespeare Cliff, near Dover.

The OlllIuMY model was first run with current

veloci.ties set to zero so that it could be checked

against the pure-wave OUTMY model. The two models

gave identical results. Next some tests were carried

out using simple depth and current fields. These

tests showed that the depth and current refraction

should not be considered separately since their
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interaction was important. They also highlighted the

need for proper numerical modelling of wave-current

problems.

The HR HINDWAVE model was used to simulate hourly wave

data at an offshore site for the period February 1988

to May 1989. These were then transformed by OUTURAY

into conditions at the site of a waverider buoy l.5km

offshore fron Shakespeare C1iff. Two sets of

predictions lrere calculated, one without current

refraction and one with. Both sets were compared with

wave data recorded by the waverider. At high water

the eurrents had 1itt1e effect on the waves, only

increasing heights by f%. But at low water waves from

160-230"N offshore were increased by up to 10% by

current refraction, whilst those from the east were

nearly halved. T,he inshore wave directions were

closer to the beach normal (150"N) at low water when

current effects were included than when they were

ignored. At high water, current refraction hardly

affected the wave directions. l{any of the storm

peaks occurred at high water when the currents had

little effect. For those storms including significant

wave hei-ghts above 2m, the peak wave heights ignoring

currents were underpredicted on average by 1l% and

those calculated including current effects were

underpredicted on average by B%.

Extreme wave heights were derived from the measured

data and from the two sets of predicted data. Those

from the predictions including currents were similar

to those from the measured data, with the predicted

once in 50 year wave height being onLy 2% lover. The

extremes from the predi_ctions without currents hrere

Iower than those from the measurements by up to 10%.
(This does not necessarily imply a l0% error in the

original prediction r.rork done for Shakespeare Clif f ,
since then a different grid system was being used and
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wind data from Dungeness was used instead of that from

Lydd Ranges). Extremes were also calculated for

separate directional sectors between 60 and 240'N.

These were guite different for the two sets of

predictions. The extremes were up to 9% higher for

the direction of the highest waves, SSW, when current

effects were included and up to 23% lower for the

directions parallel to the seabed contours. The tidal

current data used in the model was for spring tides

only. During neap tides, when the current strength is

smaller, the effect of currents on the waves will have

been over-predicted by the rnodel. Therefore, the

annually averaged differences between the two sets of

wave data, with and without currents, will be less

than that quoted above.

In general, the inclusion of current effects in the

model improved the wave predictions and had a

significant effect in the calculation of rare events.

It also made a difference to the wave directions which

nay be i-rnportant if the data is to be used for the

calculation of coastal sediment transport.

Ttre effect of currents on the waves was very different

near Dover Harbour than at the waverider site. One

reason for this is that the current velocities

increase as waves travel towards the harbour whi-le

they decrease as waves travel towards the waverider.

The calculation of current-depth refraction is

complicated. Therefore it is not easy to telI whether

current refraction has any effect on waves at a given

site without using the node1, unless the cument

veloci t ies are smal l  enough to be negl igible.
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TABLE 1 : H_ ratios for sensi.tivity testss

The table below shows the average ratio of the offshore to inshore

height in each direction sector for a single period of 16 seconds.

Test Number

Currents*

Depthsl

Offshore

Wave

Direction
( 'N )

130-140

140-150

150-  160

160-170

170-180

180-190

190-200

200-2I0

2L0-220

220-230

Currents to

Deep Lin

1 .000

1 .000

1 .000

1 .000

1 .000

1 .000

r .000

1 .000

1 .000

1 .000

the east

I  . 091

1 .  145

1 .  184

L .223

L .223

1 .223

L ,223

1 .  184

l .  145

I  . 091

Deep

L .O27

0 .975

0 .969

0 .978

0 .990

1 .003

L .O24

L .027

1 .021

1 .008

Lin

1 .005

1 .073

1 .  118

t .  r77
I . 2L3

L .245

t .256

I .239

L .223

t .  173

I

Deep

1 .003

1 .028

r .027

1 .013

1 .010

0 .991

o .982

0 .969

0 .981

o .776

Lin

L .L47

1 .  198

L .2L7

L .226

L .237

T .2L6

L. T92

r .147

1 .096

1 .043

C - Constant currents

D - Currents decreasing

I - Currents increasing

towards the shore

towards the shore

I Depths

Deep - Deep water, ie no depth refraction

Lin - Decreasing linearly towards the shore



TABLE 2 : Inshore wave directions for sensitivlty tests

Test Number

Currents*

Depthsl

Offshore

Wave

Direction
( .N )

