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SUMMARY

This report  is a review of nethods of predict ion, analysis and nodel l ing of
wave condit ions in deep water and at inshore locat ions. I t  is intended for
coastal  engineers as an out l ine of the methods current ly avai lable for
predict ing l tave condit ions, with emphasis on the most recent techniques.

The report  is in two parts.  part  1 contalns a descr ipt ion of wave
generatLon at sea and techniques for analysing neasured wave data and
predict ing wave condit ions from wind records. Part  2 contains a descr ipt ion
of the shal low-water processes affect ing waves as they travel f rom deep
r^raEer to the coast,  together with a review of the computat ional techniques
for nodel l ing these rrave transformatLons.

The main toplcs covered in part  1 are:

The physlcal  processes involved ln
rrater waves;

transferr ing energy fron the wind to

A descript ion of i r regular sea states and methods of analysis of
recorded wave traces;

The

Eupir ical  nethods and computat ional nodels for calculat ing wave
condit ions corresponding to given wind condit ions;

Methods of stat ist ical  extrapolat ion of wind and wave data to predict
wave condit lons in very severe storms.

nain toplcs covered in part  2 atez

A descrlpt ion of the maln physical  processes affect ing waves in shal low
waEer ;

A descript ion of present cornputat ional model l ing techniques of wave
transformations in coastal  areas, and an assessment of the range of
appltcabl l i ty of  each type of computat ional nodel;

Examples of the use of shal lorwater computat ional models in di f ferent
types of coastal  engineering problen.
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GBNEML INTRODUCTION





GENERAL
IMRODUCTION

Unt i l  qu i te recent . ly ,  coasta l  engineer ing problems
such as the deslgn of  sea wal ls ,  predict ion of  beach
changes,  and st l ta t ion of  navlgat ion channels,  have
usual ly  been t reaEed by exper lence gained at  other
s i t .es and the use of  a few empir ica l  formulae.  In  the
las t  decade  o r  so  i t  has  become poss ib le  t o  adop t  a
more sc ient i f ic  approach to the t . reatmenc of  these
problems.  There are a nurnber of  reasons for  ch is
change of  approach.  Since the Second Wor ld War,
wave-r ider  buoys and seabed-mounted pressure-senslng
hlave recorders have been developed and now provide a
re l iab le means of  recordlng wave data.  The
theo re t l ca l  unde rs tand ing  o f  waves ,  and  i n  pa r t i cu la r
the  s ta t i s t i ca l  ana l ys i s  o f  i r r egu la r  waves ,  has
advanced greaEly over  the past  E$renty years.  perhaps
most  lmport .ant  of  a l l ,  the developmenE of  h lgh-speed
dig ical  compurers has made posslb le rhe analys ls  of
large amounts of wlnd and wave data, and the
computat ional  model l lng of  complex wave processes.

In addl t lon to these technical  developments,  the
str ingent  economic c l inate in  Ehe UK in t ,he la te
nineteen-sevent ies and e lght ies has nade Lhe provls ion
and naint .enance of  sea defences a considerable
f inancia l  burden on water  auEhor l t ies and local
counc l l s .  The  unnecessa ry  cap i t a l  cos t s  o f  an
over-designed st ructure,  or  maintenance costs of  an
under-designed stn lc ture,  can no longer be borne
eas i l y .  I t  i s  t he re fo re  essen t i a l  i n  t he  p resen t
economic c l imate to undertake deta i led and re l iab le
lnves t i ga t l ons  o f  t he  des lgn  o f  coas ta l  p ro tec t i on
works  i n  o rde r  t o  op t im ise  the i r  cos t -e f f ec t l veness .

An  i nd l spens ib le  pa r t  o f  a lmos t  a l l  coas ta l
engineer ing problems is  the predict ion of  wave
condlEions at  the s l te .  Very of ten,  these wave
cond i t i ons  a re  requ i red  as  l npu t  t o  f u r t he r  s tud ies .
Fo r  l ns tance ,  l n  des ign ing  a  sea  wa1 l  t he  p red tc ted
wave condi t ions dur ing a severe s lorm can be
reproduced in a model wave fltune to determine the
amount  of  wave over topping and wal l  danage for  a
var iety  of  seawal l  designs.  Sln l lar ly ,  wave
condi t ions deEermined aE points a long a navLgat ion
channel  prov ide input  to  a subsequent  physical  or
computat . lonal  model  invest igat ion of  the in f i l l  ra te
of  suspended sedlment .

Thls repor t  is  concerned wi th the fundamental  problen
of  predict lng wave eondi t lons at  inshore locat ions.
The method used for  th is  wave predict ion depends on
Ehe type of  coasta l  engineer ing problenn belng



considered.  L is ted below are the main types of
problems commonly encountered by coasEal  englneers.

( i )  Deslgn of  harbour and coasta l  defence
s t ruc tu res  such  as  sea  wa l l s ,  b reakwa te rs ,
dykes and groynes;

( i i )  Real- t ine predict ion of  wave heights and
extreme water  levels  for  coasEal  f lood
warnlng;

( i11)  Longshore and onshore-of fshore movement of
beach  ma te r i a l ,

( iv)  Predict ion of  wave condi t ions at  the ent . rances
to harbours,  and subsequent  wave behaviour
i ns ide  ha rbou rs ;

(v)  l , lanoeuvr ing of  sh ips in  navigat ion channels;

(v i )  In f l l l  o f  navigat ion channels by seabed
na te  r i a l ;

( v i i )  Assessmen t  o f  t he  poss lb le  e f f ec t s  o f  o f f sho re
d redging.

The type of  wave informat ion needed is  d i f ferent  for
d i f f e ren t  p rob lems .  Fo r  t he  des ign  o f  a  coas ta l
defence scheme or  breakwater ,  i t  is  the wave
condi t lons dur ing extremely severe storms that  are of
in terest .  Such st ructures have to be deslgned to
wi thstand,  wi th n in inal  damage,  ext rene stonns whlch
occur  on average only,  say,  once in f i f ty  years.  A
re l iab le predict ion of  wave condi t ions dur ing such

scontrs is  necessary to deteru lne the design st rength

of  the st ructure and the quant i ty  and type of
ar t i f ic ia l  armour ing against  wave at tack.

The prediction of movement of beach material and
sedimenEat ion of  ehannels,  on the other  hand,  requi res
knowledge of less severe storms and the day-to-day
wave climate. The movement of beach materlal and bed
sediment  d isp lays considerable sensi t iv i ty  to  the

durat l -on,  height  and per iod of  the ldaves.  For  Ehese
problens a knowledge of the frequency of occurrence of

the fu l l  range of  wave heights and per lods is

therefore requi red.

Harbour deslgn problems can lnc lude the cholce of

overal l  layout ,  extensions to breakwaters,  s t ructura l

des ign  o f  wa l l s  and  p le rs ,  s i l t a t l on ,  s t reng th  o f

moor ings and fenders,  and mot ion of  moored ships.

Al though harbour engineer ing is  proper ly  considered as

a separate subject  in  l ts  own r ight ,  a  thorough



invescigat ion of  harbour design problems re l ies on
accurate predict ions of  wave condi t ions wi th ln the
harbour,  which ln  turn requi res knowledge of  waves ac
the entrance to the harbour.  As in  the prevlous
examples,  the type of  wave informat ion requi red
depends on the problem. Structura l  design problens
require an analys is  of  waves dur lng severe storms,  an
assessment  of  rdownt imet  would consider  more moderate
wave condi t ions,  and problems involv ing ship noLions
of ten requi re an analys is  of  very long per iod waves.

In many problens,  such as the design of  coasta l
s t ruct .ures and harbours,  wave condi t lons are requl red
at  only  one s i t .e .  In  others -  beach movement,
navlgat lon channels -  wave condi t ions are requi red
along considerable st retches of  coast l ine or  channel
length.  In  these lat t .er  cases,  wave predict ions have
to be made at  regular  spat ia l  inEervals in  Ehe sea
area belng considered.

In  t he  t op i cs  d i scussed  so  fa r ,  t he  ca l cu la t i on  o f
wave condi t ions can be carr ied out  at  any convenient
t lme.  For  example,  the predict ion of  ext reme rdaves
can  be  l nco rpo ra ted  i n to  t he  ea r l y  sEages  o f  des ign  o f
a sea wal l .  S in i lar ly ,  Ehe wave condi t ions which g ive
r lse Eo Ehe inf i l l  o f  a navigat ion channel  can be
calculated ret  rospect ive ly .

In contrast  there is  somet imes a requl rement .  for
f o recasE ing  l n  " rea l - t . ime"  i . e .  t o  p red i c t  t he  wave
condi t ions l ike ly  to occur  in  the fo l lowing few days
(eg,  for  shtp route ing)  or  the fot lowlng few hours ( in
connect ion wi th coasta l  f lood warning) .  Al though
conslderable ef for t  ls  being spent  on real  t ime wave
predict ions for  deep water ,  they are rare ly  carr led
out  at  present  for  coast ,a l  areas,  a l though there ls  an
obvious value tn improving coasta l  f lood warnLng
sys tems .  I t  i s  env l - saged  tha t  w i t h  t he  i ns ta l l a t i on
of  conputer  systems and rapid data t ransmiss l -on l inks,
these predict ions could be carr ied out  rout inely  at
l oca l  wa te r  au tho r i t . y  o f f i ces .

I t  can be seen,  therefore,  that  the type of  wave
condi t ions requi red at  the coast l ine,  and hence the
type of  wave model l tng needed to predict  these
eondi t l -ons,  depends on t .he engineer ing problem. This
report  descr ibes several  d i f ferent .  wave models for
achLev ing  th i s  ob jec t l ve .  I n  o rde r  t o  p red i c t
shal low-water  wave condi t ions,  however,  l t  is  fLrst
necessa ry  t o  cons ide r  ! { ave  ac t l on  l n  deep  waEer ,  i . e .
where the ef fects of  the seabed on wave propagat ion
are smal l  compared wi th those of  the wind.  par t  1
therefore deals rd l th  nethods current ly  used to predict
r raves in  deep water .



As waves approach the shore f ron deep ldat.er, the
decreaslng water  depth becomes more important  and
eventual ly  shal low water  ef fects dominate the
behaviour  of  the rdaves.  These shal low ldater  ef fects
l nc lude  re f rac t i on ,  shoa l l ng ,  d i f f r acE ion ,  bo t tom
fr l ,c t ion,  wave breaking,  and ref lect ions f rom
structures and deep channels.  In  Par t  2 these
processes are descr lbed in sol le  deta i l  and a fu l l
account  is  g iven of  how they are model led
computat i  onal ly .



PART 1

DEEP-WATER WAVE CONDITIONS





INTRODUCTION TO
PART 1

GENERATION OF
WAVES BY WIND

The detern inat lon of  wave condi t ions of fshore in  deep
water  ls  a necessary pre l lmlnary stage to Ehe
subsequenE calculat,ion of shallov-waler ldave
condt t ions aE an inshore s l te .  By "deep-water"  is
meant  rdater  of  suf f ic ient  depth Ehat  the ef fects of
the seabed on wave behaviour are negllglble. I,Iater
whose depth ls  greater  than about  hal f  the wavelength
is  general ly  accepted as deep water .  For  some
purposes th ls  ls  a conservat lve value,  and seabed
ef fects wi l l  somet imes not  become lmportant  unt l l  the
water  is  considerably shal lower.  For  example,  af  a
depth equal  to  a quar ter  of  a wavelength there ls  only
an 8% di f ference in wavelength compared wi th i ts  va lue
ln deep water .

In deep water  Ehe main ef fect  Lnf luencing wave
behaviour  is  the wind b lowtng over  the sea sur face.
In  Sec t i on  2 .1 ,  t he  phys i ca l  p rocesses  l nvo l ved  l n
t ransferr ing energy f rom che wlnd to the water  waves
a re  d i scussed .  A  desc r i p t l on  o f  t he  i r r egu la r  sea
states resul t ing f rom these wave generat ion processes
l s  g i ven  l n  Sec t i on  2 .2 .  The re  f o l l ows  l n  Sec t i on  2 .3
an account  of  the var ious emplr ica l  methods and
conputat lonal  models for  ca lculat ing wave condi t lons
corresponding to g iven wind condi t lons.  F lnal ly ,  in
Sect ion 2.4 Lt  is  shown how wlnd and wave data can be
extrapolated Eo predict  wave condi t lons for  very
seve re  s tonns .

Although there are a number of unusual sources of wave
act ion, such as landsl ides, earthquakes and heavy
ralnfal l ,  the only inportant waves around uK shores
are those generated by wind blowlng over the sea
surface. These waves are not always generated close
to the si te of lnterest;  waves generated up to
thousands of mi les out to sea can travel with very
l l t t le  loss  o f  energy  to  a  coas ta l  loca t ion .

The mechanisn by whlch wind energy ls transferred to
the sea to form surface waves is highly complex and as
yet not conplet,ely understood. l lowever,  three broad
processes  have been ident i f ied .

( i )  The f low of air  over the sea exerts a
tangent l"al  sEress on the water surface
result ing in the transfer of energy to the
water and the formatlon and growth of waves.
This process is dominant in the very early
sEages of wave growth;



( i i )  The  a i r  f l ow  i s  usua l l y  ru rbu len r  w i rh ln  a  f ew
metres of  the sea sur face.  Wind eddies are
formed and Ehese create a rapid ly  vary ing ( in
space and t . ime) pressure and shear s t ress on
the water  sur face.  lJhen these changes ln
p ressu re  and  shea r  s t ress  "ma tch "  ( i . e .  have
the same length and veloc i ty)  any ex is t ing
wa te r  waves ,  t hese  waves  w i l l  be  anp l l f i ed .
This process occurs once r {ater  waves have been
es tab l i shed ;

( i i i )  When waves of  a cer ta in s ize have been created,
Ehe wind can add fur ther  energy to Ehe waves by
" fo rm d rag "  i . e .  by  exe r t i ng  g rea te r  f o r ce
di rect ly  on Ehe rear  (upwind)  s ide of  the crest
than on the f ront  face which ls  shel tered.  The
maximum rdave growfh w111 be obtalned when the
average wind speed matches the speed of  the
wate r rdaves .

The sea state dur lng a stonn ls  a lways shor t -crested
and i r regular .  Thls  Eype of  sea sEate can be
considered as the superposi t lon of  a large number of
regular  s inusoidal  waves wirh d i f ferent  per iods and
t rave l l i ng  i n  d i f f e ren t  d i rec t i ons .  The  second  o f  t he
wave generat ion processes ment loned above inpl ies
that ,  because of  turbulent  eddies in  the wind,  waves
w i th  d i f f e ren t  pe r i ods  and  d i rec t i ons  can  be  c rea ted
even when rhe wlnd has a constant  mean speed and
d i rec t i on .  Usua l l y ,  o f  cou rse ,  Ehe  ave rage  w ind
strength and d i rect ion do both vary wi th t ime,  naking
the process of  r {ave growth even more complex.

Waves created in  th is  way at  or  c lose to the s i te  of
in terest  form an Lmportant  par t  of  the deep-r^rater  wave
f ie ld.  These waves are general ly  referred to as "wlnd
waves "  o r  " s to rm waves " .  The i r  pe r i ods  a re  usua l l y
wi th in the range 2s to 16s.

I lowever,  as ment ioned ear l ler ,  when an inshore s i te
faces Ehe open ocean,  waves generated in  s torms at  a
greaE dis tance can t ravel  wi th very l l t t le  loss of
energy to the coast .  These types of  waves,  referred
to  as  " swe l l  waves " ,  can  a l so  f o rm  a  s ign l f l can t  pa rE
of  the deep-water  wave f ie ld.

Swel l  waves typ ical ly  have qui te a d l f ferent  character
to s torm waves due to the long d ls tances that  they
have t ravel led.  These types of  waves can easi ly  be
recognised by thel r  long crests and near ly  regular
per lod.  t r {aves resul t ing f rom a storm wt l l  t ravel  away
f rom t,he generaLion area in much the same way Ehac
waves radiate f rom a point  where a stone has been
thrown into a pond.  At  a large d is tance f rom the



genera t i on  a rea ,  t he re fo re ,  t he  waves  w i l l  appea r  t o
be  a lmos t  un i -d i rec t i ona l  and  l ong -c res ted .  These
\daves  w i l l ,  mo reove r ,  usua l l y  have  on l y  a  na r row  range
o f  pe r i ods .  The  reason  fo r  t h i s  i s  t ha t  waves  o f
d i f f e ren t  pe r i od  t r ave l  a t  d i f f e ren t  speeds  as  t hey
propagate away f rom the generat ion area.  The longer
per iod \ , raves t ravel  more rapid ly  than the shor ter
pe r i od  ones .  The re fo re ,  a l t hough  o r i g i na l l y  a l l  wave
componen ts  o f  d i f f e ren t  pe r i ods  ex i s t  t oge the r  i n  t he
gene ra t i on  a rea ,  i n  t ime  they  sepa ra te  f r om one
another  wi th the longest  per iod components reaching a
d i s tan t  s i t e  f i r s t ,  f o l l owed  by  t he  sho r te r  pe r i od
componen ts  up  to  seve ra l  days  l aLe r .  The  pe r i ods  o f
swel l  \ {aves actual ly  tend to be somewhat  longerr  say
12s  to  25s ,  t han  those  i n  l oca l l y  gene ra ted  s to rms .
The re  a re  two  reasons  fo r  t h i s .  F i r s t l y ,  t he re  i s  a
cer ta in amount  of  in teract ion bet .ween wave components
as Ehey begin to t ravel  outwards f rom the generat ion
a rea .  Th i s  has  the  e f f ec t  o f  t r ans fe r r i ng  ene rgy  f rom
the shor ter  per iod components to the longer per iod
ones .  Second l y ,  t he  sho r te r  pe r i od  componen ts  t end  to
lose  the i r  ene rgy  t h rough  v i scous  e f f ec t s  more  read i l y
than  the  l onge r  pe r i od  rdaves .  Th i s  ene rgy  l oss  t o
short  per iod \ {aves can be qui te s igni f icant  when these
waves  have  t rave l l ed  l a rge  d i s tances .

A  good  i l l us t ra t i on  o f  t he  cha rac te r i s t i cs  o f  swe l l
waves  i s  p rov ided  by  t he  pape r  o f  Ba rbe r  and  Urse l l
(Re f  1 ) .  These  au tho rs  ca r r i ed  ou t  some  p ionee r
research in to the propagat ion of  swel l  rdaves which
they recorded on the nor th coast  of  Cornwal l  a t
Pendeen and Perranporth.  By observ ing the reduct ion
in the per iod of  swel l  waves arr iv ing at  the coast
over  several  days they were able to deduce the
d i s tance  tha t  t he  waves  t rave l l ed .  I n  t h i s  v ray  t hey
ident i f ied wave t ra ins which had been generated f rom
as  fa r  a rday  as  t he  Sou th  A t l an t i c ,  a  d i s tance  o f  abou t
6 0 0 0  m i l e s .

Th i s  was  p robab l y  an  un typ i ca l  occu r rence ,  and
ce r ta in l y  swe l l  f r om th i s  d i s tance  does  no t  con t r i bu te
s ign i f i can t l y  t o  wave  cond i t i ons  on  the  A t l an t i c  coas t
of  the UK. The rnajor  importance of  th is  observat ion
was rather  to demonstrate how far  long per iod swel l
h raves  can  p ropaga te  be fo re  be ing  des t royed  by  v i scous
e f fec t s .  Swe l l  f r om the  m id  and  no r th  A t l an t i c  f o rm  a
far  more s igni f icant  par t  of  the wave c l imate on the
wes te rn  coas ts  o f  t he  UK ,  and  Ba rbe r  and  Urse l l
i den t i f  i ed  t hese  t ypes  o f  swe l l  \ . r aves  too .  Recen t
observat ions of  t raves of f  the Outer  l lebr ides carr ied
ou t  by  t he  Ins t i t u te  o f  Oceanog raph i ca l  Sc iences  a t
Taunton indicate that  in  th is  area over  60% of  the
\dave  ene rgy  can  be  a t t r i bu ted  to  swe l l  (Re f  2 ) .



DESCRIPTION OF
AN IRREGULAR
SBA STATE

4.L Wave count lng
analysis

t ' losE ear ly  computat lonal  nodels of  wave behaviour  only

consldered waves wi th a regular  s lnusoldal  shape and a

s lng le  pe r l od  t rave l l l ng  l n  a  s i ng le  d i rec t l on  (F ig

1 ) .  Un t i l  t he  n lne teen -seven t i es  t hese  rde re  a l so  t he

only types of  waves chat  were designed to be generated

by wavemakers in  physical  models.  Al though these

types of  waves can somet imes be a fa i r ly  good

represenlat ion of  swel l  r taves,  l t  was lndlcated in  the

previous sect lon chaE storm ! f ,aves form a qul te

i r r egu la r  su r face  Pa t te rn .

Most  modern physlcal  and computat ional  wave models

make use of  a descr ipt lon of  such an l r regular  sea

state.  Before consider lng how these models work,  i t

wi l t  be necessary to show how an i r regular  sea staEe

can be measured and deecr ibed.  F lgure 2 shows a

typical  wave t race that  a wave neasur ing device would

record.  Usual ly  such t races are not  obta ined

cont , inuously throughout  the per lod of  deployment  s ince

th is  would prov ide quant i t les of  data too large to be

readi ly  analysed.  Instead,  wave records are obta ined

a t  se t  i n te rva l s  f o r  a  spec i f i ed  reco rd ing  pe r i od '

Typlcal  va lues are f ,hree hours for  the in terval

between recording per iods '  and twenty mlnutes for  the

length of  a recording Per iod.

Two main teehniques have been developed for  analys lng

such wave t races '  The technique of  spectra l  analys is

is the more comprehensive of the two but requires

conslderable computat ional  ef forc.  However,  rd i th  the

rapid developnent  of  modern computers,  th is  analys ls

can no\r t  be carr ied out  quick ly  and rout inely  (Ref  3) '

The spectra l  analys is  method ls  nowadays the preferred

and more commonly used technique.  I lowever,  i t  is

lmportant  a lso to acqulre an understanding of  the

a l t e rna t l ve  t echn ique ,  i . e .  wave  coun t i ng  ana l ys l s '

A l though th is  nethod is  being superseded by spectra l

analys is ,  l t  prov ides a good inuroduct ion and some

" fee l "  f o r  t he  s ta t l s t l ca l  concep ts  used  l n  bo th

methods.  Wave count lng analys is  is  s t i l l  o f  use where

a computer  ls  not  avai lable and quick resul ts  are

needed .

To begln wi th,  i t  is  necessary to def ine what  ls  meant

by wave crests and t roughs'  wave hetghE and wave

pe r l od  fo r  t r aces  o f  l r r egu la r  sea  s ta tes  ( see  F ig  2 )  '

A wave crest ts any maximum which occurs in the wave

trace,  and a t rough 1s any mln lmum' The wave per iod

can be def ined in several  ways,  for  example as the



t lme lnterval  bet ,ween two r r rave crests.  A more
commonly used def ln l t ion is  the t ine inEerval  between
successive crossings of  the mean water  level  by the
wa te r  su r face  i n  a  downward  d i rec t i on  (F lg  2 ) .  These
c ross lngs  a re  known  as  " ze ro  down-c ross ings " .
Somet imes a def ln l t ion of  wave per iod lnvolv lng "zero
up -c ross ings "  l s  used l  t h l s  de f l n i t i on  w i l l  r esu l t  i n
a very s lu i lar  analys ls .  The zero-crossing wave
he igh t  l s  de f l ned  as  t he  d i f f e rence  i n  wa te r  su r face
elevat ion between Ehe h ighest  crest  and lowest  t rough
tha t  occu r  be tween  success l ve  ze to  down-c ross ings .
Fo r  reasons  d i scussed  l a te r  l n  t h i s  sec t i on  t h i s  i s
the most  commonly used def in i t lon of  wave height .  I t
can be seen f ron Figure 2 that  the wave height  and
per iod wi l l  change f rom wave to wave (unl ike the
regular  s inusoldal  wave,  where Ehe nave height  and
per lod are constant  wi th t iue) .  The a in of  rhe wave
count lng analys ls  ls  to  detern ine a number of  average
s ta t t s t i ca l  quan t t t i es  ( sueh  as  wave  he igh t  and
pe r l od )  f o r  a  pa r t i cu la r  reco rdLng  pe r i od .  Fo r  t he
analys ls  to be val id ,  the wave t race must  be
suf f lc lent ly  long;  a f i f teen mlnute to hal f -hour  wave
record,  which ls  usual ly  several  hundred t imes a
typical  wave per iod,  ls  an adequate length.  These
average stat , ls t ica l  quant l t , ies are assumed to be
representat ive of  the sea state dur ing a length of
t ime equal  to  the in terval  between successlve
recording per lods.

The procedure involves count ing the tota l  nuuber of
zero down-crossings and wave crests in  the t race.  For
each zero down-crossing in terval  the wave height  and
wave per lod are recorded.  From these daca,  a nunber
of  s tat ls t ica l  quant i t les can be calculated.  Arnong
the most  important  are:

Symbol

E

Hr"*

H*"

Name Def in i t i on

Mean wave helght

l'laximum wave
height

RMS wave helght

Signi f icant  l rave
helght

The mean of  a l l  the
measured wave helghts

The largest rdave
height  on the record

The root-mean-square
of  a l l  the measured
wave heights

The mean hetght of
the largest  one- th i rd
of  a l l  measured wave
heights

H "  o r  H 1 7 3
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Synbol Name

H t / n

De f i n i t i on

The mean height  of
t h e  l a r g e s t  l / n  o f
a l l  measu red  wave
he igh ts  (n  =  10  and
100 are corunon
va lues  )

T z Zero -c ross ing  The  mean  ze ro  down-
Per iod c r o s s i n g  ( o r  u p -

c r o s s i n g )  p e r i o d

Tc  Wave  Cres t  Pe r i od  The  mean  pe r i od
between adjacent  wave
c r e s  t s

RMS Surface The root-mean-square
E l e v a t i o n  o f  a l l  r e c o r d e d

s u r f a c e  e l e v a t i o n s

Spec t ra l  w id th  A  measu re  o f  t he
range of \rave
f requenc ies  p resen t

e  i s  re la ted  to  t he  pa raoe te rs  T "  and  I "  by

e2=  r  -  (Tc lT )2  (1 )

The s igni f icant  wave height  has been found to be very
s im i l a r  t o  t he  es t ima ted  v i sua l  he igh t  t ha t  an
expe r i enced  obse rve r  o f  an  i r r egu la r  sea  s ta te  wou ld
r e p o r t .

A number of  approximat ions and assumpt ions can be made
in the count ing analys is  to make i t  amenable to
re la t i ve l y  qu i ck  ana l ys i s  by  hand .  D rape r  (ne f  4 )  and
Tucke r  (Re f  5 )  desc r i be  some me thods  fo r  ach iev ing
th is .  Some of  these approximat ions stem f rom the
discovery that  wave heights on nany wave t races
co r respond  to  a  Ray le igh  d i s t r i bu t i on :

P(n) dH = 5 "*p 7- nz tlf;^" ] an Q)
H 2

rms

in  wh i ch  P (H)  i s  t he  p robab i l i t y  t ha t  t he  wave  he igh t
exceeds  a  va lue  H .  The  Ray le igh  d i s t r i bu t i on  can  be
used  to  re la te  some  o f  t he  ave rage  s ta t i s t i ca l
quan t i t i es  t o  each  o the r  t he reby  s inp l i f y i ng  t he
coun t i ng  ana l ys i s .  The  mos t  impor tan t  re la t i ons  a re

H r r "  = 2 . 7  \  ( 3 )

1 1



=  1 . 4 1  H =  3 .8

=  1 . 8 0  H

( 4 )

(s)

( 6 )

" f / f O  
=  L . 2 7  H ,

t f / f O O  =  1 . 6 7  H "

,r"* = [1rn N)rt +

ntrs

=  2 . 3 6  H
nns

_ t
0 . 2 8 9  ( l n  N )  2

- ? ,  1 ,  "N )  
' ' - l H

' ' r m s
-  0 . 2 4 7  ( l n ( 7 )

where N is the number of zero crossings on the wave
t .  race.

I f  conputer  models,  rather  than hand analys is ,  are
employed there is  l i t t le  to  be saved by us ing these
approximate re lat ionships.  However,  the Rayle igh
dist r lbut . ion has another  important .  use in
extrapolat ing wave helghts on oeasured t races to
extreme wave height  va lues.  The Rayle igh d is t r ibut ion
wi l l  g ive che probabi l i t ies of  occurrence of  very
large wave heights.

The Rayle igh d is t r ibut ion of  wave helghts can be
der ived theoret lca l ly  assunlng that  the spread of  wave
per iods ls  snal l .  An equivalent  way of  regardlng th is
assumpEion is  chat  Ehere should be no cresEs below che
mean water  level  in  a wave t race,  and no t roughs above
i t .  I f  t h i s  i s  t he  case ,  T "  w i l l  be  equa l  t o  T ,  and
the  spec t ra l  w id th  pa ra rne te i  e  w i l l  be  ze to  (Eq - l ) .
In  real  wave Eraces,  of  course,  there wi l l  general ly
be some crests below mean water  level  and some t roughs
above,  g iv ing an e between zero and one.  A more
general  d is t r ibut ion chan the Rayle igh has been
de r i ved  fo r  a rb l t r a r y  a .  Howeve r  t h i s  d i s t r i bu t i on
wi l l  g lve in format ion only on Ehe sur face e levatLon
and not .  on the wave heights.

The def in l t lon of  a wave height  f rom a t race as the
zero crossing height  is  an at texupt  to  def ine the wave
height  ln  such a way that  Rayle lgh stat is t ics wi l l
app l y  f o r  mosc  rea l  sea  s ta tes .  I n  e f f ec t ,  t h l s
def ln i t ion at tempts to ignore crests below and t roughs
above mean rdater  level .  Using the zero crossing
def ln i t ion of  wave height ,  Ehe theoret ica l
re la t i onsh ips  de r i ved  f rom the  Ray le igh  d i s t r i bu t l on
(such as l / t t r r "  and H"/Hrr" )  agree wel l  wi th rhe
values determl-ned d i rect ly  f  ron Ehe t race.

L2



4 .2 Wave spectra
and spect ral
analysis

Although most \rave traces have been found to obey a

Rayle igh d is t r ibut ion of  wave heights in  deep water '

the same is  not  t rue f  or  shal low r ,Jater .  The reason is

tha t  sha l l ow  waLer  e f f ec t s  w i l l  a l t e r  t he  d i s t r i bu t i on

of  wave height .  For  instance,  waves h igher  than a

cer ta in l i rn l t  wi l l  s tar t  to  break,  thereby t runcat ing

rhe Rayle igh d is t r ibut lon at  the h igh wave height

end .

Although the average htave heights and periods provided

by count ing analys is  are somet imes suf f ic ient  for

st ructura l  deslgn problems,  in  some s i tuat ions these

average quant i t ies can be h ighly  rn is leading.  An

example of  th is  is  prov ided by Flgure 3 which wi l l  be

d l scussed  i n  t he  f o l l ow ing  sub -secE ton .  I n  o the r

applLcat ions,  such as the response of  sh ips to wave

acEiv i ty  or  the movement of  beach and seabed mater ia l '
I t  is  essent ia l  to  know the d is t r ibut ion of  wave

energy wi th wave f requency.  In  these appl lcat ions the

spectra l  analys is  technique is  needed.

Unl ike wave counEing analys is ,  the spectra l  analys is

technl ,que determines the d is t r ibutLon of  wave energy

wi th wave f requency ( inverse of  per iod)  as wel l  as

va r i ous  ave rage  s ta t i s t i ca l  quan t i t i es .  Spec t ra l

analys is  uses the nathemat. ica l  technique of  Four ier

t ransformatLons for  eonvert ing a urave t race of

suf f ic ient  length (a measure of  wave energy against

tirne) into a "wave spectrum" (a neasure of wave energy

against  wave f requency) .  A graph of  wave energy

against  f requency ls  known as the " f requency

spectrum",  and the funct ion descr lb ing the var iat ion

of wave energy \{lth frequency ls known as Lhe
" f requency  spec t ra l  f unc t i on "  and  i s  deno ted  by  S ( f ) .

I t  is  convent l -ona1 to express Lhe spectra l  funct ion in

terms of  f requency rather  than per iod.  F igures 3 and

4 show examples of  f requency spectra-

The pr lnc lpal  assumpt ion under ly ing the technique of

Four i .er  analys is  is  that  any i r regular  sea state can

be regarded as a superposi t lon of  a (usual ly  large)

number of  regular  s inusoidal  waves each wi th d i f ferent

f requeneies.  The wave height ,  I { ,  associated wi th a

s ingle f requency,  f ,  can be calculated f rom Ehe

frequency spectrum by the in tegra l

^  f+6 f / 2
H"=4  J  s ( f ) d f

t- 6t /2

l 3

( 8 )



- tr '  =g  Pg

where  6 f  i s  a  sma l l  i nc remen t  i n  f r equency .

The  wave  ene rgy  assoc ia ted  w i th  t he  same f requency  i s
determined f rom

H2 (e)

where  p  i s  the  dens i ty  o f  water  and g  is  the
grav i ta t iona l  acce le ra t ion .  E  represents  Ehe to ta l
energy  dens i t .y  ( i .e .  energy  per  un i t  a rea  o f  sea
sur face)  fo r  a l l  wave f requenc ies  in  the  nar row range
t  -  6 f  12  to  f .  +  6 t12 .  Th is  i s  shown p ic ror ia l l y  by
the  nar row s t r ip  in  F igure  4 .

I f  the  inc rement  6 f  i s  su f f i c ien t ly  smal1 ,  the  to ta l
energy  in  the  range f  -  t r12  to  t  +  6 f /2  can be
represented  to  a  good degree o f  accuracy  by  regard ing
th is  energy  as  concent ra ted  in  a  s ing le  regu la r
s inuso ida l  wave w i th  f requency  f .  Th is  p rocess  o f
d isc re t i sa t ion  can be  car r ied  ou t  fo r  t ,he  remainder  o f
the  spec t ra l  func t ion ,  and the  fu l l  spec t ra l  func t ion
can be  cons idered as  a  superpos i t ion  o f  a l l  these
d iscre t ised  components .

The computa t ions  invo lved in  spec t ra l  ana lys is  a re
su f f i c ien t ly  cornp lex  to  requ i re  a  computer .  A
d iscre t ised  fo rm o f  the  wave t race  is  supp l ied  to  the
computer  p rogram,  and a  f requency  spec t rum,  aga in  in
d i s c r e t i s e d  f o r m ,  i s  c a l c u l a t e d .  V e r y  e f f i c i e n t
comput .e r  p rograms are  ava i lab le  fo r  th is  (ne f  3 )  ana
nowadays  th is  p rocess  is  car r ied  ou t  rou t ine ly .

S ta t i s t i ca l  ana lys is  shows tha t  the  average quant i t ies
s u c h  a s  s i g n i f i c a n t  w a v e  h e i g h t ,  z e r o  c r o s s i n g  p e r i o d ,
e tc ,  a re  re la ted  to  the  r rspec t ra l  moments t t l  m '  r
de f ined by

ro  =  J  r "  s t f )  d f
. o

The  app rox ima te  re la t i ons  o f
quan t i t i es  a re  g i ven  be low

( 10 )

the pr inc ipal  average

-  4 .0  6o

" r / ro  
=  5 '1  f ro

(  1 1 )

( 1 2 )

( 1 3 ), ,  =  l (n ' lnr )
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T. = /(nr/nO)

Z= /^o

( 1 4 )

( 1 5 )

^ ,
e 2  = l - ^ ; / ( r n ' m 4 )  ( 1 6 )

The spectra l  moments are usual ly  ca lculated
computat ional ly  dur ing the Four ler  analys is
procedure.  Equat lons 11 and L2 are aPproximate
re lat ions in  which a Rayle igh d ls t r ibut ion of  wave
helghts has been assumed.

Often,  when only a spectra l  analys is  of  wave t races 1s

carr led out ,  the s igni f icant  wave helght  ls  def ined as

4/ng.  In  praet ice,  th is  def in icLon produces a rdave

height  s l lght ly  ln  excess of  the s igni f icant  wave

heights der lved f rom a counElng analys is .  Care needs

to  be  taken ,  Ehe re fo re ,  i n  spec i f y i ng  how a

signi f icant  wave heighE has been def ined.  The same

caut ion is  needed for  the ofher  parameters mencloned
here.  For  example,  (no/rn 

2)z ts  only  an approxlmat ion

Eo Ehe average zero crossing per iod obta ined f rorn a

count ing analys ls ,  so care is  needed in def in ing Tz

The  peak  pe r i od ,  To ,  (1 .e .  t , he  pe r i od  a t  wh i ch  the

largest  wave energy occurs)  however,  can only be

de r i ved  sa t l s fac to r i l y  by  spec t ra l  ana l ys i s .  S ince  1 t

1s convencional  to  use the same synbol  for  s lgni f icanc
wave height  and zero-crossing per lod (H" and Tr)  in

both count ing analys is  and spectra l  analys ls ,  l t  ls

espec ia l l y  impor tan t  t o  s ta te  wh l ch  de f i n i t i on  i s

u s e d .

Figure 3 shows an example where knowledge of the full

f requency spectrun rather  t ,han average staEist lca l
quant i t ies ls  requi red.  The f igure shows two

frequency spectra taken f rom wave recordings in  Perran

Bay,  North Cornwal l ,  both having near ly  ident ica l

values of  H" and Tr .  The broken l ine spectrum is  for

a swel l  sea wi th only  a smal l  s torm sea component .
Thls spectrum shows a s ingle peak wi th a regular  deeay

of  wave energy at  f requencies to e i ther  s ide.  The

storm sea contr lbut ion ls  shown by the s l ight

i r r egu la r i t i es  i n  t he  cu rve  a t  h i gh  f requenc les .  Fo r

th ls  spectrum the I { "  and T"  values are a good measure

of  the average wave height  and per iod.  For  such

spectra the T,  va lue occurs at  a h igher  f requency

( l ower  pe r i od )  t han  the  peak  pe r l od  To .  The  fu l l - l i ne

curve shows a qui te d i f ferent  spectru in,  consisc ing of

a stontr  sea and swel l  wi th roughly equal  energies.

For  th is  specErum there are two peaks.  These

correspond co the f requencies wi th maximum energy in

r5



4.3  Conb ined
frequency and
di rect ional
spect ra

the stonu waves and swel l  waves respect ive ly ,  wi th the
stor t  wave peak occur ing at  the h igher  of  the two peak
frequencies.  Whereas the H" value is  s t i l l  a  good
representat lon of  an average wave height ,  i t  ean be
seen that  the T,  va lue g ives no indicat ion of  the
frequencies at  which the peak energies occur .  Indeed
fo r  doub le -peaked  spec t ra  i t  i s  u i s l ead lng  to  cons ide r
any type of  average f requency,  and a fu l l  f requency
spectrum should a lways be determined and used in
subsequen t  ca leu la t i ons .

Unl ike recorded wave t races,  the spect , ra l  funct lon
does  no t ,  i n  f ac t ,  comp le te l y  de f i ne  t he  sea  su r face
at  a l l  po ints in  space and t lme.  Some lnfornat ion is
d i sca rded  a f t e r  t he  Fou r l e r  ana l ys i s .  The  spec t ra l
funct lon only def ines the energy associated wi th each
slnusoidal  wave component .  A cornplet ,e speel f icat ion
requlres,  in  addi t ion,  knowledge of  what  s tage of  the
wave  p ro f i l e  (1 .e .  a  c resE  o r  a  t r ough  o r  some  po in t
ln  between) of  each component  is  present  at  every
pos i t i on  and  t . i ne .  Th l s  s tage  o f  t he  wave  p ro f i l e  i s
known as the "phase",  and informat ion about  the phases
of  che wave componenEs does not  appear in  the spectra l
funct ion.  The analys is  of  an l r regular  sea state
based on specEral  funct ions therefore inc ludes a
degree of  uncer ta inty  or  randomness.  Indeed,  an
Lrregular  sea is  somet imes cal led a " random sea" and
models (physical  and mathenar ica l )  of  th ls  rype of  sea
s ta te  a re  ca l l ed  " random wave  mode ls " .  Th i s
randomness means that  the representat ive wave heights
and  pe r i od  fo r  a  spec t rum a re  essen t , i a l l y  s ta t i s t i ca l
quan t i t i es ,  i n  o the r  wo rds ,  t hey  a re  some  k lnd  o f
average value over a tine interval spannLng many wave
pe r i ods  o r ,  equ i va len t l y ,  ove r  a  l a rge  su r face  a rea .