13s

145

155

165

175

185

195

205

2L5

225

Deep

135

145

155

165

L75

185

195

205

2L5

225

c

tin

154

159

16s

L7L

L77

183

189

195

20L

246

Deep

L26

140

153

164

175

185

194

203

212

219

D

Lin

L49

156

163

170

176

r83

lB8

L94

t9B

202

Deep

141

149

157

166

L75

185

196

207

219

230

I

Lin

L57

L62

166

L7L

L77

183

190

L97

203

2LO

Currents to the east

C - Constant currents

D - Currents decreasing

I - Currents i-ncreasing

towards the shore

towards the shore

I Depths

Deep - Deep water ie no depth refraction

Lin - Decreasing linearly towards the shore





TABLE 4  :  D is t r ibu t ion  o f  Hs  and d i rec t ion  w i th  cur ren t  e f fec ts

Waver ider  buoy  foca t ion  ,  1 .5  km o f fshore  o f  Shakespeare  C l i f f

Predicted wave condit ions for February 19BB to May 1989

Data in parts per hundred thousand

Sj-gnif icant wave height in metres

H1 To  H2  P  (H>H1) Wave angles in deg,rees North

0 .00  0 .2s  0 .9s59
0 .25  0 . s0  0 .7068
0 .  s0  0 .75  0 .  s039
0 .7s  1 .00  0 .3693
1 .00  1 .25  0  . 2477
L .25  1 .50  0  . 1635
1 .50  1 .  ?5  0 .1135
1 .75  2 .00  0 .0610
2 .00  2 .2s  0 .0334
2 .25  2 .50  0 .0198
2  . 50  2  . 7s  0 .  0073
2 .75  3 .00  0  . 0027
3 .00  3 .25  0 .0010

Parts per thousand
For each direction

40  60
60  B0

26 2323
0  900
0  317
0  154
0 L29
060
00
00
00
00
00
00
00

B 0  1 0 0
100 L20

7 1 5 0  2 5 6 3
4 5 3 5  2 5 5 5
2 7 8 6  9 6 0
T252 403

6 8 6  1 0 3
2 5 7  0

5 1  0
5 1  0

0 0
n nU U

00
00
00

175  69

L20 140
r_40  160

6L7 643
617 626
274  574
1,20 L20

90
00
00
00
00
00
00
00
00

1 6 0  1 8 0
1 8 0  2 0 0

L 2 5 2  2 6 6 6
1 _ 8 1 _ B  4 2 2 7

960 36s2
8 9 2  3 9 1 8
L 4 6  2 7 2 6
1 3 ?  1 8 0 0

0  t _ 7 4 0
34 1-175

0  5 6 0
a 677
0 r -9?
00
09

55 245

200 224 240
220 240 260

4424  3L2L  26
4252  763  0
35?5  360  0
5067 23l- 0
4510  111  0
2452  29L  0
3361  103  0
1483  9  0

70300
574  0  0
2s700
r_63 9 0

9400

323 52 02LL 74 !



TABLE 5 : Comparison of storm weve helghts

Location: Site of the waverider buoy, 1.5km offshore of

Date Wave Height (m)

Predicted

Hs (NC) Hs (C)

Shakespeare Cliff

Predicted
Wind
Direction

( 'N )

2LO
220
230
240
190
230
260
210
220
240
220
2LO
240
260
250
240
240
264
240
190
230
200
170
190
200
2I0
230
224
30

240
240

Hs (NC) /Hs

L . O 2
0 . 9 3
0 .  5 5
0 .  7 8
0.  89
o .67
0 .49
L .22
1 .32
0 .91
o .92
o .92
0 .  50
0 .68
o .73
0 .91
0 .66
0 .58
0 .93
0 .80
0 .98
L .O2
0 .  71
L .37
O. BB
1 .  35
0 .90
L .  L2
0 .  56
1 .03
1 .  10

L-2/2/88
4/2/88
B/2/88*
B-L0/2/88
r3-L4/2/88
3/3/88
20/3/88
4/7 /88
2s-26/7 /88
Ls/8/88
3L/8/88
L-3/9/BB
23/9/88*
24/9/BB
26/9/88
28/9/88
6/LO/88
7 /LO/88
8- 10/ 10/88
L2-L3/LO/88
4-s/2/89
L8-L9/2/89
24-2s/2/89
9-r0/3/89
L4-L5/3/89
L8-20/3/89
22-23/3/89
23-25/3/89
4/ 4/89
LL-t2/4/89
L2/s/89

Measured
Hs

3 .2
2 .5
2 .9
2 .4
2 .7
2 .O
2 . I
1 .9
1 .8
2 .2
2 .0
2 .5
3 .4
2 .3
2 .2
2 .6
2 .4
2 .3
3 .0
2 ,2
2 . t
2 .3
2 .5
1 .6
2 .9
L .7
2 .2
2 .7
2 ,L
2 .5
1 .9