Both the wave-count ing and spectra l  analys ls
technf-ques make use of  recorded wave t races of  sur face
elevaEion against  t ime.  No informat ion on the
dlst r lbut ion of  wave energy wi th dLrect ion is  presenc
in  such  da ta .  The  de te rm ina t l on  o f  d i r ec t i ona l
propert . ies of  a random sea presents a more d i f f icu l t
problem. Many types of  wave recorders have been
developed recent ly  to record wave d i rect ions as wel l
as the sur face e levat ion,  but  these inst ruments have
ye t  t o  be  fu l l y  t es ted  and  the l r  accu rac ies  assessed .

The representat ion of  a spectrum in f requency and
d i rec t . i on  i s  a  s i np le  ex tens ion  o f  t he  rep resen ta t i on
of  the f requency spectrum alone.  I t  is  assumed that
the sea st .ate can be regarded as a superposi t lon of  a
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large number of  regular  s inusoidal  waves each wi th

d l f f e ren t  f r equenc ies  and  d i rec t . i ons .  The  ene rgy

assoc ia ted  w i th  each  f requency  and  d i rec t l ona l

component  is  denoEed by a two-dlmensional  spectra l

f unc t i on  S ( f , 0 )  whe re  Q  rep resen ts  wave  d i rec t i on .
The wave heighE of  each indiv idual  f requency and

direct lonal  component  is  then calculated f rom the

integ ra l

t t 2 = 4
t+6f./2 or60/2

I  I  s( r ,o)  do dr
t- 6t /2 t 60/2

( 1 7 )

WAVE GBNENATION
MODELS

and che energy densi ty  E is  g iven by Equat ion 9.  E

represents the tota l  energy densi ty  for  components
wi th f requency ln  the narrow range f  -  6 f . /2  to

f  + 6t . /2  and dtrect lon ln  the range 0-  60/2 to

0 + 60/2.  F igure 5 shows a typ ical  two-dimensional

spectrum, and the narrow ver t tca l  box in  the f igure

indicaEes one componenE.

In prLncip le,  the best  means of  determin lng wave

condi t ions in  deep water  would be to deploy one or

more r ,eave recorders in  sui table deep ldater  locat ions

c lose  to  t he  i nsho re  a rea  o f  i n te resE .  Wave  da ta  f r om

the recorder(s)  could then be Four ier-analysed at

var lous t ime inEervals,  and the resul t ing specEral

funct ions would g ive a representat ion of  the

deep-water  condi t ions.  However,  there are a number of

d isadvantages,  and such a method ls  not  commonly used.

The f i rs t  drawback is  that  wave recorders would need
to  be  dep loyed  fo r  a t  l eas t  a  yea r  t o  de te rn ine

seasona l  f l uc tuaE ions .  I f  su f f i c i en t  daEa  i s  requ i red

for  severe storm analys is ,  even longer deployment ,  say

ten  yea rs ,  wou ld  be  needed .  I n  a lmos t  a l l  i ns tances

i t  l s  l nposs ib le  Eo  wa l t  f o r  t h l s  l eng th  o f  t ime .  I n

some cases,  wave recorders may have been deployed in

the past  at  nearby locat ions for  other  purposes and

thei r  data could be used again for  che current

englneer ing problem. Somet imes use can be made of
"da ta  banks " ,  co l l ec t l ons  o f  wave  da ta  spec i f i ca l l y

assembled for  reuse in subsequent  s tudLes.  Two such

data banks for  UK coasta l  regions and other  areas have

been compt led by the Mar lne Inforrnat lon and Advlsory

Serv ice (MIAS) of  the Inst i tu te of  Oceanographic

Sciences (Ref  6)  and the UK l ' le teoro logleal  of f ice (Ref

7 ) .  Desp iEe  these  poss ib i l i t i es ,  wave  reco rde rs  a re

unl ike ly  to have been deployed for  more than one or

t rdo years at  any s i te  and very of ten much less than

th i s .  A  f u r the r  d i sadvan tage  l s  t ha t  mos t  reco rde rs

do not  g lve in formaEion on the d i rect ional  spectrum'
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The most  recenE recorders are designed co record
di rect ional  in fornat ion,  but  these are expensive to
deploy,  and have not  yet  been thoroughly Eested.

For  nany deep-water  wave predict ions,  Eherefore,
recorded wave data are not  used d i rect ly ,  and a nethod
of  h indcast ing rdave condi t ions f rom records of  wind
data is  used.  t r I ind records provide a far  more
comprehensive data base than nave records and a lso
conf ,a ln d i rect lonal  in formaEion.  Rel lable wind
records going back many years are kept  for  a large
number of  weather  s tat ions around uhe UK coast .  Very
of ten,  wind speeds have to be nul t ip l ied by a "mark-up
factor"  to  account  for  wlnds general ly  being st ronger
at ,  sea than at  coasta l  weather  sEat lons.  The I IK
Meteorologieal  Of f ice has drawn up l is ts  of  these
mark-up faccors for  s i tes a l l  around the UK coasc.
Enpir ica l ly  der ived graphs or ,  bet ter ,  computat ional
models of  wave generat ion by wind are then used to
detern ine wave condi .c ions corresponding to a g iven set
of  wind condi t ions.  Recorded wave data does p lay an
inpor tant  ro le in  t ,h ls  process s ince i t  can be used to
cal ibrate the wave generat ion models.  For  th is
purpose qut te shor t  wave records are adequate;  data
last ing only a few months is  ofcen suf f ic ient .

The ear l iest  types of  wave predict ion nethods used a
combinat ion of  s i rnple fornulae and empir ica l ly
determined factors to g lve the wave hetght  and per iod
fo r  a  va r i e t y  o f  s teady  w ind  cond i t i ons .  Usua l l y
these methods are presented as graphs f rom whLch the
wave height and perlod can be read off for a range of
storm condi t ions.  Anong these met .hods can be
menEl ,oned:

( i )  The SMB (Sverdrup-Munk-Bretschneider)  nethod
(Re f  8 ) .  Th i s  ne thod  uses  emp i r i ca l
expressions der ived f rom a comprehensive ser les
of  observat ions at ,  locat ions in  the North
Pac i f i c ,  No r th  A t l an t i c  and  Grea t  Lakes .

( i i )  The  Darbysh i re -Drape r  me thod  (Re f  9 ) .  Th ts
meEhod is  based on observat ions around the UK
coas t ,  and  i s  on l y  va l i d  f o r  t hese  a reas .

( i l i )  The  JONSWAP ue thod  (Re fs  10 ,  11 ) .  Th i s  ne thod
uses a semi-empir ica l  fornula der ived f rom
speci f lca l ly  designed exper i rnenta l  observat lons
in the southern North Sea dur ing the Joint
North Sea Wave Project  (hence the aeronyu
JONSWAP). The JONSWAP method has the advantage
over the previous two ln that  l t  wi l l  determlne
the spectra l  funct ion in  f requency ( though noc
di rect ion) .  However,  l - f  wave predict ion graphs
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5. r JONSEY model  and
IIINDWAVE model

a re  used ,  t h i s  spec t ra l  i n fo rna t i on  w111  be
lost .  Typical  wave forecast ing curves us lng
the JONSWAP nethod are shown in F igure 6 ( for

wave  he igh ts )  and  F igu re  7  (wave  pe r l ods ) .

( i v )  The  P le rson { ' l oskow l t z  me thod  (Re f  12 ) .
meEhod uses a s inpler  vers ion of  the
semi-empirical JONSWAP f orrnula. It 1s
appl icable to equl l ibr ium sea stat ,es in  which

Ehe energy t ransfer  to  the waves is  balanced by

va r i ous  d i ss ipa t i on  p rocesses .  Such  sea  sEa tes

can  occu r  a t  s i t es  exposed  to  t he  oPen  ocean .
As wi th the JONSWAP method,  a spectra l  funct ion
in  f r equency ,  buE  no t  d i rec t l on ,  can  be
ob ta lned .

In  many  deep -wa te r  app l i ca t i ons ,  such  as  f o r
de te rm in ing  sh ip  mo t i ons  o r  t he  resPonse  o f  o f f sho re
placforms,  the fu l l  speeLrum is  requl red in  modern
design rneEhods,  and not  s lmply an average wave height
and  pe r i od .  Fu rEhe rmore ,  f o r  p red i c t l ng  i nsho re  wave
cond i t i ons ,  a  d i rec t i ona l  spec t rum i s  i dea l l y  needed
as input  to  the more recent ly  developed shal low-wat .er
wave t ransfornat lon uodels.  The graphical  nethods of
wave predict ion are therefore now being superseded by
computat . ional  models based on semi-empir ica l  formulae,

sueh as the JONSI,IAP formula, ln which wave spectra are
deterrn ined.  There are several  d i f ferent  types of  such

roodels,  which dt f fer  in  the way the wave generat ion
proeess is  nodel led and in the numer ical  technlques
adop ted .

The JONSWAP formula,  wr i t ten below, ls  a

semi-emptr lca l  formula re lat ing the f requency
componenEs of  the spectra l  funct ion to a var iety  of

w lnd  pa rame te rs .

Thi s

( 1 8  )

F(f) = -4 exp t-
( 2  n ) u  f )

( f / f n  -  D 2
-- 

2-3--

5 ,.ft
4k-

\ h  .

) ' +

lny exp [- l l

In  th is  equat lon

a

fB

\

Ph i l l i ps r  cons tan t
f requency at  the peak of  the spectrum

a peak enhancement factor
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6 = a peak hr idEh parameEer
g  =  acce le ra t i on  due  to  g rav l t y

A typ ical  graph of  F against  f  ls  shown in F igure 4.
Note t .he h igh,  narrow peak,  the rapid fa l l -away at  lord
f requenc ies  ( l ong  pe r l ods ) ,  and  the  " t a l l "  a t  h tgh
f  requenc ies  ( sho r r  pe r i ods ) .

The quant i t ies f r r  y  and o are funct lons of  the mean
wlnd speed,  durat ion of  the sEorn and length of  sea
over which Ehe wind b lows ( th ls  length is  usual ly
ca l l ed  t he  " f e t ch " ) .  A l t hough  the  fo rmu la  i s  l n  t e rms
of  three wind parameters,  t ,here are in  fact .  only  two
independent  quant , l t ies.  Storns can be
" fe t ch - l i n i t ed " ,  "du ra t l on - l i . u i t ed " ,  o r
" fu l ly-developed".  "Fetch- l funi ted"  refers to the case
where a storm has grown to i ts  maxlmun exlent ,  and
fur ther  wave growth is  prevented by the l lml ted fetch
over which the wind can blow. The usual reason for a
l ln l ta t ion of  fe tch is  the proxin i ty  of  land.
"Durat ion- l ln i ted"  sEorms are those whose naximum wave
g row th  l s  l i n i ced  by  t he  f i n i t e  du ra t i on  o f  Ehe  s to rm.
In the JONSWAP formula,  i f  a  s torm is  fetch- l ln l ted,
t he  w ind  speed  and  fe t ch  a re  used  to  ca l cu la te  F ( f ) ;
i f  the stontr  is  durat ion- l in i ted,  che wind speed and
durat ion are used.  The conputer  model  based on the
JONSWAP method can decide automatically whether a
g i ven  s tonn  l s  f e t ch - l i n i t ed  o r  du ra t l on - l l n i t ed .  A
" fu l ly-developed" s torm occurs when a storn has grown
to i ts  maximum possib le extent .  In  th is  s tate the
energy input to the rdaves by the wind is balanced by a
reverse t ransfer  of  energy f  ron E.he waves t .o  the a i r
and by in ternal  d lss ipat ion processes such as wave
breaklng and ( in  shal low wacer)  energy d iss lpat lon at
Ehe seabed. Storms can become fully developed ln
areas exposed to Ehe open ocean.  For  such stontrs  a
simpler fom of the JONSWAP fornula, known as the
Pl ,erson-Moskowl tz  formula is  used.

F ( f )  =  a g 2  
e x P

(2n )a  ss

- t
r  )  r I t r r 4 r
L- 4 l1-J I

This ls just che JONSWAP formula
y = 1. In a ful ly-developed sea,
be related to the mean wind speed

,  _ 0 . 1 3 g
m u

( re)

(Eguat lon 18)  wi th
f, has been shown to
by

(  20 )

where u is the average wind speed at a height of  lom
above mean sea level.  Figure 4 shows Pierson-
Moskowitz and JONSWAP spectra with ident lcal  f r .  Both
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spectra show the same behaviour  at  h igh and low

f requenc ies ,  bu t  t he  JONSWAP spec t rum has  a  h ighe r  and

na r rower  peak  a t  f - .  The  ra t i o  o f  S ( f )  f o r  t he

JONSWAP spec t rum t6  S ( f )  f o r  Ehe  P ie rson -Moskow i t z

spectrum at  the peak is  equal  to  the peak enhancement

f a c t o r ,  y ,  i n  E q u a t i o n  1 8 .

The JONSWAP formula wi l l  on ly  g ive the wave f requency

spec t rum,  F ( f )  r  f o r  a  g i ven  w ind  and  fe t ch  d i rec t i on '

Howeve r ,  i t  was  no ted  p rev ious l y  i n  Chap te r  3  t ha t  a l l

w inds ,  even  when  b low ing  s tead i l y  i n  one  d i rec t i on ,

generate waves at  a range of  angles to the main wind

direct ion.  The JONSWAP formula used on i ts  own is

the re fo re  i ncomp le te l  a  me thod  o f  de te rm in ing  the

d i rec t i ona l  sp read  o f  wave  ene rgy  i s  needed .

F ie ld  obse rva r i ons  and  measu remen ts  o f  t he  d i rec t i ona l

sp read  o f  wave  ene rgy  du r i ng  a  wave  gene ra t i on  P rocess
a re  qu i t e  ra re  and  gene ra l l y  no t  accu ra te .  The  reason

fo r  t h i s  i s  t ha t  i t  i s  on l y  ve ry  recen t l y  t ha t  wave

reco rd ing  i ns t rumen ts  capab le  o f  measu r i ng  d i rec t i ona l

spec t ra  have  been  deve loped .  I ns tead ,  a  s imp le

func t i ona l  f o rm  fo r  t he  d i rec t i ona l  wave  spec t rum i s

used  i n  mos t  compu ta t i ona l  mode ls .

Th i s  exp ress ion  i s  assumed  to  be  the  same a t  a l l

f  r equenc ies .  I " l a themat i ca l l y ,  t h i s  means  the  to ta l

spec t ra l  f unc t i on  can  be  wr i t t en  as  t he  p roduc t  o f  two

one -d imens iona l  f unc t i ons .

S ( f , 0 )  =  F ( f )  D (  0 ) ( 2 L )

The  d i rec t i ona l  spec t ra l  f unc t i on  D  i s  usua l l y  chosen

ro be of  the form 
"or  

2(  o o0)  or  cos 5{  o oo)  where og is

the  mean  w ind  d i rec t i on .  Bo th  t yPes  have  a  be l l  shape

w i th  t he  peak  a t  On ,  bu t  t he  
"o "  

6 (  S  Oo)  spec t rum has  a

na r ro rde r  w id th .  Th "ese  d i rec t i ona l  spe - . t r a l  f unc t i ons

\ , r e re  sugges ted  i n  t he  o r i g i na l  JONSWAP p ro jec t '  O the r

resea rche rs  such  as  M i t suyasu  (Re f  13 )  have  Pu t
fo rward  d i recE iona l  spec t ra  wh i ch  depend  on  f requency '

M i t . suyasu ' s  f unc t i on  g i ves  a  na r row  d i rec t i ona l  sp read

a t  t h l  peak  f requency ,  becoming  w ide r  a t  f r equenc ies

fu r the r  f r om the  Peak .

These  me thods  w i l l  p rov ide  a  d i rec t i ona l  sPec t rum '

l lowever,  they do not  take in to account  any fetch

l in i ta t ions that  may exis t  at  an angle to the main

wind d i rect ion.  An improvement ,  tak ing in to account

res t r i c ted  fe t ches  ove r  a  range  o f  d i r ec t i ons ,  i s

provided by the method of  Seymour (Ref  14) '  In  th is

me thod  a  se r i es  o f  r ad ia l  l i nes  a re  cons t ruc ted  on  a

su i t ab le  cha r t  f r om the  deep -wa te r  po in t  o f  i n te res t

un t i l  l and  o r  t he  edge  o f  t he  cha r t  i s  r eached .  These

l i nes  a re  d rawn  a r  cons tan t  angu la r  i nc remen ts ,  say
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100.  Seymourrs nerhod involves us ing the JONSWAp
formula to calculate the f requency spectrum F(f )  for
each  o f  t hese  fe t ch  l i nes  co  a  l im i t  o f  900  e i t he r
s ide of  the main wind d i rect ion.  Each of  these
f requency  spec t ra  F ( f )  l s  t hen  we lgh red  by  rhe
appropr iate value of  the d i rect ional  spectra l  funct lon

_(1 
.  
" :  _  

Ehe value of  cos 2{  e o6)  or  cos 6{  e Oo) ) .
F ina l l y ,  a l l  t hese  f requency  spec t ra  a re  supe rposed  to
glve the fu l l  spectrum in both f requeney and
d i rec t i on .  F igu re  8  shows  the  cons t rucE ions  o f  f e t ch
l i nes  f r om a  po in t  j us t  o f f sho re  f r om Per ranpo r th  on
the North Cornwal l  coast .  A computer  model  known as
JONSEY has been developed at  l lydraul ics Research which
ca l cu la tes  spec t ra  ( i n  f r equency  and  d i rec t i on )  us ing
the JONSWAP formula and Seymour 's  method.

When the JONSEY model  ls  run i t  is  nor  posslb le to
prediet  in  advance the value for  che durat ion of  the
storm that  should be used to g ive the worst  s torm
cond i t i ons .  I f ,  f o r  i ns tance ,  a  l a rge  va lue  fo r  t he
durat . ion ls  taken,  say 24 hours,  the average wind
speed dur ing th is  per iod of  t ine wl l l  be qul te low.
I f ,  however,  a much smal ler  durat . ion is  taken,  say 1
hour centred on the storm maximum, there wl l l  be a
nuch larger  average wind speed.  I t  is  not  c lear  which
pair  of  average wind speed/durat ion values wi l l  g lve
the worst  wave heights.  In  the model  th ls  is
detern i .ned by a t r ia l -and-error  process.  A nodel
reeent ly  developed at  Hydraul ics Research,  known as
I I INDWAVE (Ref  15)  carr les our  rhese calculat ions
systemat ica l ly  for  long records of  wlnd data by
repeaEed use of  the JONSEY algor i thn.  In  a recent
study at  Seaford on the Sussex coast  (Ref  16) ,  wave
predict lons f rom che I I INDWAVE rnodel  us ing wind data
f rom the weather  s tat ion at  Dungeness were compared
wi th wave heights measured by a wave r ider  buoy in  the
area.  F lgure 9 shows a compar ison for  the nonth of
January 1984 and there is  general ly  good agreement .

Experience of using the JONSEY and HINDWAVE nodels has
shown Ehac they general ly  g lve good deep-water  wave
spectra in  locat ions where there are l in i ted fetches
due to nearby land.  Such areas inc lude the southern
Nort .h Sea,  the eastern par t  of  the Engl lsh Channel  and
Lhe I r ish Sea.  The I I INDWAVE uodel  is  quick in
computat ional  t ime and can therefore be used co
analyse large quant i t ies of  wind data.  The main
drawbacks of  these models are that  they assume a
constant .  average wind f ie ld and do not  predicC swel l
waves.  Qui te of ten,  Ehe wind d i rect lon does change
consi .derably dur ing a stontr ,  and there can be
var lat ions in  wind st rength (a 1u11 dur lng the
bui ld-up of  a s torm is  typ ical ) .  Swel l  rdaves
generaEed ln nearby storms can be as important ,  i f  not
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5.2 BRISTWAVE model

5 . 3  F i n i t e -
di f fe rence
models

more  so ,  t han  d i s tan t l y  gene ra ted  swe l l .  To  ove rcome
these drawbacks more sophlst , lcated nodels 'haVe "been

deve loped .

The BRISTWAVE nodel  (Ref  17)  was developed at
Hyd rau l i cs  Resea rch  spec i f i ca l l y  f o r  p red i c t i ng  wave
cond i t i ons  i n  t he  B r i sco l  Channe l  and  Seve rn  Es tua ry .
As wl th the JONSEY model ,  a  s ingle deep-water  s l te  of
i n te resE .  l s  se lec ted  and  rad ia l  f e t ch  l i nes
constructed f rom th is  point .  The JONSWAP forrnula ls
used Eo calculate the f requency specEra a long the
fetch l lnes,  and Ehe method of  Seymour is  used t .o
combine these spectra and produce a d i rect ional
spectrum. The d i f ference between the two nodels is
Ehat  BRISTWAVE conta ins a more sophlst icated model l ing
o f  t he  wave  gene ra t i on  p rocess .

Swel l  waves tend to be generated dur tng a per iod of
decreasing wind-wave act iv i ty  as a resul t  o f
decreasLng wlnd st rength and/or  a change of  wind
di rect lon.  When th is  occurs,  t .he longer per iod lvaves
decouple f rom the shor ter  per lod waves and begin to
propagate separate ly  as swel l .  I f  the wind p icks up
again,  these swel l  waves can be absorbed back ln to che
newly generated stonn wave spectrum. For  some ranges
of  wind speed,  swel l  rdaves can gro l i r  and propagate
qui te independent ly  of  the scorm r i taves.  There ex is t
var ious formulae which descr ibe th is  in teract ion of
storm and swel l  waves,  and these are incorporated in
the  ea l cu la t i ons  f o r  each  fe t ch  d l rec t i on  (Re f  18 ) .

The BRISTWAVE nodel is quite complex and takes a
considerable aoount  of  computer  t ime.  I t  cannot  at
present .  be used to analyse large amounts of  wind data,
and is  general ly  only  used for  predict ing wave
cond i t l ons  du r i ng  pa r t i cu la r  s tonns .  Neve r rhe less
BRISTIIAVE is a valuable nodel in applications where
analys is  of  severe stom events is  requi red,  such as
ln  t he  des ign  o f  mar i c ime  s t ruc tu res .

Both Ehe JONSEY and BRISTWAVE nodels deternine wave

condLt ions at  a s lngle point .  I f  wave condi t ions are

required over  a wide area,  a rnodel  which uses a
f in i te-d i f ference represenEat ion of  the area is
requi red.  This means that  the area l -s  covered wi th a

rectangular  mesh,  and calculat ions of  the wave
generat ion are made at  each tntersect ion of  the mesh.

An example of this type of model ls the NORSWAM model
developed jo int ly  by Hydraul ics Research,  the
Inst i tu te of  Oceanographlc Sciences,  and the
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l " le teoro logical  Of  f  ice (Ref  18) .  Another  exanple is
the Fine } lesh Wave Model  current ly  used by the
l , le teoro logical  0f  f ice for  wave f  orecast ing around the
UK sho res .  Th i s  l s  re fe r red  to  subsequen t l y  as  t he
MOf 'MW model .

In  Ehese types of  nodels very large areas are
covered.  The MOFMW model  considers an area cover ing
the whole of  the North Sea,  Engl ish Channel ,  I r ish Sea
and a s lzeable por t ton of  the North At lancic  Ocean
extendlng as far  nor th as Ice land and several  hundred
ml les out  to  the west .  The seaward boundary
condi t ions are prov ided by a coarser  hrave generat ion
nodel  presencly being extended to cover  the whole of
the wor ld 's  oceans.  The nodel l ing of  wave growth ls
s iml lar  to  BRISTWAVE except  that  ca lculat ions are
carr led out  at  each mesh point  ( rather  than just  a
s ing le  po in t )  f o r  a  se r i es  o f  t ime  s teps .  I r  i s  c l ea r
that  Ehis type of  nodel  is  very t ime-consuming to run
and  canno t  be  used  i n  a  p ro jec t - spec i f i c  manner  f o r
h lndcast lng predict ions involv ing large amounts of
w ind  da ta .

An important  present  use of  the MOFMW model  is  ln  the
real - tLme forecast lng of  deep-water  wave condi t lons
around the UK coast .  Wind data f rom weather  s tat ions
and shlps throughout  the model led area are constant ly
lnput  to  che nodel  at  regular  in tervals ,  and
predict ions of  wave act iv i ty  up to 36 hours in  advance
are forecast  throughout  the ent i re area.  Al though
these wave condi t ions are not  correcced for
shal low-water  ef fects (apar t .  f rou a s i rnple ref ract ion
ca l cu la t i on  f o r  t he  swe l l  waves ) ,  t hey  do  p rov ide
usefu l  s torm-wave data,  and some local  auEhor i t ies use
these  p red i c t i ons  l n  t he i r  s ton t r  wa rn tng  se rv i ces .

The !10F1"1W model has been in operation f rom Deceuber
1977  and  i n  i t s  p resen t  f o rm  f rom Feb rua ry  1983 .  I t
uses a gr id s ize of  25km and a t ime step of  3 hours,
and  resu l t s  ( f u l l  spec t ra ,  s i gn l f t can t  wave  he igh ts
and zero-crossing per iods for  a l l  nesh points)  are
s to red  a t  LZ  hou r  i n te rva l s .  I n  a  f ew  yea rs  t ime ,  t he
archived wave daEa f rom th ls  model  wi l l  prov ide a very
usefu l  data set .  for  the general  wave c l imate ln
of fshore areas a l l  around the UK coast l lne.  The
present  coarseness of  the t ine and space lncrements
means  tha t  h lndcas t  p red i c t i ons  f o r  pa r t i cu la r  s to rms
and  pa r t i cu la r  s i t es  w i l l  p robab l y  no t  be  su f f i c i en t l y
accurate,  and i t  would be more appropr laEe to use a
project -speel f ic  model  such as BRISTWAVE. I lowever,
wl th lnprovements in  computer  speed and storage,  these
t lme and space increments may event .ual ly  be reduced t .o
such a level  (eg,  10km and I  hour)  that  archived wave
daEa f ron E.he l"lOFMW model can be used direct,ly to
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PREDICTION OF
EXTREME I{AVES

provlde r rave spectra for  speci f ic  s torms golng back

many years at ,  any s i te  around the UK coast .

I n  t he  Sea fo rd  s tudy  (Re f  16 ) ,  wave  p red i c t i ons  f r om

thls  nodel ,  as wel l  as h indcast i .ng f rom wind data '

were used as lnput  to  a shal low-water  wave model .

Predicted wave helghts f rom the MOFMW model  at  a gr id
point  c lose to the Seaford wave-r ider  buoy were

compared wi th the rneasured wave helghts.  F igure 10

shows wave t races for  the same per lod (January 1984)

as for  the compar ison wi th h indcast  wave helghEs
(Figure 9)  and agreement  ls  again general ly  good.

Since the MOFMW model  ls  l lnked to a coarser  gr id

nodel  cover ing Ehe whole wor ld,  d is tant  swel l  is
incorporated.  In  none of  the other  models considered,
however,  are d is tant  swel l  waves inc luded.  I f  swel l

l "s  known to be important ,  aE a s i te ,  l t  is  usual  to

t reat  i t .  separate ly  f rou the storn wave spectrum, and

somet imes separate shal low-water  analyses are carr ied

o u E .

For many coasta l  englneer lng problems a knowledge of

extreme wave condi t ions ls  requi red.  Breakwaters and

coasta l  defences have to be suf f ic lent ly  s t rong to

res is t  wave at tack wl th rn in i rnal  damage 1n severe

s toms .  The  s to rm seve r i t y  wh i ch  these  s t ruc tu res  a re

des igned  to  res i s t  i s  usua l l y  spec i f i ed  as  a  re tu rn
pe r i od  ( t yp i ca l l y  f L f . t y  o r  a  hund red  yea rs ) .  The

design height  of  f lood prevent ion works has to take

into account  the jo int  probabi l l ty  of  ext reme water

levels (h lgh spr ing t ides p lus storm surges)  and wave

he igh ts .

Accurate predict ions of  these exEreme wave condi t ions

cannot be rnade on the basis of measured wave data

last ing for  one year  or  so '  a l though because of

l in i ted data such at temPts are somet imes made.  A

length of  t ine of  one year  is  not  suf f lc ient  to  nake

rel . iab le stat ls t ia l  ext rapolat ions to events which

oecur on average once every f i f ty  or  a hundred years.

However, wind data going back about ten or cli lenty

years w111 usual ly  prov ide ln format ion for  a

suf f ic ient ly  large per iod of  t lne for  re l iab le

extrapolat ions to be made.

There are a var iety  of  methods used to predlct  ext reme

waves,  but  the baslc  process ls  the same. The f i rs t

s tep ls  to  convert  Ehe fu l l  set  of  wind data to the

corresponding wave condi t lons.  Beeause of  the large

amount  of  data involved,  a h indcast lng procedure us ing

the HINDWAVE computat lonal  model  1s appropr late '  I f
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measured wave data are avai lable for  par t  of  the
per iod covered by uhe wind data,  a cal ibrar ion of  the
HINDWAVE nodel  can be carr ied out .  This  procedure has
recen t l y  been  used  fo r  t he  Sea fo rd  S tudy  (Re f  f 6 ) .  An
al ternat ive procedure,  not  us ing a computaEional  wave
generat ion model  but  naking use of  measured wave data,
is  Eo der lve an empir ica l  re lat ion becween the wind
pa rame te rs  ( speeds ,  du rac ions  and  d i reccLons )  and  the
neasured wave heights"  and per iods.  This empir ica l
re lat , ion would be der lved for  moderate storms ( for
example wi th wind speeds exceeding l0  knots)  dur ing
the per lod of  deployment  of  the wave recorder .  This
re lat ion can then be used to convert  Ehe fu l l  wind
record Eo the correspondlng wave condi t . ions.  Thls
procedure has been used for  a s tudy in  the Severn
Es tua ry  (Re f  f 9 ) .  A  t h i r d  poss ib i l i t y ,  s i n i l a r  t o  t he
prevlous one,  is  t .o  select  about  40 or  50 recorded
s ton t r s  and  use  a  f u l l  s to rm sea /swe l l  mode l  ( such  as
BRISTI{AVE or NORSWAI'I) f or each storm.

Once a set  of  wave data cover ing many years has been
h indcas t  o r  es t imaced  by  t hese  me thods ,  a  p robab i l i t y
d i s t r l buc lon  needs  to  be  f i tEed  to  t h i s  da ta .  To  do
th is  the wave data are col lected in to bands of
s igni f lcant .  wave hetght .  The f requencies of
occurrence of  s igni f icant  wave heights wi th ln each
band are then calculated.  These values can then be
combined to g ive the f requency of  occurrence of
s l gn l f i can t  wave  he igh ts  g rea le r  t han  any  pa r t i cu la r
value.  Graphs of  Ehese f requencl -es of  occurrence are
known as exceedance curves. When wave data is
presenEed in th is  for 'n ,  i t  has usual ly  been f  ound to
f i t  a  sEanda rd  s ta t i s t i ca l  d l s t r i bu t l on  f unc t i on  w i th
reasonably good accuracy.  Two of  the most  commonly
used  d i s t r l bu t i on  f uncc ions  a re  t he  We ibu l l  f unc t i on
and  the  F i she rT ippe t t  I  f unc t t on .

1)  I {e ibul l  funcELon

P ( x )  =  e x P  [ -  C "  -  a ) / P ]

2)  F isher -T ippet t  I  func t ion

P(x)  =  1  -  exp  [ -  " *p  { -C"  -  y ) /  6 } ]

(22 )

(23>

I n  t hese  d i s t r i bu t i on  f unc t i ons  P (x )  i s  t he
probabi l i ty  of  a wave height  being greater  than x,  and
d,  F,  y  and 6 are parameters to be detern lned by
f l t t i ng  w i t h  Ehe  da ta .  I n  t he  We ibu l l  d i s t r i bu t l on  a
plot  of  ln  ln  (  1 /P)  against  ln  (x  -  cr )  w111 g ive a
s t ra igh t  l i ne ,  wh l l e  i n  t he  F i she r -T ippe t t  I
d i s t r l bu t i on ,  a  p lo t  o f  - l n  ( - f "  ( 1 -P )  )  aga ins t  x  w i l l
g i ve  a  s t ra igh t  l i ne .
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General ly ,  the wave data are p lot ted us ing the

Weibul l ,  F isher-Tippet t  I  and i f  necessary other

d is t r ibut ions,  and the one whlch g ives t .he best  f i t  ls

used.  Once the best  d is t r ibut ion has been found,  i t

can be used to esEimate any extreme s igni f icant .  wave

height .  F igures 11 and 12 shows respect ive ly  Welbul l
and  F i she r -T ippe tc  I  d i s t r i buc lons  f i t ced  to  t he  same

seE of  h indcast  wave data.  In  th is  exanple both

d l s t r i bu t l ons  appea r  t o  g i ve  an  equa l l y  good  f i t  t o

the data.  When these d is t r ibut ions are extrapolated
Eo f ind extreme s igni f icant .  wave heights,  the Weibul l

d is t . r lbut ion wi l l  usual ly  g ive h igher  waves than the
F ishe r -T ippe t t  I  d i s t r i bu t i on .  The  co r rec t
d is t r ibut ion cannot  be judged but  the one g iv ing the
higher s igni f lcant  wave heights (usual ly  the Weibul l )
wi l l  be the more conservat ive.

In th is  uethod,  ext reme sLgnl f icant  wave heights
corresponding to severe storu events are determlned.

Assuning that  a Rayletgh d is t r lbut ion holds for
extreme sea staEes,  an extreme maximum wave helght

corresponding to Ehe exEreme sLgni f icant  wave helght

can be detern ined.  E:<Ereme wave per lods can be
predicted ln  an ident ica l  lnanner.  However,  i t  is  more

usual  that  the wave per iod,  sPectrum and stonn

durat ion corresponding to a par t lcu lar  ext reme wave
he lgh t  a re  requ i red .  These  quan t i t l es  a re  d i f f l cu l t

to  predict ,  and sone very broad s i rnpl l fy tng
assunpE ions  have  to  be  made .  Fo r  i ns tance ,  l n
predict ing the wave per iod,  i t  ls  assumed that  the

rdave steepness ( rat io  of  wave helght  co wavelength)  is

the same ln the extreme stom as in  the measured
sEor: tns.  In  predict ing the fu l l  wave spectrum'  the

same spectra l  shape ( ln  terms of  d imensionless
paraoeters)  as measured stor :ns is  assumed.  Storm
durat ions can be est inated l f  the measured wave data

show a corre lat lon between the stontr  durat ion and

maximum wave height, whlch can then be extrapolated.
In  F lgu re  13  such  a  co r re la t i on  i s  shown  fo r  a  s i t e  l n

the Eastern } ledi terranean.

The problem of  predlct ing extreme water  levels  and

overtopping rates for  defences against  coasta l

f loodlng ls  somewhat  more complex.  Thts is  because

the probabi t i t ies of  occurrence of  exEreme ldave

heights and extreme water  levels  need to be considered
jo int ly .  The problen can be broken down lnto three

components.

Determinat ion of  probabi l l ty  d is t r lbut ion of

as t ronomica l  t i des .
( i )
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( i i ) Determinat ion  o f  p robab i l i t y  a is t r ibu t ion  o f
r e s i d u a l  s u r g e  l e v e l s  ( i e ,  t o t a l  l t a t e r  l e v e l
m i n u s  t h e  a s t r o n o m i c a l  t i d a l  l e v e l ) .

Determinat ion  o f  p robab i l i t y  d is t r ibu t ion  o f
wave he igh ts .

( i i i )

As t ronomica l  t i des  a re  regu la r  even ts  and  a re  no t
i n f l uenced  by  t he  oEher  two  componen ts .  Su rge  l eve l s
and  wave  he igh ts ,  howeve r ,  a re  bo th  me teo ro log i ca l  i n
o r i g i n  and  can  be  expec ted  to  d i sp lay  some  co r re la t i on
w i th  each  o the r .  To  de te rm ine  th i s  co r re la t i on ,  t he
f i r s t  s tep  i s  t o  compare  measu red  res idua l  su rge
l e v e l s  w i t h  w i n d  s p e e d s  a n d  d i r e c t i o n s  ( o r  d i r e c t l y
w i t h  w a v e  d a t a  i f  s u f f i c i e n t  i s  a v a i l a b l e ) .  S i n c e  i t
is  known f rorn h indcast ing models how wind parameters
a re  re la ted  to  wave  he igh ts  and  pe r i ods ,  t he  j o i n t
p robab i l i t y  d i s t r i bu t i on  o f  su rge  l eve l s  and  wave
he igh ts  can  be  ca l cu la ted .  Th i s  i s  t hen  comb ined  w i th
t h e  ( u n c o r r e l a t e d )  p r o b a b i l i t y  d i s t r i b u t i o n  o f
a s t r o n o m i c a l  t i d a l  l e v e l s  t o  g i v e  a  j o i n t  p r o b a b i l i t y
d i s t r i bu t i on  o f  t o ta l  $ ra te r  l eve l  and  wave  he igh ts .
I f  necessa ry ,  t he  j o i n t  p robab i l i t y  can  be  ex tended  to
wave  he igh ts  f r om va r i ous  d i rec t i ona l  sec to rs .  Th i s
so r t  o f  ana l ys i s  has  recen t l y  been  ca r r i ed  ou t  f o r  a
s tudy  a t  Wh i t s tab le  on  the  No r th  Ken t  coas t  (Re f  20 ) .
A l cock  (Re f  21 )  desc r i bes  j o i n t  p robab i l i t y  t echn iques
i n  s o m e  d e t a i l .
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PART 2

SHALLOW-WATER I,TAVE CONDITIONS





INTRODUCTION
PART 2

TO

I n  Pa r t  1  o f  t , h i s  repo r t ,  me thods  o f  p red i c t i ng
of fshore wave condl t ions were descr ibed.  Pat t  2
conta ins a descr l -pt ion of  the methods currenEly
avai lable for  evaluat ing the ef fects of  shal low r i rat .er
on these deep-water  hraves as they t ravel  towards the
coast ,  emphasiz lng the most  recent  developnents and
techn iques .

Twenty years ago,  avai lable rnodel l ing technigues
cons i s ted  o f  l l t c l e  more  than  an  es t ima t l on  o f
ref ract ion and shoal ing ef fects by the hand-t rac ing of
Idave rays.  These nethods were t ime-eonsumlng and
error-prone and at  best  gave only a qual i ta t ive idea
of  ref ract ion and shoal lng.  Modern methods re ly  on
the use of  computer  models,  which are both
substant la l ly  quicker  and more accurate Ehan hand or
graphical  methods.  Moreover a considerable number of
other  physical  phenomena in addi t lon to ref ract ion and
shoal lng can be incorporated ln to these computer
mode ls .

There now exLst .s  qui te a var lecy of  computat ional
mode ls ,  each  one  ca te r i ng  f o r  d i f f e ren t  Eypes  o f
shal low-water  wave problems.  Because of  Ehe rapld
developurent  of  chese models over  the past  few years,
and thei r  specia l ised nature,  the cholce of  which
model  to  use and an assessment  of  i ts  l ike ly  accuracy
ln  a  pa r t i cu la r  p rob len  i s  i nc reas ing l y  d i f f i cu l t  f o r
the pract is ing coasta l  engineer.  The a im of  Par t  2
is  to prov ide coasta l  engineers wich a rev l -ew of  the
la tes t  ava i l ab le  mode ls ,  t oge the r  w i t h  an  i nd i ca t i on
of  the type of  coasta l  engineer ing problem for  which
each  mode l  i s  mos t  su i t ed .