3 .2
2 .4
1 .6
1 .9
2 .4
1 .3
1 .0
2 .3
2 .3
2 .O
1 .9
2 .3
t . 7
I . 6
1 .6
2 .4
1 .6
1 .6
2 .8
1 .8
2 .O
2 .3
1 .8
2 .2
2 .6
2 .3
2 .0
3 .0
L ,2
2 .6
2 ,0

3 .2
2 .5
1 .6
1 .9
2 .7
1 .3
0 .9
2 .5
2 .3
1 .9
1 .9
2 .4
1 .8
1 .5
1 .6
2 .3
1 .5
1 .6
2 .8
2 .0
2 .0
2 .5
2.r
2 .5
2 .7
2 .5
2 .O
3 .2
L .2
2 .7
2 .1

Hs (C) /Hs

1 .02
0 .98
0 .55
o .79
1 .02
0 .65
o .44
L .29
L .32
0 .87
0 .95
0 .96
0 .51
0 .66
o .7  4
0 .  87
0 .64
0 .69
0 .93
0 .91
0 .96
1 .08
0 .82
I . 55
0 .92
1 .43
0 .90
1 .  18
0 .  55
1  . 09
1 .11

Average ratio 0 .  8 9

Hs(NC) - lrave height calculated ignoring currents.

Hs(C) - wave height calculated including currents.

* Short duration storm.

4 .92



TABLE 6 : Extreme rrave heights

Locat ion: s i te of waverider buoy, 1.5kn offshore of shakespeare cl i f f

Extreme significant wave heights in metres calculated assuming 3 hourly
events.

From From OUTUMY Model*

measured without with
data* currents currentsReturn

period

(years)

I

10

5 0

3 .46

4 .14

4 .59

5 . 5 2

3 .  8 6

4 .  1 9

3  . 46

4 .08

4 .48

*Predictions and measurements for }8/LI/BB to 23/L/89 were not included in
the analysis because some of the measured data was spurious.



TABLE 7 : Extreme lrave heights for each direction sector

Location: site of waverider buoy, l.5kn offshore of shakespeare cliff

Extreme significant wave heights in metres calculated assuming 3 hourly
events.

Centre of

inshore wave

direction sector

70

90

110

130

150

170

190

2LO

230

Return period (years)

10

c*

1 .7  4

2 .06

1 .31

1 .11

L .07

2 .O3

3 .75

3 .80

2 .72

50
NC*

L .52

r .  B1

t , L7

0 .85

0 .99

1 .59

2 .9L

3 .24

2 .54

c*

L .27

1 .68

1 .08

O.  BB

0 .90

1 .60

3 .17

3 .27

1 .95

NC*

1 . 8 9

2 . L 2

r .44
L .  L7

L .L7

2 .O3

3  . 53
3 .73

3 .11

NC* c*

2 . I 3  2 .O4

2 .30  2 .3L

1 .59  1 .45

L .37  t . 24

t . 27  1 .16

2 .30  2 .30

3 .91  4 .L2

4 .03  4 .13

3 .46  3 .23

?t NC - Current effects not included in hourly predictions.

C - Current effects included.
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The HINDWAVE rnodel

APPENDIX 1

The HINDWAVE Wave Hindcasting Model

The HINDWAVE model (Ref 1) has been developed at HR,

for prediction of wave climate at coastal locations,

based on wind records for the area. It has been used

suecessfully on many projects at various sites around

the .Br i t i sh  coas t .

The computations are split into two main parts. Ttre

first stage consist,s of production of a nenu (or list)

of about one thousand possible wave conditions, from a

similar number of specific wind conditions. Fetch or

open water rays are measured at 10o intervals around

the wave prediction point for use as input to the

first element of HINDWAVE, ie the JONSEY wave

generation sub-model described in Section 2 of this

Appendix. Ihe second part consists of analysis of

wind records. For each hour in the sequence, the

wind/wave condition most closely corresponding to

actual wind activity at that time is chosen from the

menu. the analysis works with measured wind data

collected at hourly intervals over a period of several

years. Ttre wave conditions at any time are estimated

with regard to wind speeds during the preceding day or

s o .

It is first necessary to define a few standard terms

used in wave prediction and analysis. Significant

wave height (H^) is a parameter in corunon use among- s

coastal engineers as a means of expressing wave

severity. It equates to the average height of the

highest one third of the waves in a sequence. Wave

period is usually indicated by either mean

zero-crossing period (T"),  or peak period (Tn) at

which the wave energy spectrum is densest. Direction

can be expressed as either wind directi-on (O), or the



mean wave direction (O*) averaged over all frequency

and direction conponents.