In Chapter  8 a deser ipt lon of  the most  Lmportant
shal low-water  l rave phenomena is  g iven.  In  Chapter  9
the most  widely used types of  computat ional  rnodel  for
coasta l  wave propagat ion are descr lbed,  inc luding rhe
most  recent  development .s .  The advantages and
dlsadvantages of  each model  are d lscussed,  a long wi th
the coasta l  englneer ing problens to which they are
best  su l ted.  A summary of  lncorporated wave
phenomena,  advantages and l lmi tat lons,  and parameters
detemlnlng suLtable appl icaEions for  each model  is
p resen ted  l n  Tab les  I  and  2 .  F lna l l y ,  i n  Chap te r  10 ,
three examples are g iven ln whlch these models have
been used ln a var lety  of  d i f ferent  coasta l
engineer ing problens.
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8 . 1

IIAVE PEENOI.{ENA IN
SEALLOW I{ATER

Non-d  i  ss  ipa t  i ve
phenomena

In  Par t  1,  the format ion of  \ i taves by wind b lowing

ac ross  the  wa te r  su r face  was  desc r i bed .  I t  was

assumed  tha t  t he  wa te r  was  su f f i c i en t l y  deep  tha t  t he

seabed  wou ld  have  a  neg l i g i b l e  e f f ec t  on  the  cha rac te r

o f  t he  rdaves .  Th i s  chap te r  cons ide rs  how the  seabed

a f fec t s  waves  as  t hey  t rave l  t owards  a  coas t  t h rough

wa te r  o f  dec reas ing  dep th .  I n  rea l  s i t ua t i ons ,  o f

cou rse ,  t hese  sha l l ow-wa te r  e f f ec t s  do  no t  ac t

independent ly  but  combine wi th the wind to af fect  the

\ {aves .  I l oweve r ,  i n  many  coas ta l  a reas ,  and

pa r t i cu la r l y  a round  the  UKr  seabed  e f f ec t s  a re  l im i t ed

to  a  f a i r l y  na r row  coas ta l  s t r i p  on l y  a  f ew  k i l o rne t res

wide.  Compared wi th the fetches over  which the \ taves

a re  gene raEed ,  t yp i ca l l y  hund reds  o f  k i l ome t res  i n

s to rm cond i t . i ons ,  i t  i s  a  good  app rox ima t i on  to  i gno re

w ind  e f f ec t s  c l ose  to  t he  coas t  and  concen t ra te  on

s e a b e d  e f f e c t s  a l o n e .

The re  ex i s t s  a  w ide  range  o f  sha l l ow-wa te r  phenomena

that  af fect  waves,  but  they can be grouped into two

d i s t i n c t  c l a s s e s .  T h e  f i r s t  c l a s s  o f  p h e n o m e n a  h a s

t h e  e f f e c t  o f  a l t e r i n g  t h e  s p a t i a l  d i s t r i b u t i o n  o f

wave energy and the d is t r ibut ion of  wave energy

between f requency and d i rect ional  comPonents in  a

spectrum. These phenomena,  however,  do not  add to or

subtract  f rom Ehe tota l  amount  of  wave energy

t rave l l i ng  t owards  the  coas t ,  and  a re  t he re fo re  known

a s  ' n o n - d i s s i p a t i v e ' .  T h e  m o s t  i m p o r t a n t  o f  t h e s e

phenomena  a re  shoa l i ng ,  r e f rac t i on ,  d i f f r ac t i on  and

c e r t a i n  t y p e s  o f  r e f l e c t i o n .  T h e  s e c o n d  c l a s s  o f

phenomena are known as 'd iss ipat ive '  and involve a

reduct ion in  the tota l  amount  of  wave energy as the

rdaves t ravel  shorewards by convert ing the energy in to

ano the r  f o rm  such  as  wa te r  t u rbu lence ,  hea t ,  o r  t he

mo t i on  o f  seabed  ma te r i a l .  Wave  b reak ing ,  i n te rac t i on

o f  waves  w i th  t he  seabed  (usua l l y  known  as  rbo tEom

f r i c t i on r )  and  wave  re f l ec t i ons  f r om s lop ing  o r

rough - faced  s t ruc tu res  be long  to  t h i s  ca tego ry '

These two types of  phenomena wi l l  be considered in

tu rn ,  s ta r t i ng  w i t h  non -d i ss ipa t i ve  phenomena .

8 . 1 . 1  S h o a l i n g

In order  to undersEand the phenomenon of  shoal ing i t

is  necessary to in t roduce the concepts of  wave energy

f l ux  and  g roup  ve loc i t y .  The  speed  o f  p ropaga t i on  o f

\ { ave  ene rgy  i s  usua l l y  known  as  t he  tg roup  ve loc i t y t '

I t  is  important  to  d is t inguish between the group
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veloc i ty  of  a hrave and the speed at  which the wave
c r e s t  t r a v e l s ,  k n o w n  a s  t h e  t p h a s e  v e l o c i t y t  o r
' c e l e r i t y ' .  I n  d e e p  w a t e r  t h e  g r o u p  v e l o c i t y  i s  h a l f
Ehe  va lue  o f  t he  wave  ce le r i t y  f o r  a  regu la r
s inuso ida l  wave .  As  the  wa te r  dep th  dec reases ,  t he
ce le r i t y  dec reases  bu t  t he  g roup  ve loc i t y  changes  i n  a
more  comp lex  f ash ion .  I n  ve ry  sha l l ow  wa te r  t he
c e l e r i t y  a n d  g r o u p  v e l o c i t y  b e c o m e  e q u a l .  U s u a l l y  t h e
r{ tave energy and the $rave crest  Eravel  in  the same
d i rec t i on ,  bu t  s i gn i f i can t  d i f f e rences  be tween  the  two
d i rec t i ons  w i l l  occu r  i f  t he  phenomenon  o f  d i f f r ac t i on
i s  impor tan t  o r  i f  f a i r l y  s t rong  cu r ren ts  a re
p r e s e n t .

The  wave  ene rgy  f l ux  i s  de f i ned  as  t he  p roduc t  o f  t he
ene rgy  dens i t y  ( i e .  wave  ene rgy  pe r  un i t  su r face
a r e a )  a n d  t h e  g r o u p  v e l o c i t y ,  i . e .

Q  =  E c g  ( 2 4 )

where  Q  i s  t he  ene rgy  f l ux ,  E  t he  ene rgy  dens i t y  and
c ,  t h e  g r o u p  v e l o c i t y .

F rom Eq  9  i n  Pa r t  1 ,  t he  ene rgy  dens i t y  i s  re laEed  to
the height  of  a wave component  in  a spectrum by

wH2 ( 2 5 )

where  p  i s  t he  dens i t y  o f  seawa te r ,  g  i ^ s  t he
a c c e l e r a t i o n  d u e  t o  g r a v i t y  ( =  9 . 8 1 m s -  z ) ,  a n d  H  i s  t h e
wave  he igh t .  To  unde rs tand  how shoa l i ng  a f f ec t s  t he
wave  he igh t ,  cons ide r  a  s imp le  s t ra igh t
p a r a l l e l - c o n t o u r e d  d e p t h  p r o f i l e  s l o p i n g  t o w a r d s  a
beach .  A  regu la r  s i nuso ida l  wave  w i th  f i xed  pe r i od  i s
E rave l l i ng  i n  a  d i rec t i on  pe rpend i cu la r  t o  t he  seabed
con tou rs .  Assuming  tha t  no  d i ss ipa t i ve  e f f ec t s  t ake
p lace ,  t he  \ i r ave  ene rgy  f l ux  i s  p rese rved  as  t he  wave
t rave l s  f o rwa rd .

Combining Eq 24 and Eq 25,

- 1
t s = -- 8

I
8

o r r  s i n c e  1 / 8  p g  i s

H2c^  =  Cons tan t

S ince  the  va lue  o f
f  o l  lows f  rorn Eq 27
Ehe  wave  p rog resses

co  depends  on
t f ia t  the wave

sho rewards ,

(26 )

( 2 7  )

t he  wa te r  dep th ,  i t
h e i g h t  w i l l  a l t e r  a s

al though no energy is

pgt l2 .  
g 

= Constant

cons  tan t
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being added to or  removed f rom Ehe waves.  Eq 27 can

be  wr i t t en  i n  t e rms  o f  va lues  o f  H  and  ca  a t  i nsho re

and  o f f sho re  l oca t i ons  ( re fe r red  to  by  t f i e  subsc r i p t s

o  and  i )

H .  c  r1  -  r  B o r i
H \ c
o  g r

( 2 8 )

Th is  phenomenon ,  i . e .  t he  va r i a t i on  i n  wave  he igh t  due

to  changes  i n  g roup  ve lgc i t y ,  i s  known  as  shoa l i ng ,
a n d  t h e  r a t i o  ( c o n l c o l ) z  i s  t h e  ' s h o a l i n g

fac to r r .  f i g  t 4 ' i ho f i s  t t r e  va r i a t i on  o f  shoa l i ng

fac to r  w i t h  dep th  as  a  wave  t rave l s  i nsho re .  No t i ce

how the  shoa l i ng  f ac to r  (and  the re fo re  t he  wave  he igh t

a t  t ha t  wa te r  dep th )  dec reases  s l i gh t l y  and  then

s t a r t s  t o  i n c r e a s e  r a p i d l y  i n  s h a l l o w  w a t e r .  T h i s

sudden  i nc rease  i n  wave  he igh t  o f t en  causes  the  waves

to  b reak .

8 . 1 . 2  R e f r a c t i o n  b y  v a r y i n g  w a t e r  d e P t h

I t  has been shown that  ldaves approaching a coast l ine

pe rpend i cu la r l y  a re  mod i f i ed  by  shoa l i ng .  I f  waves

app roach  a t  an  ang le ,  an  add i t i ona l  e f f ec t  occu rs t

again caused by vary ing I { ta ter  depth.  This phenomenon

i s  r e f r a c t i o n .  U n l i k e  s h o a l i n g ,  r e f r a c t i o n  c a u s e s  a

change  i n  wave  d i rec t i on  as  we l l  as  wave  he igh t .

The  re f rac t i on  o f  waves  i s  caused  by  d i f f e rences  i n

the  ce le r i t i es  o f  waves  i n  d i f f e ren t  dep ths .  As  an

e*ar [ f f i iFder  Ehe s imple para l le I -contoured seabed

tha t  was  used  when  d i scuss ing  shoa l i ng .  Th i s  t i ne t

envisage a wave coming in at  an angle to the coast

raEher  t han  pe rpend i cu la r l y  (F ig  15 ) .  As  a  wave  c res t

approaches the shore at  an angle,  the par t  of  the wave

c res t  i n  sha l l ower  wa te r  w i l l  t r ave l  more  s low ly  t han

the  pa r t  i n  deepe r  waLe r .  The  e f f ec t  t he re fo re  i s

that  as the wave moves forward the crest  bends round

t o  a l i g n  i t s e l f  m o r e  n e a r l y  p a r a l l e l  t o  t h e  d e p t h

contours.  The change in wave d i rect ion is  g iven by

S n e ' l  I ' s  l a w  o f  r e f  r a c t i o n .

cos 0.
I

c r "  Oo

where 0i and 0o are
o f f sho re  po in t s  as
the  \dave  ce le r i t i es

(2e)

the wave d i rect ions at  inshore and

de f i ned  i n  F ig  15 .  c i  and  co  a re

a t  t he  two  Po in t s .

c .
1= -

c
o
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A s  w e l l  a s  a l t e r i n g  t h e  d i r e c t i o n  o f  t h e  w a v e  c r e s t ,
r e f rac t i on  a l so  causes  the  ene rgy  dens i t y  (and
the re fo re  t he  wave  he igh t )  t o  a l t e r .  Th i s  can  be
i l l us t ra ted  i n  t he  examp le  j us t  cons ide red .  Imag ine
two  c lose l y  spaced  l i nes  d rawn  i n  such  a  way  tha t  t hey
a re  a lways  a t  r i gh t -ang les  t o  t he  rdave  c res t s ,  as
shown in F ig 15.  These l ines are known as \ {ave
o r thogona l s  o r  rays ,  and  rep resen t  t he  d i rec t i on  o f
t r ave l  o f  t he  r { rave  c res t ,  wh i ch  i s  a l so  t he  d i rec t i on
o f  p ropaga t i on  o f  wave  ene rgy  (a  more  p rec i se
de f i n i t i on  o f  o r t hogona l s  and  rays  i s  g i ven  l a te r  when
wave  re f rac t i on  due  Eo  cu r ren ts  i s  cons ide red ) .  As
these  rays  a re  f o l l owed  i nsho re ,  i t  can  be  seen  tha t
the i r  sepa ra t i on  becomes  w ide r .  I n  f ac t ,  t he  t heo ry
o f  re f rac t i on  shows  tha t  t he  ene rgy  dens i t y  o f  t he
waves  i s  i nve rse l y  p ropo r t i ona l  t o  t he  sepa ra t i on  o f
t he  rays .  I n  t h i s  examp le  i t  i s  seen  the re fo re  t ha t
re f rac t i on  has  the  e f f ec t  o f  dec reas ing  the  ene rgy
dens i t y  (and  hence  the  wave  he igh t )  as  t he  waves
t rave l  i nsho re .

The ref ract ion of  water  \ . raves by a vary ing-depth
seabed  i s  ve ry  s im i l a r  t o  t he  re f rac t i on  o f  l i gh t
h raves  th rough  rned ia  o f  d i f f e ren t  op t i ca l  dens i t i es .
Indeed,  much of  the mathemat ica l  theory of  water  l rave
re f rac t i on  has  been  adap ted  f rom theo ry  i n  op t i cs .
The  i deas  o f  f ocuss ing  and  sca t te r i ng  o f  l i gh t  have
thei r  counterpar t  in  \dater  \daves.  F ig 16 shows an
example of  the focussing of  wave rays caused by
r e f r a c t i o n  o v e r  a  s e m i - c i r c u l a r  s h e l f .  T h e  s h e l f  a c t s
as  a  so r t  o f  l ens .  I t  can  be  seen  f rom F ig  16  tha t  a
smoo th  l i ne  i s  f o rmed  where  rays  c ross ;  t h i s  l i ne  i s
known  as  a  caus t i c .  Two  caus t i cs  a re  shown  i n  F ig  16
and these meet  at  a point  (known as the cusp)  some
d is tance  beyond  the  she l f .  I n  t he  v i c i n i t y  o f
caus t i cs  and  ray  c ross ings ,  re f rac t i on  t heo ry  a lways
breaks down.  The reason is  that  the energy densi ty  of
I daves  i s  i nve rse l y  p ropo r t i ona l  t o  t he  sepa ra t i on  o f
rays .  I f  t h i s  sepa ra t i on  i s  ze ro ,  as  i t  i s  whe re  rays
c ross ,  r e f rac t i on  Eheo ry  w i l l  p red i c t  i n f i n i t e  wave
ene rgy ,  wh i ch  obv ious l y  does  no t  happen  i n  na tu re .
What  actual ly  occurs is  that  another  wave phenomenon
is  a lways  p resen t  a t  r ay  c ross ings  and  caus t i cs .  Th i s
phenomenon  i s  d i f f r ac t i on  and  i s  cons ide red  i n  Sec t i on
8 .  1 . 4 .

S ince  bo th  re f rac t i on
spa t i a l  va r i a t i ons  i n
cons ide red  toge the r  as
which was der ived for
to  i nc lude  re f rac t i on

and  shoa l i ng  a re  caused  by
wa te r  dep th ,  t hey  a re  usua l l y

a  s i ng le  phenomenon .  Eq  27  7
shoa l i ng  a lone ,  can  be  ex tended
a s  w e l l .

Hzco b = Constant  between two rays
o
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i n  wh i ch  b  i s  t he  sepa ra t i on  o f  t he  rays .  Th i s

equat ion again represents the conservat ion of  energy

f lux.  Eq 30 can be wr i t ten in  terms of  the values of

I I ,  c ,  and b at  inshore and of fshore locat ions.

H . c l b ,
1  _  (  g o \ A (  o \ A

H  
- \ c . J \ b . ,

o 9 1  1

As  be fo re ,  t he  exp rEss ion  ( c *o / cn1 )z  i "  t he  shoa l i ng

fac to r ,  and  (bo /b i ) "  i s  know i l  as - the  re f rac t i on

facEor '  The  change  i n  ray  d i rec t i on  i s  a l so  re la ted

to the ray separat l -on.

(3r )

o
san

s in  e .
L (32 )

where 0o and 0i are the offshore and inshore wave

direct ions def ined as angles between the wave ray and

the  dep th  con tou rs  (F ig  15 ) .

Plate 1 shows waves approaching the coast l ine of

Mudeford Sandspl t  on the Engl ish south coast  near

Bournemouth.  The waves approach at  a s teep angle,  and

refract ion causes the waves Eo bend more in to l i -ne

wi th the beach d i rect ion.  Ptate I  should be conpared

w i t h  F i g  1 5 .

8 .1 .3  Re f rac t i on  bY  cu r ren ts

Depth var iat ions are not  the only cause of  ref ract ion

of  waves.  I f  reasonably s t rong currents are present ,

these wi l l  a lso cause waves Eo ref ract .  The

refract ion of  waves by currents is  more d i f f icu l t  to

v isual ise than ref racLion by depth var iat ions because

the d i rect ion of  t ravel  of  wave energy in  the Presence
of  currents is  no longer the same as the d i rect ion of

t ravel  of  the wave crests.  When currents are present

i t  ls  essent ia l  to  n i te  t t te  d isEinct ion between wave

orthogonals and wave raYs.

Wave Orthogonal A wave orthogonal is a l ine drawn

@ the  wave  c resEs ,  i n  t he  d i rec t i on  o f

t r ave l  o f  t he  c res t s .

Wave Ray A wave ray is a l lne drawn in the direetion

of  t ravel  of  the wave energy.

A fur ther  imporEant  d is t inct ion has to be made when

consider ing the wave per iod,  ce ler i ty  or  grouP

veloc i ty .  I t  is  necessary to speci fy  whether  these

b .
1= -

bo
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quant i t ies are measured re lat ive to the seabed ( these
a re  re fe r red  to  as  t abso lu te r  quan t i t i es ,  and  the i r
synbo l s  have  a  subsc r i p t  ' a t )  o r  r e la t i ve  t o  an
observer  moving wi th Lhe current  ( these are referred
to  as  r re la t i ve r  quan t i t i es ,  and  the i r  synbo l s  have  a
s u b s c r i p t  ' r ' )

The theory of current
rays, wave orthogonals
related to each other

"s"  =} f  *g

refract ion shows that.  the wave
and current direct ions are

by

( 33 )

ln which c*r is the absolute group veloci ty (whieh is
d i rec ted  a long rays) ,  cs r  i s  the  re la t i ve  g roup
veloci ty (which is direEted along orthogonals) and U
is the current veloci ty (Fig 17).  The underl lnes in
Eq 33  denote  vec tor  quant i t ies .  Eq 33  ean be
expressed as two equat ions for the nagnitude of the
absolute group veloci ty and ray direct ion
respec t ive ly :

"g,  
= ( " r2.  + u2 + 2t lc*  cos(  &o))b (34 )

(3s  )t a n  P =

in which 6
orthogonal
refract ion
var ia t ions ,
becomes

] F - 2 c b
ga

f
r

U  s i n  6 *  c  s i n  c
_ g r
U c o s  6 * c  c o s  ag r

is  the  cur ren t  d i rec t ion ,  c  i s  the
d i rec t ion  and p  is  the  ray  d i rec t ion .  For
by a conbinat ion of currents and depth

the conservat ion of energy f lux condit ion

( 36 )= Constant  between two rays

The quant i ty  on the le f t -hand s lde of  Eq 36 is  known
as rwave act ionf .  Conpar ing Eq 36 wt th Eq 30
(conservat ion of  energy f lux for  ref ract ion by depth
var.iations only) we see that there is an extra term,
the relative wave frequency f, (wave frequency is Ehe
inverse of  wave per iod) .  Note a lso that  the absolute
group veloc i t .y  appears in  Eq 36.  This equat ion can Ue
expressed in terms of  lnshore and of fshore quant i t ies

&ra\ b .  /
t_

H .
1 =

H
o

c ,
f-€ee lz\ g

ga l

f t
r  t ] - ta
\ f )

r o
( 37  )
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The f i rs t  t \ to  terms on the r ighr-hand s ide of  Eq 37

are the s\ roal ing and ref ract ion factors.  The Lerm

( f  r i / i r o )Z  i s  known  as  t he  tDopp le r  f ac to r t  s i nce  i - t

r e i i es i i t s  t he  we l l - known  Dopp le r  e f f ec t  i ' e '  t ha t

wave frequencies change when they are measured by a

mov ing  obse rve r .

The predict ion of  inshore l tave heights and d i rect ions

when currents are present  is  considerably more complex

than for  ref ract ion by depth var iat ions a lone'

I lowever,  combined current  and depLh ref ract ion can be

readi ly  handled by computer  models,  and i t  is

recommended that  these models are employed even for

s i rnpl i f ied bathymetr ies and current  f ie lds.

8 . 1 . 4  D i f f r a c t i o n

The term td i f f ract iont  refers to rdave phenomena which

cause  ene rgy  to  t r ave l  i n  a  d i f f e ren t  d i rec t i on  t o

that of the wave rays. Although there are many

sources of  such wave behaviour ,  they can be c lass i f ied

under the headings of  'external t  and r in ternal l

d i f f r a c t i o n .