The JONSEY program is used to assign a particular H",

T and O to each member of a particular set of windp w
condit ions. The set comprises al l  possible

combinations of sufficient values of speed, direction

and duration to cover the range of values expected at

that location. The predicted heights, periods and

directions are stored for use as a look-up table. The

technique described here is to break down the measured

wind data into discrete categories, and then to select

the corresponding H", Tp and O* from the table.

The first stage in the procedure is to select which

wind conditions could occur and to divide them into

discrete bands in terms of wind speed, direction and

duration. The corresponding predicted H", Tp and O*

values are calculated and retained.

If the wind speed remains steady over a long period, a

twenty-four hour or even longer generation time is

likely to be appropriate for oqposed sites. Holrever,

if the wind speed or direction is rapidly varying, a

shorter duration will be used as input to the wave

prediction equations. The method of selecting the

duration, wind speed and wind direction for each hour,

is ocplained below.

Hourly wind speeds and directions are obtained from

the Meteorological Office in the form of a computer

data file. For each hour in turn, the method

determines, for the chosen group of durations, the

dominant set of wind conditions at the prediction

locat ion, with reference to the H" tab1e. This is

achieved by vectorially averaging the wind velocities

over the various chosen durations leading up to thaL

time in order to obtain an average speed and direction



for each. The largest value is then selected from

corresponding set of  H" levels.  This f igure is

retained together with the appropriate peak period

wave direction, in order to build up a probability

distribution for each month.

the

and

A further option is automatic extrapolation to extreme

wave heights, for different direction sectors, based

on the overall predicted distribution of H". Ttris is

done by fitting a three-parameter Weibull distribution

to the data in each direction sector in turn, after

which the results are tabulated for various return

periods.

The JONSWAP/SE$'IOIIR It is observed that wind-generated waves show some

Ifave Prediction directional spreading about their mean direction of

nodel propagation. Wind travelling over a water surface

transmits energy to the water in directions on either

side of its ovn direction, which may fluctuate during

the period of wave generation.

To incorporate this effeet in the model, components of

the total wave directional spectrum are calculated for

various directions either side of the mean, and then a

weighted average is taken using a standard spreading

function. The significant wave height, period and

direction are then calculated at the target point, by

numerical integration of the spectrum.

The component directions (i = I to n) are spaced at

regular intervals (AO) in the range t90o from the mean

(Oo). For each one (Oi), the mean JONSWAP equation

(Ref 2), representing a growing wind sea, is used to

define the spectrun (Er), given as a function of

frequency (f) :

E i  ( f )  =  q g 2  ( 2 n ) - 4  f - 5  e x p  { - 1 . 2 5  ( t / f n ) - . }  ; n  ( 1 )



where:

( l  =  0 . 0 3 2  ( f n  U / g ) z ' s

T  =  3 . 3

-  ( f  -  r * ) z
n=er {p I 2 f z a z

m

o = 0 . 0 7 f o r f ( f *

0 . 0 9 f o r f > f
m

f- = the peak frequency (Hz)

=  2 . 8 4 g 0 . 7  n - 0 . 3  U - 0 . 4

U = the windspeed (ms-1)

F = the fetch (m) (fetch-limited conditions)

= 0.008515t1. 
29890. 298U0. 7O2 (dtrat ion- l imited)

g = the acceleration due to gravity (ms-z)

t = the duration (s)

The sumnation of the component spectra is then

performed using the Seymour equation (Ref 3), which

includes the cosine-squared directional spreading

funct ion for a direct ional wave spectrurn (E(f ,O)).  I t

is applied in the range +90" from the principle wind

direction. If the fetches are measured at say 10o

intervals (AO), then the effective wave spectrum (E)

for a part icular direct ion (Oo) is calculated as the

weighted average for seventeen component spectra

( 8 . ( 0 " ) ,  o ,  =  - 8 0 o ,  - 7 0 o ,  . . . ,  B 0 o  f o r  i  =  1 ,  1 7 ) ,  a s
l -  l - -  l _

indicated in equat ion (2).



f, = (2LO/t) c o s 2 ( 0 . -  O o ) Q )

Although it is not part of the original theory,

experience at HR indicates that cosine-sixth is

sometimes a better spreading function to use. This is

particularly true when the wave generation area is

unusually narrow or the peak period is unusually long.

In order to use this modification, the cosine term in

equation (2) is raised to the power six rather than

two, and the coeff ic ient 2/ tr  is increased to 3.2/n.

The significant wave height (Hs) is the average height

of the largest one third of the waves. The mean

zero-upcrossing period (Tr) is the period measure most

frequently used in engineering, this being the average

time between successive upcrossings of the mean leveL

by the water surface. The mean wave direction (O*) is

taken as the average of the spectral components over

all frequencies and directions. They are all

approximated by numerical integration of equation

( 2 )  .