External  d i f f ract ion occurs whenever the water

su r face  i s  p ie rced  by  a  so l i d  obs t ruc t i on  such  as  a

breakwater ,  o i l - r ig  p lat form leg or  natura l  headland'

The  same app l i es  t o  so l i d  f l oa t i ng  ob jec t s ,  a  sh ip

wi l l  cause d i f f ract ion of  waves.  Instead of  leaving a

sharply  def ined shadow region in  the lee of  rhe

obstac le,  r rave energy crosses the shadow boundary '

t hus  t r ave l l i ng  i n  a  d i f f e ren t  d i rec t i on  t o  t ha t  o f

the main wave t ra i -n.  A less obvious ef fect  is

in ternal  d i f f ract lon,  which occurs wherever  there are

rapid spat ia l  changes of  wave height  that  a pure

refract ion analys is  would predict .  Such areas inc lude

the caust ics and ray crossings ment ioned in Sect ion

8 .L ,2  a t  wh i ch  re f rac t i on  t heo ry  p red i c t s  an  i n f i n i t e

wave height .  As wi th external  d i f f ract ion,  in ternal

d i f f ract ion involves the t ransmiss ion of  wave energy

in  a  d i rec t i on  d i f f e ren t  t o  t he  na in  wave  d i rec t i on '

Both external  and internal  d i f f ract ion have the ef fect

of  removing the sharp d iscont inul t ies in  wave height

p red i c ted  by  re f rac t i on  t heo ry ,  and  the  ove ra l l  e f f ec t

ls  to  g ive a smooth sPat ia l  d is t r ibut lon of  wave

height .  As wi th ref ract lon,  much of  the theory of

water  wave d i f f ract ion has been carr ied over  f rom wave

theory in  other  areas of  physics such as opt ics '

acoust ics and sonar ldaves.

Plate 2 and Fig 18 show the long groyne at I lengistbury

Ilead on the English south coast between Bournemouth
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and the Is Ie of  Wight .  F ig 18 is  a drawing to the
same scale as the aer ia l  photograph in Plate 2.  Some
interest ing wave d i f f ract ion ef fecLs can be seen i -n
the photograph,  wi th the c i rcu lar  d i f f racted wave in
the lee of  the groyne par t icu lar ly  noEiceable.  Waves
also d i f f ract  around both ends of  Beerpan Rocks,  the
shal low rocky area just  of fshore f rom the groyne which
shows up as a dark patch in  Plate 2.  Because of  the
fa i r ly  narrow gap between the t ip  of  the groyne and
the western end of  Beerpan Rocks,  the waves
di f f ract ing around these two points combine to g ive an
elongated c i rcu lar  pat tern.  This wave pat tern exEends
to a lmost  a fu l l  seui -c i rc le in  the lees of  both
obsEacles.  Waves d i f f ract ing around the eastern end
of  Beerpan Rocks can a lso be seen in the lee of  the
r o c k s .

8 . 1 . 5  R e f l e c t i o n s

Wave ref lect ions can e i ther  involve the tota l
ref lect ion of  wave energy or  some diss ipat ion of  wave
energy.  In  th ls  sect ion we wi l l  consider  only  those
ref lect ion processes whi-ch do not  involve loss of
energy f rom the \ {aves.  As wi th d i f f ract ion,
ref lect ion of  waves can e i ther  be by sur face-pierc ing
obstac les or  due to bathynetr ic  var iat lons,  and so
aga in  a  c l ass i f l ca t i on  i n to  rex te rna l '  and  r i n te rna l r

p rocesses  i s  poss lb le .

Ref lect ion of  waves f rom seawal ls  and breakwaters is  a
farn i l iar  s ight .  0 f ten such processes involve
considerable loss of  wave energy,  par t icu lar ly  i f  the
structures have rough,  gent ly-s loping s ides.  I lowever,
smooth ver t ica l - faeed seawal ls  or  quays wi l l  re f lect
waves  w i th  ve ry  l i t t l e ,  i f  any ,  l oss  o f  ene rgy .  When

th is  type of  ref lect ion occurs,  a s tanding wave
pat tern is  created by the in ter ference of  the d i rect
and ref lect .ed waves.  The resul t ing sea sur face does
not  g ive the appearance of  a t ravel l ing wave but  only
of an up-and-down motion of water (hence the name
's tand ing  wave r ) .  The  te rm rc lapo t i s '  i s  some t imes
used for  th is  phenomenon.  At  regular  spat ia l
in tervals  perpendicular  Eo the seawal l  the d i rect  and
ref lected waves add together  g iv ing a doubled wave

height .  Very of ten in  rough condi t ions a spectacular

upward je t  wi th a lo t  of  spray is  created at  these

locaE ions  ( see  P la te  3 ) .  A t  t he  seawa l l  i t se l f  such  a
jet  ls  of ten formed,  exer t ing considerable force on

the st rucEure and of ten over topping the wal l .

As wel l  as being ref lected f rom sur face-pterc ing
obsEac les ,  waves  can  a l so  be  re f l ec ted  ( i n  wa te r  t ha t
is  general ly  shal low) by sudden or  large changes in
\ tater  depth.  This ref lect ion can be e l ther  par t , ia l  or
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to ta l ,  but  in  nei ther  case is  any wave energy

d i ss ipa ted .  Pa r t i a l  r e f l ec t i on  o f  waves  ac tua l l y

occurs whenever there is  a bed s lope of  any s ize '

Th i s  e f f ec t  i s  neg l i g i b l e  f o r  gen t l e  s l opes  bu t  can

become s ign i f i can t  f o r  l ong ,  s teep  s lopes .  The

strength of  the ref lected wave a lso general ly

i nc reases  fo r  sma l l e r  g l anc ing  ang les  ( i . e .  t he  ang le

bet \deen the wave ray and depth contours) .  The

si tuat ion is  analogous to the ref ract ion of  l ight

between media of  d i f ferent  opt ica l  densi t ies in  which

the major i ty  of  energy is  t ransmit ted f rom one medium

to the other ,  but  there is  a weak ref lected lvave'  I f  '
however,  l ight  s t r ikes such a boundary t ravel l ing

from one medium towards another of lower optical

dens i t y  ( such  as  f r om g lass  t o  a i r )  t h i s  re f l ec ted

wave becomes qul te s t rong i f  the inc ident  ray angle is

c l o s e  t o  t h e  ' c r i t i c a l '  a n g l e  ( s e e  F i g  1 9 ) .  F o r

g lanclng inc ident .  angles smal ler  than the cr i t ica l

angle,  the ref lect ion of  l ight  f ron the boundary is

tota l .  An analogous phenomenon occurs wiLh water

waves,  where the equivalent  of  an ropt ica l ly  less

dense mediumr is  a region of  deeper water .  Thus i f  a

wave approaches deep water  f rom shal low water  (wi th a

fa i r ly  rapid t ransi t ion of  depth between the two

reg i . ons ) ,  t o ta l  r e f l ec t i on  can  take  p lace '  Th i s  i s

quite a common occurrence when \daves encounter the

s ides  o f  a  d redged  channe l  ( see  F ig  20 ) .  Th i s

phenomenon has both benef ic ia l  and adverse

consequences.  Much reduced wave act iv iEy oceurs in

the channel  i tse l f ,  wi th obvious benef i ts  to

navigat ion.  I lowever,  there i -s  a lso considerably

increased wave act iv i ty  a long the s ide of  the channel ,

causing greater  eros ion of  the channel  s ide and inf i l l

of the channel bottom.

Plate 4 shows tota l  ln ternal  ref lect ion at  a channel

in a model wave tank. The reduced wave height ln the

channel and the increased wave height at the channel

s ide are c lear ly  seen.  The hexagonal  wave pat tern is

caused by the in ter ference of  the d i rect  and ref lected

I , rave.  In  Ref  22 a more deta i led explanat lon of  th is

ef fect  in  terms of  a t ransi t ion region (known as a
'wave jump')  between two wave t ra ins of  d i f ferent

propert les is  g iven.  This phenomenon is  re lated to

M a c h  r e f l e c t i o n s  ( s e c t i o n  8 . 3 . 1 )

8 . 2  D i s s i p a E i v e
phenomena

B ' 2 .  f  B o t t o m  f r i c t i o n

In water  which is  suf f ic ient ly  shal low for  waves to
' f ee l '  Ehe  seabed ,  wave  ene rgy  can  be  l os t  by

interact ion wi th the seabed.  This energy is  converted

into turbulent  water  mot ion,  heat ,  and the not ion of
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s e a b e d  m a t e r i a l .  T h e s e  d i s s i p a t i o n  p r o c e s s e s  a r e
c o l l e c t i v e l y  k n o w n  a s  r b o t t o m  f r i c t i o n ' .

The  ra te  o f  d i ss ipa t i on  o f  wave  ene rgy  depends  on  the
vrater  depth,  the r r /ave character is t ics and the nature
o f  t he  seabed .  I t  i s  p ropo r t i ona l  Eo  the  cube  o f  t he
wa te r  ve loc i t y  a t  t he  seabed ,  wh i ch  i n  t u rn  i s  a
funct ion of  the wave height ,  wave per iod and \dater
dep th .  Ene rgy  l osses  a l so  depend  on  the  t ype  o f
seabed  ma te r i a l .  W i th  coa rse  ma te r i a l  ( sh ing le  o r
g rave l )  ene rgy  l osses  due  to  pe rco la t i on  o f  wa te r
be tween  the  seabed  pa r t i c l es  can  occu r ,  bu t  usua l l y
the  vo ids  a re  f i l l ed  w i t h  f i ne r  ma te r i a l .  The
roughness of  the mater ia l ,  measured by the average
d i m e n s i o n s  o f  t h e  p a r t i c l e s ,  w i l l  a l s o  c a u s e  l o s s  o f
\ t ave  ene rgy  by  wa te r  t u rbu lence  c lose  to  t he  seabed .
Wi th  f i ne r  ma te r i a l  such  as  sand ,  pe rco la t i on  i s
neg l i g i b l e .  An  e f f ec t  o f  l r aves  on  th i s  f i ne r  rna te r i a l
i s  t o  f o rn  r i pp les  o f  t he  ma te r i a l  on  t he  seabed .
Wave  ene rgy  i s  aga in  l os t  by  v ra te r  t u rbu lence  c lose  to
the  seabed ,  bu t  t he  roughness  o f  t he  seabed  i s
de te rm ined  by  t he  s i ze  o f  t he  r i pp les  raEher  t han  the
ind i v i dua l  sand  pa r t i c l es .  I f  \ r a te r  ve loc i t i es  a t  t he
seabed  exceed  a  ce r ta in  t h resho ld ,  sandy  ma te r i a l  can
be  b rough t  i n to  suspens ion  and  t ranspo r ted  by  t he
waves,  thereby removing energy f rom the waves.  Very
f i ne  ma te r i a l  ( c l ay  o r  mud)  i s  read i l y  b rough t  i n to
suspens ion  and  a  l aye r  o f  f l u i d i sed  na te r i a l  i s
c reaced  above  the  seabed .  Th i s  f l u i d i sed  mud  l ave r
has an extremely st rong damping ef fect  on rdaves.

Genera l l y ,  r { r aves  need  to  p ropaga te  ove r  cons ide rab le
d i s tances  (o f  t he  o rde r  o f  k i l ome t res )  i n  sha l l ow
w a t e r  f o r  b o t t o m  f r i c t i o n a l  l o s s e s  t o  b e  s i g n i f i c a n t .
I n  coas ta l  a reas  where  the  seabed  s lopes  reasonab l y
s teep l y  t o  a  dep th  o f  abou t  20m f r i c t i ona l  l osses  can
usua l l y  be  neg lec ted  to  a  good  app rox ima t i on .
Howeve r ,  i n  l a rge  f l a t  sha l l ow  sand  bays ,  bo t tom
fr ic t ion can be the doninant  phenomenon.  This is
ce r ta in l y  t he  case  w i th  sha l l ow  mud  f l a t s ,  a l t hough
these  a re  no t  conmon  a round  U .K .  coas ts ,  be ing  l i n i t ed
to  l a rge  es tua r i ne  a reas .

8 . 2 . 2  W a v e  b r e a k i n g

Wave breaking is  the most  obvious and spectacular  of
a l l  shal low-water  wave phenomena.  Al though r raves can
break in  deep water  by the act ion of  wind on rdave
c res t s  o r  when  the  c res t s  exceed  a  ce r ta in  s teepness ,
by far  the most  important  type of  breaking waves f rom
the  po in t  o f  v i ew  o f  ene rgy  d i ss ipa t i on  a re  t hose  tha t
are caused to break by the shal lowing \ rater  c lose to
the  sho re .  These  dep th - l i n i t ed  b reak ing  waves  a re
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such complex phenomena that  they are unl ike ly  to be

fu l l y  unde rs tood  o r  adequa te l y  rePresen ted  i n

nune r i ca l  mode ls  f o r  some  yea rs  t o  come .  I n  add i t i on

to  d i ss ipa t i ng  wave  ene rgy  Lh rough  tu rbu lence ,

dep th - l im i t ed  b reak ing  \ t aves  can  exe r t  ve ry  s t rong

fo rces  wh ich  rnake  them an  impor tan t  cons ide ra t i on  i n

Ehe  des ign  o f  mar i t ime  s t ruc tu res .

The d is tance f rom Ehe shore at  which \ {aves break

va r i es  cons ide rab l y .  As  a  ru le  o f  t humbr  \ { aves  beg in

to break when the depth becomes less than twice the

s ign i f i can t  wave  he igh t .  I n  t he  na r row  reg ion  be tween

the  l i ne  o f  b reake rs  and  the  sho re  ( known  as  t he ' su r f

z o n e t )  c o m p l e x  w a v e  e f f e c t s  o c c u r ,  i n c l u d i n g  a  s e t - u P

o f  t he  rda te r  l eve l ,  c rea t i on  o f  l ongsho re  cu r ren ts t

and  unde r tow  and  r i p  cu r ren l s  E rave l l i ng  o f f sho re  f r om

the beach.  Wave phenomena in the sur f  zone wi l l  noc

be  desc r i bed  i n  t h i s  repo r t ,  and  fo r  many  coas ta l

eng inee r i ng  app l i ca t i ons  phenomena  sho rewards  o f  t he

b reake r  l i ne  need  no t  be  mode l l ed  i n  de ta i l .  Howeve r ,

f o r  a  de ta i l ed  unde rs tand ing  o f  wave  run -up  and

a longsho re  and  onsho re -o f f sho re  movemen t  o f  beach

m a t e r i a l ,  s u r f  z o n e  e f f e c t s  d o  n e e d  t o  b e  c o n s i d e r e d .

A  s imp l i f i ed  rep resen ta t i on  o f  l dave  b reak ing  i s  used

in  p resen t  compu ta t i ona l  wave  mode ls ,  w i t h  t he  ma in

purpose being to determine the amount  of  wave energy

d i ss ipa ted .  Re fs  23  a td  24  desc r i be  how an  exp ress ion

fo r  ene rgy  l osses  due  to  b reak ing  can  be  i n t roduced

in to  t hese  mode ls .  Ca l cu la t i on  o f  t he  b reak ing  ene rgy

loss  i s  common ly  based  on  the  l im i t i ng  wave  he igh t

a l l owed  by  t he  b reak ing  P rocess  a t  a  g i ven  dep th .  The

method works by calculat ing a wave height  assuming no

breaking takes p lace and compar ing th is  value wi th the

height  at  which breaking star ts  to occur  at  that

dep th .  I f  t he  ca l cu la ted  wave  he igh t  exceeds  the

b reake r  he igh t ,  i t  i s  r educed  to  t he  va lue  o f  t he

breaker height .  The method recommended in the

Amer i can  Sho re  P ro tec t i on  Manua l  (Re f  8 )  f o r

ca l cu la t i ng  t he  b reake r  he igh t  (u6 )  f o r  r egu la r  rdaves

i s  t o  de te rm ine  H5  f rom:

f l =- -b ( 38 )

0
o

where d is
to  g rav i t y
func t  ions

a  =  4 3 . 7 5

T z

the  wa te r  dep th ,  B  i s  t he  acce le ra t

and T is  the wave Per iod.  a and b

o f  t he  seabed  s loPe ,  m ,  g i ven  bY

( r  -  exp  ( -19 rn )  )

ion due
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r_ .56 ( 40 )

1  *  e x p  ( - 1 9 . 5 n )

For wave spectra in  shal lo ld water  Vincent  (Ref  25)  has

der lved the fo l lowing expression

1 . 1 7  ( d  s  d ) L  T p
E b  = - - ( 4 1 )

where a is  Ehe Phi l l ips constant  in  the JONSWAP
formula for  deep-water  spectra (usual ly  taken as
0.0081) and T^ is  the per iod at  which maximun wave

P
energy occurs ' .  Note that  in  Eq 41,  I Ib  should be

compared wi th the predicted s igni f icant  wave height ,
H s .

Recent ly ,  more sophist icated raethods for  determin ing
breaking energy losses have been advanced.  These are

based on the s imi lar i ty  of  the wave breaking process

wi th other  hydraul ic  phenomena such as a hydraul ic
junp (Refs 26 and 27) and a tidal bore (Refs 28 and
2e).

8 . 2 . 3  R e f l e c t i o n s

Wave energy is  usual ly  d iss ipated to some exEent  when

waves are ref lected by obstac les,  e i ther  man-made or

natura l .  General ly  the d lss ipat ion of  energy wi l l  be
greaEer i f  the s lope of  the obstac le is  gradual ,  the

sur face mater ia l  is  rough,  and the roughness layer  is

th iek.  The modern design of  breakwaters takes these

factors in to considerat ion in  at tempt ing to reduce

wave ref lect ions as much as possib le-  The wave energy

that  is  ref lected can produce a par t ia l  s tanding wave,

but  wi th smal ler  wave height .s  and less spectacular
j e t s  o f  t h e  s o r t  d e s c r l b e d  i n  S e c t i o n  8 . 1 . 5 .  A s  w e l l

as a reduct ion in  t t re general  wave act iv i ty ,  the

diss ipat ion of  ref lect ,ed wave energy resul ts  in  lower

over topping rates and less seabed scour.

Natura l  beaches are probably the most  ef fect ive of  a l l

absorbers of  wave energy,  ref lect ing very l i t t le  of

s toro and swe1l  waves.  I lowever,  both natura l  beaches

and man-made st ructures do ref lect  very long per iod

waves  such  as  ' su r f -bea t r  ( o r  redge ' )  waves  o r  t hose

associated wi th set-up and set-down of  the sea level

between wave groups (see the fo l lowing sect ion) .  Wi th

al l  types of  obstac les longer per iod waves are

ref lected more st rongly than those of  shor ter  per iod '
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8 .3 0ther \.tave
phenomena

The shal low-water  wave phenomena descr ibed in Sect ions

8 . 1  a n d  8 . 2  a r e  t h e  p r i n c i p a l  p r o c e s s e s  a f f e c t i n g

r {aves .  These  p rocesses  can  a l l  have  ve ry  impor tan t

e f f dc t s  i n  t he  app rop r i a te  sea  cond i t i ons  and  the i r

i n f l uence  i s  appa ren t  ove r  l a rge  a reas .

There are,  however,  many other  phenomena.  Al though
they  a re  o f  l ess  gene ra l  impo r tance  fo r  coas ta l

eng inee r i ng  p rob lems  and  o f t en  l ess  ex tens i ve  i n  sea

a rea ,  t hey  may  be  s ign i f i can t  a t  pa r t i cu la r  l oca t i ons

and  fo r  pa r t i cu la r  p rob lems .  They  a re  usua l l y

d i f f i cu l t  t o  desc r i be  ma themat i ca l l y  and  i nco rpo ra te

in a general  manner in to computat ional  models.  Among

t h e m  c a n  b e  l i s t e d :

8 . 3 . 1  M a c h  R e f l e c t i o n s

When  waves  re f l ec t  f r om nea r - ve r t i ca l  f aced  s t ruc tu res

a t  a  sha l l ow  g lanc ing  ang le ,  t he  i n te r fe rence  o f  t he

d i rec t ,  r e f l ec ted  and  d i f f r ac ted  waves  can  cause  a

h igh  c res t  ( o r  t s temr )  pe rpend i cu la r  t o  t he  s t ruc tu re

and  ex tend ing  a  sho r t  d i s tance  seawards  o f  i t .  Th i s

phenomenon can g ive wave heights a long the stem up to

2 .4  t i nes  t he  i nc iden t  wave  he igh t .  A  comp lex ,  l oca l

phenomenon  such  as  t h i s  i s  bes t  s tud ied  i n  sca led

p h y s i c a l  m o d e l s .