H "  =  4 n o  r ' z ( 3 )

(4 )

(s)

T 
"  

=  (mo/mr)  t ,  z

o t=oo

L 7

,-=I,. 
ut

where

+ . I " lE( f  ,O)  (O -  Oo)d fdO

"f fE ( f ,o) dfdo

*r, = Jrrrl fndf

In order to use this method, fetch lengths must, be

known over a range of at least 180o around a point.

It is convenient to use discrete frequencies in

equat ions (1) and (2) which should also be specif ied.
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The directional spread of the predicted wave spectrum
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highest frequencies. If the wind is blowing along one

of the shorter fetches, then the spread will tend to

be more even across different frequencies, and in an

extreme case, may produce greater than average

spreading at lower frequencies.

l. Hawkes P J. A wave hindcasting method. Conference

on rnodelling the offshore environment, Society for

Underwater Technology, April 1987.

2. Hasselmann K et al. Measurement,s of wind wave

growth, swel1 and decay during the Joint North Sea

Wave Project (JONSWAP). Deutsches Hydrographisches

Inst i tute, Hamburg, 1973.

3. Seymour R J. Estimating vave generation on

restr icted fetches. Proc ASCE, VoI 103 ,  l , lo WW2,

YIay 1977.
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APPENDIX 2

The OIIIURAY wave refraction model with currents

This Appendix describes a version of the HR OUTMY

wave refraction model which includes the effects of

tidal currents. In the first section the basic

pure-wave OUTRAY model (without tidal currents) is

described. Itre final section describes how the

effects of tidal currents are represented in the

OUTURAY rnodel.

lilaves on the surface of the sea are constantly

changing under the influence of a variety of external

and internal forces which act simulataneously and

independently. If the water is deep compared to the

wavelength, the most important forces are usually the

stresses resulting from wind action and internal

viscosity. On the other hand, when the water becomes

shallower, the effects of the seabed become

increasingly important. For example, as the waves

travel towards the shore they lose energy by viscous

dissipation at the bed and by partial reflection, and

as the water depth beneath them decreases, the waves

also change direction, always tending to align their

crests more nearly parallel to the contours.

This last mentioned proeess is known as refraction,

and is similar to the refraction of light through

media of different densities. The analogy can be

extended further since some parts of a seabed will

cause focussing of waves, whilst others will cause

scatter ing, just as opt ical  lenses do.

I t  is c lear,  therefore, that an accurate metnoa

predicting wave refraction is a useful design aid when



carrying out engineering studies in or beside the sea.

The usual application of such a method is predicting

wave conditions at a site in shallow water, either

directly or in comparison with another site.

Similarly it nay be used to examine changes at a site

that would result from altering the seabed, for

example, by dredging a channel.

Since the mathematical theory of wave propagation over

an irregular bathymetry is far from complete, it is

necessary to make simplifying assumptions and use

approximate methods. Two such assumptions are made:

(1) that the waves are linear, and (2) that a wave in

water of local depth, d,  wi l l  behave simi lar ly to a

wave in water of constant depth, d. With these

restrictions it can be shown that waves progressing

over a parallel contoured seabed, change their

direct ion according to Snel l rs Law, i .e:

C,/sina = constant

where a is the angle between the wave crests and the

contours and where C is the wave phase speed, a

function of the wave frequency, f, and the 1ocal water

depth. Since the frequency of a wave remains

eonstant, the wave direction changes only with

changing depth.

The method described, like many others, relies on the

concept of wave rrays', which are lines everywhere

perpendicular to the wave crests.

In order to use Snel l 's Law for waves proceeding over

an irregular seabed, the following nethod is used. A

latt ice of t r iangular ceI1s is laid over a chart  of

the area of interest and depth values are renrl off at

each intersect ion. In each cel l  the seabed is then

assumed to be planar,  and l inear interpolat ion is used



to define the depth at any point within the triangle.

Although there is no need for the cells to be of any

particular shape it is usually more convenient to

choose right angled triangles which, taken in pairs,

give a rectangular element.

With this representatioa of the seabed the depth is

continuous across any grid line although the slope is

usually discontinuous. It is also possible to apply

Snell's Law in each cel1 and to follow a wave ray

across it from some given entry point and direction.

As the ray leaves one cell, its position and

direction become the entry condi-tions for its journey

across the next.

Ttre time taken to calculate the ray's path across a

cell can be reduced by making a further simplifying

approximation. Provided the size of each cell is

sma1l and the slope of the seabed noL too steep, the

wave phase speed, C, at any point inside the ce1l can

be closely approximated by linear interpolation of the

exact phase speeds at the ce1l vertices. The ray

path, under such an assumption, is part of the arc of

a circle, and the path and its direction are

continuous across each grid line although the

curvature of the path is usually discontinuous.

Because of the sinplicity of the method, there are

marked advantages in cost over methods which need, for

example, iterative improvements at each step or more

complicated representations of the seabed topography.

Rounding errors can also be ocpected to be smaller in

the described method.

The value of a wave refraction sinulation, of course,

lies not in the rapidity and accuracy of calculating

ray paths but in the interpretation of the inf,ormation

they contain. Any method based on linear theory and

using the concept of wave rays cannot be expected to



reproduce non-linear lrave ef fects. In areas where the

bottom topography causes strong focussing of wave

rays, a situation known as a caustic, the use of

linear wave theory is woefully inadequate and errors

from its use will inevitably accrue. However, the

method of calculating wave conditions adopted here

does reduce the importance of such phenomena as

caust ics, and gives real ist ic results.

First it is assumed that in the study area a wave

energy distribution S(O, f, r) exists, where O is the

wave direction, f the wave frequency and r a position

vector. In a typical open sea situation in deep waLer

the wave energy will depend only weakly on r. On the

outer boundary of the area being considered, it is

thus assumed that a homogenous sea state exist,s and is

described by S^(O, f) ,  the wave energy being- o

considered to depend solely on direction and

frequency. (The subscript o is used to denote

quantities at the offshore boundary).

The purpose of the wave refraction method is to

provi-de information on the wave conditi_ons, or energy

distribution at some point P close to the shore

S-(O , f) ,  for a var iety of of fshore condit ions, ie,
P

d i f fe ren t  va lues  o f  So(O, f ) .

Suppose a ray path exists which starts from the outer

boundary of the area with direction Oo and freguency

f. and reaches the point P with direction On and

frequency frr. The function So and Sn can then be

linked by using a result of Longuet-Higgins (Appendix

Ref l), who showed that, when oc.pressed as a function

of two perpendicular wave numbers, k1, and k' the

direct ional spectrum So(kl ,k2) remains constant along

a ray. So using the hypothetical ray mentioned above

it can be shown that



s p ( o p , f n )  =  F ( f n ) S o ( o o ,  f r r )

where:

p( fn )  =  (C  CU)o / ( c  cs )p

because S(9, f)df dO = S(k'k2)dkldk2

(  1 )

( 2 )

and dk, dk2 = k dk dO = df do

where C the phase speed

a n d C  =
e the group velocity of waves.

Thus we have C Cg S(O, f) is a constant along a wave

ray, from which equation (l) follows. Provided that

enough rays can be found linking the outer boundary

with the point P, equation (1) can be used repeatedly

to build up a picture of Sp(O, f) for any function

so(O, f). All that would then be necessary are the

depths at the outer boundary and the point, which

would al low evaluat ion of C, C, and thus p(f) .

To find such rays would be rather daunting if it were

necessary to start at the outer boundary.

Fortunately, however, the paths of the rays, like

those in light, are completely reversible and this

makes the task very simple.

Firstly a variety of wave frequencies are chosen. For

a typical study these would lie in the range 0.05H2 -

0.30H2, and about ten would be selected. Then, for

each frequency a rfanr of rays is sent out from the

poi.nt of interest. Each ray is initialJ-y sepbrated

cc

_ f

l

df

dk



from its neighbour by a small angular increment, Atpt

for reasons of economy the smallest separation chosen

is set at  AO_ = 0.250, but experience has shown that
P

larger separations can be used for the higher

freguencies without affecting the results.

Each ray is I followedr , using the method described

above, until it runs ashore or reaches the outer

boundary. The results from this stage of the

operation take the form of a list of those rays which

connect the point to the boundary, with for each ray

its frequency, frr, its direction on leaving the point,

On, and its direction at the outer boundary, Oo.

Ilpically this list would contain information about

several thousand rays.

For convenience this list is converted to three

matr ices which are cal led t t ransfer funct ionst,

because they contain all the information necessary to

evaluate the transfer of energy from the outer

boundary to the point. Although it would be

interest ing to evaluate Sp(O, f) ,  the energy

distribution at the point, completely, in most cases

all that is required is an idea of the mean direction

and directional spread of the waves together with the

distribution of energy over frequency which will allow

the derivation of a significant vave height and a

significant wave period.

To obtain the energy for each frequency component, fj,

in S*(O, f) the angular dependence is integrated out.
v

Equation (l) thus gives

tn ( t j )  = . f  tn ( "n ,  t j )Uan  =  F ( f j )  J  so (oo ,  f j )dop  (3 )

The second inLegral is now replaced by a summation

over all those rays followed for this frequency, and

so



t n ( t j )  =  ! , ( f j )  I  so (oo ,  f - )Aop

where AO_ is the angular separation used at thep
inshore point. This surnrnation is now simplified as

fol lows. I t  is asumed that the funct ion So(Oo, f j ) ,

is constant over angular sectors (l - 1)AOo to lAgo,

=  L ,  2 , . . . . . ,  r ,  w i t h  a r e a  A l ( f j )  i n  e a c h  s e c t o r .