8 .3 .2  l ^ l ave  Group ing

I t  is  wel l  known that  swel l  ldaves do not  come inshore

as  a  regu la r  paE te rn  bu t  i n  g roups  o f  seve ra l  waves

which a ie h igher  than average.  There are a number of

causes  o f  t h i s  g roup ing  e f f ec t .  Pe rhaps  the  mos t

impor tan t  i s  t he  i n te r fe rence  o f  waves  t rave l l i ng  i n

the  same d i rec t i on  bu t  w i t h  s l i gh t l y  d i f f e ren t

f requenc ies .  The  e f f ec t  o f  t he  i n te r fe rence  o f  t hese

waves is  to  create a ser ies of  groups of  h igh waves

wi th low waves in between.

8 . 3 . 3  L o n g  w a v e s

S to rm and  swe l l  waves  w i l l  r a re l y  have  pe r i ods  l onge r

than  th i r t y  seconds .  Howeve r  r  waves  w i th  pe r i ods  o f

the order  of  a few minutes are qui te cormon in coasta l

reg ions .  Usua l l y  t hese  waves  have  sma l1  he igh ts  and

a re  no t i ceab le  as  a  gene ra l  r i se  and  fa l l  o f  t he  hTa te r

l eve l .  Mov ing  P ressu re  f r on ts  can  c rea te  t hese  t ypes

of  wave by inducing a ra is ing and lower ing of  the sea

leve l  i n  l i ne  w i t h  t he  ( spa t i a l )  va r i a t i ons  i n

a tmosphe r i c  p ressu re .  The  wa te r  l eve l  can  a l so  be

raised and lowered when wave grouping occurs '  Under

the groups the water  pressure is  lowered because of

t t t "  t t i g t r -  ve loc i t i es  o f  t he  wa te r  pa r t i c l es .  Th i s  w i l l
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9 . 1

resu l t  i n  a  gene ra l  dep ress ion  o f  t he  wa te r  l eve l
unde r  t he  g roups ,  w i t h  a  co r respond ing  r i se  o f  \ da te r
leve1 between the groups.  When the wave groups reach
Ehe shore,  the pr imary wave is  d iss ipated but  the
assoc ia ted  l ong  wave  i s  no t .  Th i s  i s  re f l ec ted  f rom
Ehe beach,  g iv ing r ise to the phenomenon of  sur f
bea ts .  Long  waves  a re  pa r t i cu la r l y  i upo r tan t  i ns ide
ha rbou rs  o r  sma l l  enc losed  bays  where  the i r  he igh ts
can  be  amp l i f i ed  by  resonance .  The  pe r i ods  o f  t hese
waves are of  the same order  as the natura l  per iods of
resonance  o f  boa ts  and  sh ips  and  th i s  w i l l  cause
moored  vesse l s  t o  osc i l l a te ,  and  c rea te  manoeuv r i ng
d i f f i c u l t i e s  f o r  v e s s e l s  u n d e r  w a v .

COUPUTATIONAL
I,iODELS OF
SHALLOW-I{ATER I{AVE
PHENO},TENA

In t , roduc t i on
The  s i zes  o f  coas ta l  a reas  to  be  cove red  by  a  rnode l  o f
shal low-water  vrave phenomena can vary great ly .  The
sma l l es t  wou ld  cove r  an  a rea  w i th  d inens ions  no  more
than a few hundred metres,  in  locat ions where the
seabed  s lopes  sha rp l y  t o  deep  \da te r .  A t  t he  o the r
extreme, areas hundreds of  k i lonetres square may need
to  be  cons ide red .  I n  t he  ma jo r i t y  o f  cases  the  a rea
to  be  cove red  wou ld  be  too  l a rge  fo r  sca led  phys i ca l
mode ls ,  and  the re fo re  compu ta t i ona l  mode ls  a re  a lmos t
a lways  used .

The previous sect ion has shown that  there ex is t  a wide
range of  phenomena that  af fect  htaves as they approach
the  coas t l i ne ,  and  gene ra l l y  Ehey  w i l l  a l l  be  p resen t
to some degree.  Al though computat ional  models have
been  deve loped  wh ich  desc r i be  t hese  e f f ec t s  we I l
i nd i v i dua l l y  (w i t h  pe rhaps  the  excep t i on  o f  wave
b reak ing )  i t  i s  a  much  rno re  d i f f i cu l t  p rob lem to  mode l
the i r  i n te rac t i on .  The  ma in  t h rus t  o f  p resen t -day
model  development  is  towards conbin ing wave phenomena.

A t  p resen t ,  howeve r ,  t he  i n te rac t i on  o f  a I l  phys i ca l
p rocesses  i s  t oo  comp lex  t o  be  fu l l y  mode l l ed  and

the re fo re  t he  p resen t  gene ra t i on  o f  mode ls  have  to
omi t  o r  s i np l i f y  some  wave  p rocesses .  To  cove r  t he

fu l l  r ange  o f  wave  p rocesses ,  t he re fo re ,  i t  i s
necessa ry  t o  have  a  va r i e t y  o f  d i f f e ren t  mode ls r  each

ca te r i ng  f o r  coas ta l  eng inee r i ng  p rob lems  i n  wh i ch
some wave phenomena are more important  than others.

As wel l  as being restr ic ted by the number and type of

incorporated wave phenomenar some models are a lso
res t r i c ted  by  t he i r  numer i ca l  so lu t i on  p rocedu res .  An

impor tan t  numer i ca l  r es t r i c t i on  i s  t ha t  some  mode ls

require a cer ta in min imum number of  gr id  points per
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$ravelength.  For  large areas and shor t  per iod $raves

the number of  gr id  points requi red by these models

becomes so large that  the data preparat ion,  comput ing

s to rage  and  run  t ime  a re  excess i ve .

Compar i sons  o f  p red i c t i ons  f r om a  comPuta t i ona l  - r node l
w i t h  f i e l d  da ta  i s  a  necessa ry  s tep  i n  ca l i b ra t i ng  t he

mode l  and  assess ing  i t s  accu racy .  Un fo r tuna te l y  t o

da te ,  f ew  sys tema t i c  f i e l d  measu remen t  s tud ies  have

been  ca r r i ed  ou t .  The  acqu i s i t i on  o f  good  qua l i t y

f i e l d  da ta  and  the  deve lopmen t  o f  app rop r i aLe

ins t rumen ta t i on  i s  an  a rea  o f  h i gh  p r i o r i t y .

The accuracy of  a model  depends on the incorporated

phenomena and numer ical  procedures.  Clear ly  lhe more

soph i s t i ca ted  mode ls  w i l l  t end  to  be  more  accu ra te '

Howeve r ,  as  we l l  as  t he  obv ious  cons ide ra t i on  o f

accu racy ,  t he  use fu lness  o f  a  compu ta t i ona l  mode l

depends  on  i t s  gene ra l i t y  and  f l ex ib i l i t y .  These

ideas  a re  exp la ined  be low .

Genera l i t y :  To  be  o f  gene ra l  use ,  a  mode l  mus t  be

. b 1 .  t t  d " " c r i b e  q u i t e  g e n e r a l  c o a s t a l  s i t u a t i o n s '  A

success fu l  mode l  by  t h i s  c r i t e r i on  w i l l  be  ab le  t o

incorporaLe any i r regular  seabed topography and

coas t l i ne ,  sea  a reas  o f  any  s i ze ,  and  any  t ype  o f

i nc iden t  wave  cond i t i on .  As  a  ru le ,  t he  more

soph i s t i ca ted  a  mode l  i s ,  i n  t e rms  o f  i nco rpo ra ted

wave phenomena,  the less general  i t  is .  Comron among

these  res t r i c t . i ons  i n  t he  more  soph i s t i ca ted  mode ls

a re  t he  requ i remen t  f o r  a  pe r fec t l y  f l a t  seabed r  a

p a r a I l e l - c o n t o u r e d  s e a b e d ,  a  p e r f e c t l y  s t r a i g h t

c o a s t l i n e ,  o r  t h e  l i m i t a t i o n  t o  e f f e c t s  i n

one -d imens ion  ( i n  t he  ho r i zon ta l  p l ane )  on l y '  I n

c o a s t a l  e n g i n e e r i n g  a p p l i c a t i o n s ,  s u c h  m o d e l s ,  d e s p i t e

thei r  more accurate model l ing of  wave phenomena,  would

be  more  res t r i c ted  i n  t he i r  use .  Fo r  a  p rac t i ca l  wave

mode l  t he  c r i t e r i on  o f  gene ra l i t y  can  be  o f  su f f i c i en t

importance to overr ide the drawback of  having a

re la t i ve l y  s i u rp le  rePresen ta t i on  o f  wave  phenomena '

F lex ib i l i t y :  Ve ry  o f t en ,  coas ta l  eng inee r i ng  p rob lems

reqf f ie  aTarge number of  opt ions Eo be invest igated.

These  may  i nc lude  the  pos i t i on  and  o r i en ta t i on  o f

breakwat l rs  for  harbours or  beach protect ion,  the

o r i en ta t i on ,  l eng th  and  dep th  o f  d redged  channe l s ,  o r

the amount  and ext .ent  of  of fshore dredging for

commercia l  gain.  In  each case a number of  opt ions

needs  to  be  i nves t i ga ted ,  usua l l y  comb ined  w i th  a

va r i e t y  o f  o f f sho re  l dave  cond i t i ons  and  wa le r  l eve Is '

A  use fu l  compu ta t i ona l  mode l  mus t  t he re fo re  be  ab le  t o

i n t roduce  va r i a t i ons  t o  a  pa r t i cu la r  scheme qu i ck l y

and  accu ra te l y .  As  seen  f rom the  examp les  j us t

men t i oned ,  t hese  va r i a t i ons  can  take  the  fo rm o f
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9 . 2 Forward - t rack ing
ray  mode l

chang ing  the  bed  topog raphy ,  l oca t i on  and  na tu re  o f
mar i t ime  s t ruc tu res ,  and  i nc iden t  wave  cond i t i ons .
F l e x i b i l i t y  o f  c o m p u t e r  m o d e l s  i s  v i t a l  t o  a  t h o r o u g h
inves t i ga t i on  o f  op t i ons  w i th in  a  reasonab le  t ime  and
c o s t  s c h e d u l e .

I n  t h e  r e m a i n d e r  o f  t h i s  s e c t i o n ,  w e  s h a l l  d e s c r i b e
the  mos t  recen t  t ypes  o f  sha l l ow-wa te r  compu ta t i ona l
m o d e l s  t h a t  a r e  o f  g e n e r a l  u s e  t o  c o a s t a l  e n g i n e e r s .
B e f o r e  t h e s e  m o d e l s  a r e  u s e d ,  a  p r e l i m i n a r y  a s s e s s m e n t
o f  t he  coas ta l  eng inee r i ng  p rob lem shou ld  be  made  to
de te rm ine  whe the r  a  mode l  i nves t i ga t i on  i s  necessa ry
a n d ,  i f  i t  i s ,  w h a t  t y p e  ( o r  t y p e s )  o f  m o d e l  s h o u l d  b e
used .  I n  t h i s  cho i ce  i t  i s  impo r tan t  t o  bea r  i n  m ind
n o t  o n l y  t h e  a c c u r a c y ,  g e n e r a l i t y  a n d  f l e x i b i l i t y  o f
t he  mode ls ,  bu t  a l so  t he  accu racy  and  fo rm o f  t he
inpu t  da ta ,  t he  requ i red  accu racy  o f  Ehe  so lu t i on  t o
the  p rob lem,  and  the  requ i red  fo rm o f  resu l t s  f r om the
mode ls .  The  advan tages  and  l i r n i t a t i ons  o f  t hese
mode ls  a re  summar i sed  i n  Tab les  1  and  2 .

Ray  t rac ing  has  been  the  t rad i t i ona l  me thod  used  by

c o a s t a l  e n g i n e e r s  f o r  e v a l u a t i n g  t h e  r e f r a c t i o n  a n d
shoa l i ng  o f  r daves  as  t hey  app roach  the  coas t l i ne .  Up
to  abou t  twen ty  yea rs  ago  th i  s  \ " r as  done  g raph i ca l  l y  by
hand .  B r i e f l y ,  t he  me thod  i nvo l ved  us ing  a  cha r t  o f
t h e  c o a s t a l  a r e a ,  a n d  d r a w i n g  o n  i t  a  l i n e ,  r o u g h l y
p a r a l l e 1  t o  t h e  s h o r e ,  i n  d e e p  w a t e r .  A  s e r i e s  o f
r a y s  s E a r t i n g  a t  p o i n t s  a t  r e g u l a r  i n t e r v a l s  a l o n g
th i s  l i ne  wou ld  be  t raced  sho rewards .  The
cons t ruc t i on  o f  r ays  \ . r as  ca r r i ed  ou t  i n  sma l  l  spa t i a l
s t e p s .  A t  t h e  e n d  o f  e a c h  s t e p  t h e  n e w  r a y  d i r e c t i o n ,
and  the  re f rac t i on  and  shoa l i ng  coe f f i c i en t s  we re
ca l cu la ted .  The  who le  p rocess  was  repea ted  fo r
d i f f e r e n t  i n c i d e n t  w a v e  p e r i o d s  a n d  d i r e c t i o n s .  I n
t h e  l a t e  n i n e t e e n - s i x t i e s  t h i s  r a t h e r  t e d i o u s  p r o c e s s
was  compu te r i sed ,  so  g i v i ng  the  f i r s t  t ype  o f
compu ta t i ona l  coas ta l  wave  mode l .

I n  common  w i th  a l l  compu ta t i ona l  mode ls  o f  coas ta l
reg ions ,  t he  f o rwa rd - t rack ing  ray  mode l  uses  a  g r i d  o f
dep th  va lues  cove r i ng  the  coas ta l  a rea  o f  i n te res t
(F ig  22 ) .  Somet imes  more  than  one  g r i d  i s  used  as

shown  i t  F ig  22 .  Each  g r i d  i s  subd i v i ded  i n to
r e c t a n g u l a r  e l e m e n t s  ( o f t e n  t h e y  a r e  s q u a r e s )  a n d
dep th  va lues  f rom cha r t s  o f  t he  a rea  a re  reco rded  a t
each  o f  t he  e lemen t  ve r t i ces .  The  compu te r i sed  ray

t r a c i n g  p r o c e s s  i s  s i m i l a r  i n  c o n c e p t  t o  t h e  g r a p h i c a l
me thod  bu t  t he  compu te r  a lgo r i t hm a l l ows  ray  t r ac ing

to  be  done  w i th  g rea te r  accu racy  and  fa r  g rea te r
s o e e d .
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The  p rocedu re  used  a t  Hyd rau l i cs  Resea rch ,  f o t

examp le ,  i nvo l ves  d i v i d i ng  each  rec tangu la r  e lemen t

i n to  two  r i gh t -ang led  t r i ang les .  l Jnde r  t he  assumpt ion

tha t  t he  wave  ce le r i r y  va r i es  l i nea r l y  ( i n  space )  i n

each  t r i ang le ,  i t  can  be  shown  tha t  t he  ray  pa ths  a re

c i r cu la r  a rcs .  Know ing  the  ray  pos i t i on  and  d i rec t i on

a t  t he  en t r y  po in t  t o  a  t r i anq le ,  t he  ray  pa th  ac ross

the  t r i ang le  and  the  po in t  o f  ex i t  f r om the  t r i ang le

can  be  read i l y  de te rm ined .  The  ex i t  po in t  becomes  the

en t r y  po in t  t o  t he  nex t  t r i ang le ,  and  i n  t h i s  way  a

r a y  i s  t r a c e d  a c r o s s  t h e  g r i d  s y s t e m  u n t i l  e i t h e r  i t

l e a v e s  t h e  g r i d  s y s t e m  o r  e n c o u n t e r s  t h e  c o a s t l i n e ,

whe re  i t  i s  s topped .  As  w i th  t he  g raph i ca l  me thod t

t h i s  p r o c e s s  i s  r e p e a t e d  f o r  a  s e t  o f  i n i t i a l l y

pa ra l l e l  r ays  i n  deep  \da te r ,  a l t hough  the  speed  o f  t he

compu ta t i ona l  me thod  a l l ows  a  f a r  g rea te r  number  o f

r a y s  t o  b e  t r a c e d .  R e f  3 0  d e s c r i b e s  s u c h  a n  a l g o r i t h m

i n  m o r e  d e t a i l .

Ea r l y  compu ta t i ona l  r ay  mode ls  we re  l im i t ed  to  t he

r rac ing  o f  r ay  pa ths  and  ca l cu la t i on  o f  r e f rac t i on  and

shoa l i ng  coe f f i c i en t s  a t  va r i ous  po in t s  a long  each  ray

pa th .  Modern  fo rwa rd - t rack ing  compu te r  mode ls  a re

more  soph i s t i ca ted ,  bu t  be fo re  desc r i b i ng  these  more

recen t  deve lopmen ts  i t  i s  i ns t ruc t i ve  t o  po in t  ou t  t he

d e f i c i e n c i e s  o f  t h e  e a r l y  m o d e l s ,  u s i n g  F i g  2 3  a s  a n

i l l u s t r a t i o n .  P e r h a p s  t h e  m o s t  i m p o r t a n t  l i m i t a t i o n

concerns the wave behaviour  where rays converge and

c ross  fo rm ing  caus t i cs ,  and  where  they  d i ve rge  l eav ing
r d e a d '  a r e a s .  I m p o r t a n t  e x a m p l e s  o f  b o t h  e f f e c t s  c a n

b e  s e e n  i n  F i g  2 3 .  A s  d e s c r i b e d  i n  s e c t i o n  8 . L , 4 ,

i n te rna l  d i f f r ac t i on  p rocesses  occu r  i n  bo th  t ypes  o f

a r e a ,  a n d  t h e s e  p r o c e s s e s  a r e  n o t  i n c l u d e d  i n  t h e

mode l .  The re fo re  t he  h igh  wave  he igh ts  t ha t  t he  mode l

w i l l  p red i c t  i n  t he  conve rgen t  ray  a reas  and  l ow  wave

h e i g h t s  i n  t h e  d e a d  a r e a s  w i l l  b e  u n r e a l i s t i c .

Fu r the r  d rawbacks  o f  t hese  ea r l y  ray  mode ls  a re  t ha t

c u r r e n t  r e f r a c t i o n ,  r e f l e c t i o n s ,  b o t t o m  f r i c t i o n  a n d

wave breaking are not  inc luded,  and the inc ident  l tave

da ta  i s  i n  t he  f o rm  o f  a  s i ng le  wave  pe r i od  and

d i rec t i on  ra the r  t han  a  sPec t rum.

Some of  these drawbacks are overcome in the more

recen t  f o rwa rd - t rack ing  ray  mode ls .  These  new

deve lopmen ts  a re  ou t l i ned  be low .

(a )  Re f rac t i on  by  cu r ren ts

Al though the theory of  combined depth and current

re f rac t i on  i s  ma themat i ca l l y  comp lex r  t he

inco rpo ra t i on  o f  cu r ren t  re f rac t i on  i n to  a  t ay  t r ac ing

mode l  i nvo l ves  re la t i ve l y  l i t t l e  ex t ra  compu ta t i ona l

e f f o r t  o r  da ta  p repa ra t i on  e f f o r t .  The  on l y

add i t i ona l  i n fo rma t i on  to  be  supp l i ed  i s  g r i dded
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v a l u e s  o f  c u r r e n t  v e l o c i t i e s  a n d  d i r e c t i o n s ,  i n  t h e

same format  as the depth data.  Currents f rom any

source can be incorporated provided they are known in

advance .  I t  i s  env i saged  tha t  t i da l  cu r ren ts  wou ld  be

the  ma in  t ype  o f  cu r ren t  used  i n  t hese  mode ls  because

t i des  rep resen t  t he  s t ronges t  sou rce  o f  cu r ren ts  i n

the  UK wa te rs  and ,  because  o f  t he i r  pe r i od i c i t y ,  a re

r e a d i l y  p r e d i c t a b l e .  R e f  3 1  g i v e s  d e t a i l s  o f
compu ta t i ona l  mode ls  o f  comb ined  cu r ren t -dep th
re f rac t i on  o f  wa te r  waves .