Equation (4) becomes:

sn(f i )  = p(fr)  (Aop/Aoo, 
, f i_ '  

Al( f j )  Nl
y  J  J  y  e  

l = l  
x

where NO is the nunber of rays with offshore direction

between (!-1)AOo and LAO..

With the energy thus. evaluated for all frequencies

c o n s i d e r e d ,  i e  t j ,  j  =  l ,  2 , . . . . . n ,  t h e  c o m p l e t e

energy spectrum Sp(f) has been approximated. Then,

the significant wave height is defined as
u

4(JSp(f)df)"  and the zero-crossing period as

( rspi f )  .dr lJsp (r)  .  f2 .d i ly . .

To obtain a mean direction and angular spread for

Sp(O, f) further investigation is necessary. We

define a mean vector V at the point by

V(f j )  = J Sn(on, t j )extr( ion)dop/J tn(an, f j )dop (5)

The mean direction O is then given by

O ( f j )  =  p h ( V ( f j ) ) ,  t h e  p h a s e  o f  V .

and the var iance, or spread, o2 ( fr) ,  bf

( 4 )

oz(r j )=r- lvtrr l



Following the same approximations as before, equation
(5) i -s wri t ten

A
m o

v ( f i )  =  I '  F ( f . : )  J  exp  ( i o - )  do - /
J .0=1 AO J - '  P P

o

m A ^
I  *  u(ro)Jao-
l = t A O .  J  -  P

o

which leads to

v(r i)  = 
I=,.  

Ar(ur + ivo) ' I=, Al r l

Ao
where U! + ivl = tr(fj) j I "r,p 

(igp)

o

where this sr:rrnation is over all the rays with

offshore angle in the range (l - 1) AOo to l,AOo.

The transfer functions are thus

Tl

ul

vl

Ao
=p( f ; )  P  I,AO

o

cos Op

sin Op

( 6 )

where the surnation is over a1l the rays with offshore

bearings in the range (l - l)AOo to lA0o.



We then have

m
s ( f  )= I  AT
p  j  t= t  t t

the mean direction

( 7 )

r m m
o( f  )= ranr ( I  Aovo /  I  A  u )

j l = 1 1 = l l l
( 8 )

and the variance

o2( f j )  =  1  -  t (  I  A t  V t ) '  +  ( I  A1  u t ) "1 /$ ,  A t  T l )2
(e)

As can be seen from equation (6), the functions T, U

and V can be calculated simply, using information

about the ray paths. It is only for substitution into

equat ions (7),  (B) and (9) that i t  is necessary to

calculate the offshore spectrum So at each frequency

f- and angular sector ( l -1)Oo to AOo to give AO.

Ttrus for one set of wave rays, and consequently one

set of transfer functions, wave conditions at the

inshore point can be calculated for a large variety of

functi-ons So(O, f). The only restrictions on the

offshore spectra that can be used are that they vary

sufficiently slowly r*ith Oo that they can be assumed

constant over angular sectors of width AOo and that

the frequencies f- enable an accurate representation

of the energy distribution over frequency. In

practice, of course, the offshore spectra are chosen

first and the quantities AOo and f- are then chosen to

sat isfy these restr ict ions.

Representation of The wave refraction model described above r"qrrir." u"

the effects of input values of depth at grid intersections all over

tidal currents the area of interest. In addition, the wave-current

model reguires current magnitudes and directions to be



specif i -ed over the same gr id.  In pr incipl-e,  currents

from any physical source could be included, provided

they are known in advance. However, many sources of

currents such as vind-generated currents, wave-induced

currents, currents arising from density variatj-ons

etc, are di f f icul t  to determine over wide areas.

Tidal currents, on the other hand, because of their

periodicity, are usually predictable over large areas

even where little tidal recording has taken p1ace. In

many nearshore regions of the world, and particularly

around the British Isles, tidal currents are

considerably more important than currents from other

sources. It was therefore envisaged that tidal

currents would be the main type of current used in

this model.

In select,ing the current field for use in the model it

should also be observed that the mathematical

formulation assumes the currents to be vertically

uniform and not varying with time.

To include the effects of currents in the wave

refraction process requires significant changes to be

made to the basic model, However, the technique of

tracing rays across successive grid cells remains

similar. As for the pure wave model, each grid cell

is subdivi-ded into two triangular elements, and rays

are tracked across these triangles. Field quantities

and their spatial derivati.ves are determined at any

point in a triangle by linear interpolation between

the field values at the three verLices. The main

differences lie in the determination of the curvature

of the ray paths. In the pure-wave model the

interpolated quantity in each triangle is the wave

celeri-ty. With this assumption the ray curvature can

be shown to be constant throughout the whole triangle.

Thus the ray paths are simply circular arcs and can be

determined exactly. In the wave-current model,



however, this is not the case, and the curvature of a

ray path will change from point to point along the

path within a tr iangle.

This difficulty can be overcome with an iteration

process. When a tay enters a triangle, its curvature

is calculated and assumed to be constant in the

triangle. The exit point is determined and the

curvature at that point calculated. I(nowing the

curvatures at the entry and exit point, an estimate

can be made of the error in the ray path. If this

error exceeds a certain level, the ray path is

retraced using the average curvatures aL the entry and

exit points. This should give sufficient accuracy in

most cases, but if necessary the process can be

repeated further. In many instances it is found that

the iteration process is unnecessary, and leads to no

significant improvements in accuracy. Preliminary

testing of the models before site specific runs are

carried out to determine whether iterations on the ray

paths are required.

The same reverse ray tracking technique is used for

wave-current modelling as for the pure-wave case. For

wave-current modelling the conservation of spectral

density can be expressed as

d
dr

s (k  .  k  )
r-#-o

r
(  10 )

where k and k are the comoonents of wavenumber inx y
the co-ordinate directions and u, is the relative

angular freguency. This condition follows from

Liouvi l le 's Theorern in classical  mechanics.

Since offshore spectra are usually given in t'erms of

peri-od (or frequency) and orthogonal angle (a), we



require the spectral density

of these quantities. We can

between the two by equating

in (10) to be a funct lon

obtain the relation

infinitesimal elements .

(  11 )
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s(kx, U") ** dk" = S(ua, cr)  duudo

N o w d k  d k  = k d k d c
x y

and, by differentiation of the Doppler equation,

du-  =  (c_- -  +  U cos(6-c r ) )  dk ,a g r

where 6 is the eurrent direction

Therefore S(kx, ky) = " * ,  
* . U  c o s ( 6 - a )

S (r^l 
a, 

a)

Substi-tuting into ( 10) ,

c  + U cos(6-a)
e8J--------_. k rrl J S(r,la, a) = Constant along a ray

r

(L2)

The determination of the inshore spectrum and related

statistical quantities is identical to the pure-wave

back-tracking nodel. A more detailed description of

the wave-current model is given in Reference 2.
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APPENDIX 3

Pr.ediction of Extreme Wave Conditions

There are several different methods of estirnating

extreme events from limited data. They are based upon

the idea of fitting a standard probability

distribution to the range of data which is available.

The extreme wave heights are then obtained by

substituting the corresponding extreme probability

levels into the fi.tted equation.

For this approach to work properly, the data should be

a representative sample, for example one year of

continuous record, and not be unfairly weighted in

favour of one particular time of the year. In

addition, the probability theory demands that the

recorded events be independent. A suitable method is

to use a large number of regularly measured H" values

and to assume that the lack of independence between

neighbouring values will be overcome by virtue of the

volume of data involved (Ref 1).

The three-parameter Weibull di-stribution (Equation 1)

has previously been found to be the most reliable and

consistent method of fi-tting distributions of wave

data. Ttre parameters of the distribution are

calculated after plotting the various exceedence

levels on Weibul l  scaled graph paper (Equat ion 2),

and drawing the best fit straight line through the

points. As a check, this procedure is reproduced by a

computer program and the results compared.

Extreme Vqlue Distribution

P ( H s )  =  1  - e x p l - { ( H " - a ) / b } c l / r ' \



where

Weibul l  Scales

log  [ -

y = 1 0 9

x = 1 o g

Note that the

in a sequence

formula: -

= ( in  N)16
z

( 1 -P (Hs ) ) ]

=  0 . 9 9 9 9 6 5 8

expected highest

is related to Hs

x and y are plotted

on linear scales

individual wave (Hmax)

by the approximate

Hs
P -

8 ,  b ,

significant wave height

probability less than H"

c are parameters to be found

I o g  ( l - P ( H s ) ) ]  =  c {1og (H" -a)  -  1og b} ( 2 )

{-  Iog

(H"-a)

Waves of a given return period (N years) are

determined graphically from the appropriate

probability. In order to calculate the correct

probability, it is necessary to set the duration or

persistence of the return period event. For example,

if three hours were chosen (as in this study), there

would be a total of 2922 three hour periods per year,

and the probability of the 10 year return period event

wou ld  be : -

P(10 year event) -  I  -  L/  (L0 x 2922)

where N = the nr:mber of waves in the
sequence

Reference 1. Alcock G A. Parameterizing extreme sti1l water

levels and waves in design level studies. Report

183, Inst i tute of Oceanographic Sciences, 1984.