(b )  Wave  re f l ec t i ons  f r om s t ruc tu res

A  re f l ec t i ng  bounda ry ,  such  as  a  seawa l l  o r
b reakwa te r ,  can  be  rep resen ted  i n  t he  compu ta t i ona l
mode l  by  a  se r i es  o f  s t ra igh t  l i ne  segmen ts r  each

segmen t  l y i ng  i n  one  g r i d  e lemen t  ( f i g  Z f ) .  Rays  a re
re f l ec ted  f rom these  l i ne  segmen ts  acco rd ing  to  t he

l a w  o f  r e f l e c t i o n  ( i . e .  a n g l e  o f  i n c i d e n c e  =  a n g l e  o f
re f l ec t i on ) .  Each  l i ne  segmen t  has  a  re f l ec t i on

coe f f i c i en t  assoc ia ted  r r iEh  i t  by  wh i ch  Ehe  ray rs

ene rgy  i s  reduced  a fEe r  re f l ec t i on .  Th i s
rep resen ta t i on  o f  r e f l ec t i ng  bounda r i es  a l l ows  an

i r regu la r  bounda ry  t o  be  i nco rpo ra ted  ve ry  accu ra te l y

a n d  a l s o  a l l o w s  d i f f e r e n t  r e f l e c t i o n  c o e f f i c i e n t s  t o

be  used  fo r  d i f f e ren t  pa r t s  o f  Ehe  bounda ry .

( c )  Ray  ave rag ing

The usual  method of  obta in ing inshore ldave heights is

by  ca l cu la t i ng  re f rac t i on  and  shoa l i ng  coe f f i c i en t s  a t

i n te rva l s  a long  each  ray .  A  be t te r  me thod ,  howeve r ,

i s  t o  ave rage  the  e f f ec t s  o f  r ays  ove r  each  o f  t he
g r i d  e lemen ts .  Th i s  ne thod  can  be  eas i l y  i nco rpo ra ted

in to  ex i s t i ng  conpu te r  mode ls  (ne t  lZ )  and  has  a

number of  advantages.  An important  advantage is  that

the ray averaging technique has the ef fect  of
r smoo th ing r  wave  he igh ts  nea r  caus t i cs .  Th i s
smoo th ing  e f f ec t  i s  s im i l a r  t o  t he  ac tua l  d i f f r ac t i on
p rocess ,  a l t hough  the  me thod  i s  pu re l y  numer i ca l  and

no  a t t emp t  i s  nade  to  mode l  t he  d i f f r ac t i on  P rocess .
Another  advantage is  that  in tersect ing wave t ra ins can

be  taken  i n to  accoun t .  Th i s  s i t uaE ion  can  occu r ,  f o r

i ns tance ,  whe re  a  d i rec t  wave  i n te r fe res  w i t h  a

re f l ec ted  wave .  A  th i rd  use fu l  f ea tu re  i s  t ha t  wave

heighLs are generated in  a regular  at ray over  the

who le  sea  a rea .  Th i s  i n fo rma t i on  can  be  read i l y

presented as a contour  d iagram of  wave heights us ing

compu te r  g raph i cs .

(d )  Ex te rna l  d i f f r ac t i on

New means of  represent ing
combined wi th subsequent

d i f f r ac t i on  by  b reakwa te rs  t
r e f r a c t i o n  a n d  r e l e c t i o n s ,
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using a forrtard-tracking ray nethod have recently been
developed. These methods have been designed
principal ly for evaluat ing di f f ract ion around
breakwaters at harbour entrances but they can be used
equal ly wel l  in coastal  appl icat lons for di f f ract ion
around headlands or offshore breakwaters'  The reader

ls referred to Ref 33 for detai ls of  Lhese methods'

(e) Bott ,om Frict ion and Wave Breaking

Both bottom fr ict , ion (Ref 34) and wave breaklng (Refs

3,4r8) can be incorporated into a forward-tracking ray
model,  al though both processes are sinpl l f ied to a
conslderable exEent.  Because of the sErong
non-lLnearl ty of these wave Processes i t  ls not
possible to construct inshore wave spectra from a
serles of runs rePresent ing spectraL conponents (see

below). A further (but related) l i rni tat ion is that
these processes wi l l  not be correct ly nodel led in
l-ocat ions where Ehere are intersect ing wave trains '

( f )  Incident Wave Spectra

A single run of a forward-tracking ray model uses a
single offshore wave period and direct ion as lnput '
It is possible to cover a full lrave spectrum by
performing a number of runs at different combinations
of per iod and direct lon. Wave heights at inshore
points from each run can be weighted by the offshore
wave energy associated wlth that partlcular frequency
and dlrectional comPonent and combined to give a total
wave helght. However, this superposltion of wave

components at inshore points is only valid if all the
modelled rtave processes are treated lineatly' This ls
the case for non-dissipative phenomena, but the
representat ions of bottom fr ict lon and breaking (see

above) involve non-linear terms.

In pract ice, to cover a spectrum with a ser les of
runs can involve considerable computatlonal effort,
particularly if a number of different bathymetrles and

layouts are invest igaLed. Ref 35 describes some tests

to determine if a single run at an average wave perlod

would give similar wave height results to those
determlned from a fu11 spectral coverage' A run at

t,he median period (the period which blsects the area

under an energy versus wave frequency graph) was found

to give very close results to those using the ful1

spectrum. Refraction patterns generally alter more

nirkedly with changes in direction than perlod, and it

is recornmended that runs from a range of directlons
should sti1l be performed. However, sometlmes nainLy

mono-directional seas can occur (for instance when a
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9 .3 Back- t rack ing
ray  mode l

d i s t a n t  s w e l l  i s  d o m i n a n t ) .  O n e  r u n  a t  a  s i n g l e
o f f s h o r e  d i r e c t i o n  c a n  b e  s u f f i c i e n t  i n  t h e s e  c a s e a .

The  med ian  pe r i od  tes t s  we re  ca r r i ed  ou t  f o r  a  ha rbou r
r a t h e r  t h a n  a  c o a s t a l  a p p l i c a t i o n .  S i n c e  r a y s  t r a v e l
much  fu r the r  i n  a  coas ta l  mode l ,  an  i r r egu la r  ray
pa t te rn  i s  more  l i ke l y  t o  deve lop .  I ^ Iave  he iqh ts  f r om
a  fo rward  t rack ing  ray  mode l  shou ld  t he re fo re  be
t rea ted  w i th  some  cau t i on ,  and  a  compu te r  p lo t  o f  r ay
pa ths  i s  recommended  i n  eva lua t i ng  t he  re l i ab i l i t y  o f
resu l t s .  As  a  common  ru le ,  f o rwa rd - t rack ing  mode ls
a re  o f t en  somewha t  un re l i ab le  i n  t he  p red i c t i on  o f
ac tua l  wave  he igh ts ,  bu t  a re  more  accu ra te  i n
p red i c t i ng  t he  wave  he igh ts  i n  one  scheme re la t i ve  t o
a n o t h e r .  T h i s  i s  b e c a u s e  t h e  e f f e c t s  o f  u n r e a l i s t i c
ray pat terns common to both schemes wi l t  cancel  when
Ehe  schemes  a re  comDared .

Because  o f  t he  i naccu rac ies  i nhe ren t  i n  i r r egu la r
f o r w a r d - t r a c k i n g  r a y  p a t t e r n s ,  a n d  t h e  d i f f i c u l t i e s  i n
rep resen t i ng  an  o f f sho re  nave  spec t rum,  a  me thod  o f
back - t rack ing  (o r  reve rse - t rack ing )  o f  r ays  f r om an
insho re  po in t  o f  i n te res t  ou t  t o  deep  wa te r  has  been
d e v e l o p e d .  F o r w a r d - t r a c k i n g  r e y  m o d e l s  a r e  s t i l l
used ,  howeve r ,  whe re  resu l t s  a re  requ i red  a t  spa t i a l
i n t e r v a l s  o v e r  l a r g e  a r e a s  ( e g .  a l o n g  a  b e a c h  o r
channe l )1  whe re  bo t tom f r i c t i on  and  b reak ing  a re
impor tan t ,  and  fo r  i nsho re  po in t s  she l t e red  by
h e a d l a n d s ,  b a y s  o r  e s t u a r i e s .

I n  t he  ea r l y  n ine teen -seven t i es ,  back - t rack ing  ray
m o d e l s  ( R e f  3 6 )  w e r e  d e v e l o p e d  i n  o r d e r  t o  u t i l i s e  t h e
spec t ra l  r ep resen ta t i on  o f  deep -wa te r  l r ave  cond i t i ons
and  to  reduce  g rea t l y  t he  i n f l uence  o f  caus t i cs  and
dead  a reas .  The  p rob lems  o f  caus t i cs  and  non -spec t ra l
rep resen ta t i on  we re  the  mos t  se r i ous  sou rces  o f  e r ro r
i n  f o rwa rd - t rack ing  ray  mode ls .  The  back - t rack ing
method  i s  based  on  the  p r i nc ip le  o f  r eve rs ib i l i t y  o f
ray  pa ths ,  i . e .  t he  pa th  o f  a  ray  t r aced  backwards
( o p p o s i t e  t o  t h e  a c t u a l  d i r e c t i o n  o f  w a v e  t r a v e l )  i s
i den t i ca l  t o  t he  pa th  t r aced  fo rwards  ( i n  t he
d i rec t i on  o f  wave  t rave l ) .  The  compu ta t i ona l  p rocess
invo l ves  t rac ing  fans  o f  r ays  a t  sma l l  angu la r
i nc remen ts  f r om an  i nsho re  po in t  o f  i n te res t  un t i l
t hey  reach  deep  wa te r  (F ig  25 ) .  Some rays  w i l l  no t
reach deep water  and turn shorerdards and st r ike the
coas t .  These  a re  i gno red ,  and  on l y  rays  reach ing  the
o f f sho re  bounda ry  a re  cons ide red .  The  d i rec t i ons  o f
t hese  rays  a t  t he  o f f sho re  bounda ry  a re  g rouped  i n
a n g u l a r  t b o x e s '  ( t y p i c a l l y  1 0 '  w i d e )  w h i c h  r e p r e s e n t  a
d i s c r e t i s a t i o n  o f  t h e  o f f s h o r e  d i r e c t i o n a l  s p e c t r u m .
A  d i sc re t i sa t i on  o f  t he  pe r i od  sDec t rum i s  ob ta ined  by
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cons t ruc t ing  a  ser ies  o f  ray  fans  a t  regu la r  per iod

i n t e r v a l s  ( 1 . 5  s e c o n d s  i s  a  t y p i c a l  i n t e r v a l ) '  F i g  2 5

shows one such fan  o f  raYS.

The  cons t ruc t i on  o f  t hese  fans  o f  r ays  a l l ows  the

insho re  spec t rum to  be  de te rm ined  i n  t e r rns  o f  t he

o f f sho re  spec t rumr  p rov ided  i t  i s  known  how a  spec t rum

t rans fo rms  a long  a  rey .  Re f rac t i on  t heo ry  app l i ed  t o

nave  spec t ra  shows  tha t  t he  quan t i t y  cc *S ( f  r  0 )  i "  
'

cons tan t  a long  a  ray ,  whe re  c  i s  t he  wa ie  ce le r i t y ,  c *

t h e  g r o u p  v e l o c i t y ,  a n d  S ( f r e )  t h e  s p e c t r a l  f u n c t i o n  
-

i n  f r e q u e n c y  ( f )  a n d  d i r e c t i o n  ( 0 ) .  T h e  s p e c t r a l

f unc t i on  a t  an  i nsho re  po in t  can  then  be  de te rm ined  i n

te rms  o f  t he  spec t ra l  f unc t i on  o f f sho re  as

g o s  ( f ,  e )
o

( 4 2 )s . ( f ,e )  =
c .  c  .

r 9 1

where  the  subsc r i p t  i  deno tes  i nsho re  va l ves  and  o

deno tes  o f f sho re  va lues .  Th i s  me thod  makes  the

assumpt ion  tha t  So ( f ,  e )  i s  t he  same a long  the  who le

o f f sho re  bounda ry .

An important  feature of  the back- t rack ing ray method

i s  t ha t  i t  r emoves  the  p rob lem o f  caus t i cs  and  o the r

un rea l i s t i c  ray  pa t te rns  whe re  i n te rna l  d i f f r ac t i on

takes  p lace .  Howeve r ,  as  w i t h  t he  ray  ave rag ing

method  i n  t he  f o rwa rd - t rack ing  mode l r  no  a t t e rnp t  i s

made  to  desc r i be  t he  d i f f r ac t i on  p rocess  '  I n  t he

back - t rack ing  ray  mode l  t he  p rob lem o f  i n te rna l

d i f f r a c t i o n  i s  t a c k l e d  b y  c o n s i d e r i n g  t h e  r e f r a c t i o n

of  spectra rat .her  than indiv idual  \ tave components '

The  can  be  unde rs tood  us ing  F ig  5  as  an  i l l us t ra t i on .

Th i s  f i gu re  shows  an  o f f sho re  spec t rum w i th  a  regu la r

d is t r ibut ion of  energy about  the peak per iod and

d i rec t i on ,  g i v i ng  a  smoo th  appea rance  to  t he  f i gu re '

A  t yp i ca l  i nsho re  spec t rum,  on  the  o the r  hand ,  wou ld

be  qu i t e  i r r egu la r  w i t h  a  number  o f  bumps  and  ho l l ows .

Somet imes a few high and very narrow spikes occur  '

T h e s e  s p i k e s  c o r r e s p o n d  t o  c a u s t i c s ,  i ' e '  a r e a s  o f

concen t ra t i on  o f  nave  ene rgy  a t  t he  i nsho re  s i t e  f o r

pa r t i cu la r  pe r i od  and  d i rec t i on  comqonen ts '  Howeve r t

l he  use fu l  i - nsho re  l dave  pa rame te rs  [ s i gn i f i can t  wave

h e i g h t  ( H r ) r  z e r o - c r o s s i n g  p e r i o d  ( T r ) t  e t c  J  a r e

s ta i i s t i c i l  quan t i t i es  de te rm ined  f ro rn  t he  vo lume

under  t he  who le  spec t rum.  Because  o f  t he  na r rowness

o f  any  sp i kes ,  t he i r  con t r i bu t i on  t o  t he  t o ta l  vo lume

i s  s m a l l .

The rnain advantage of  the back- t rack ing ray method is

tha t  i t  de te rm ines  the  fu l l  wave  sPec t rum a t  an

i n s h o r e  s i t e ,  a l o n g  w i t b  t h e  a s s o c i a t e d  s t a t i s t i c a l
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wave quant i t ies.  As r ,J i th  the f  orward- t rack ing ray
model  the ef fects of  current  ref ract ion can be
inc luded .  The re  a re ,  howeve r ,  some  l im i ta t i ons .  The
back- t , raeking ray rnodel  is  best  su i ted for
invest igat ions where wave condi t ions are requi red at  a
smal l  number of  inshore points.  Such appl icat ions
would inc lude evaluat ing wave condi t ions at  entrances
to harbours,  at  Ehe locat ions of  mar i t ime \ torks,  or  at
beaches or  dredged channels whlch are smal l  in  length.
I f  wave condl- t ions are requi red at  a large number of
inshore points a forward- t rack ing ray model  or
f i n l t e -d i f f e rence  mode l  wou ld  be  p re fe rab le .  A
fur ther  l i rn l ta t ion is  that  rhe back- t raeking ray model
i s  no t  app rop r i a te  f o r  sea  s ta tes  wh i ch  a re
mono-di rect ional  (such as those dominated by
long -d i s tance  swe1 l ) .  I t  i s  a l so  res t r i e ted  i n  t he
wave phenomena that  can be model led.  Because the
back- t rack ing ray method re lLes on the l inear
superposi t ion of  wave components to construct  the
inshore spectrum, non- l inear  ef fects such as bot tom
fr ic t ion and breaking cannot  be incorporated.
I lowever,  a baek-Eracking study wi l l  g ive a
conservat ive est imate of  wave height .s ,  and such
studies are of ten done as a pre l iminary to a
forward- t rack ing ray model  or  f i -n i te  d i f ference model
wh ich  can  i nc lude  d i ss ipa t i ve  e f f ec t s .

I f  the back- t rack ing model  is  used on i ts  own,  i t  is
possib le to compare predicted wave heights wi th the
maximum wave height (H5) tnat is allowed by the depth
at  the inshore point  before breaking takes p lace.  Hb
can  be  ca l cu la ted  us ing  Eq  41  i n  Sec t i oa  8 .2 .2 .

9 . 4  F i n i t e  D i f f e r e n c e
Refract ion Model

An a l ternaLive t .o  a ray t rac i -ng method,  but  us ing the
same bas i c  se t  o f  equa t i ons ,  i s  a  f i n i t e  d i f f e rence
method.  As wi th ray rnethods,  the sea area of  in terest
is  covered by a gr id subdiv ided into rectangular
e lements.  The solut ion procedure involves
approximat ing the der ivat ives in  the governing
equat ions by d i f ferences between values at
neighbour ing gr id points (hence the name ' f in i te

d i f f e r e n c e f  ) .

The of fshore wave condi t ions are speci f ied at  each
gr id point  a long the row at  the extreme seaward edge
o f  t he  g r i d .  I n  t h i s  node l  i t  i s  poss ib le  bo th  t o
speci fy  a wave spectrum ( in  per iod and d i rect ion)  and
to  have  d i f f e ren t  o f f sho re  spec t ra  a t  d i f f e ren t  po in t s
( th ls  la t ter  feature is  roore general  than the
back- t rack ing ray nodel  in  which a spat ia l ly
homogeneous  o f f sho re  spec t rum i s  requ i red ) .
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The method works by calculat ing wave condiEions

successi .ve ly  a long gr id rows,  sEart ing aE the seaward

end.  Using the of fshore wave condi t ions a long the

ext . reme seaward row, and the f in i te  d i f ference

formulat ion of  the ref ract ion equat ions,  the wave

condi t ions a long the second row can be calculated '

These wave condi t ions in  turn prov ide the basis  for

calculat ing the wave condi t ions a long the th i rd row'

The process is  repeated unt i l  the f lna l  row,  fur thest

inshore,  is  reached.  Because of  the way the solut ion

proceeds row by row, th is  method is  known as a
'march ing f  me thod .  Fu l l  de ta i l s  o f  such  a  mode l  a re

g i v e n  i n  R e f  3 7 .

The  advan tages  o f  t he  f i n i t e  d i f f e rence  re f rac t i on

mode l  a re  t ha t  i t  can  t reaE  a  f u l l  o f f sho re  spec t rum
(unl ike the forward- t rack ing ray model)  but  is  a lso

able to inc lude bot tom f r ic t ional  and breaking

diss ipat ion processes (unl ike the back- t rack ing ray

mode l ) .  As  w i t h  bo th  t ypes  o f  r ay  mode l ,  t he

f i n i t e -d i f f e rence  mode l  can  a l so  i nc lude  the  e f f ec t s

o f  r e f rac t i on  by  cu r ren ts .  I t  does ,  howeve r ,  have

some drawbacks.  In  common wi th the forward- t rack ing

ray  mode l , ' i t  w i l l  su f f e r  f r om the  d i f f i cu l t i - es  w i t h

caust ics and dead areas,  a l though the fact  that  a

ser ies of  wave components rePresent ing a spectrum is

being calculated means that  these features wi l l  be

smoo thed  some l ^ tha t .  D i f f r ac t i on  e f f ec t s  ( i n te rna l  and

external )  and ref lect ions (again in ternal  and

external )  cannot  easi ly  be inc luded in such a model '

The  f i n i t e  d i f f e rence  me thod  a l so  su f fe r s  f r om a

l ln i ta t ion in  the tyPe of  sea areas Ehat  can be

nodel led.  I f  the coast l ine changes d i rect ion

signi f icant ly  f rom the main a longshore d i recEion
de te rm ined  by  t he  re f rac t i on  g r i d '  e r ro rs  can  a r i se  a t

po in t s  nea r  t h i s  coas t l i ne .  Th i s  i s  because  wave

eondi t ions at  a gr id  point  are calculated f ron known

condi t ions at  neighbour ing points on the previous row'

These lat ter  points should be in  the open sea and not

on land or  very c lose to land.  Al though i t  is

posslb le to represent  land points by specia l  boundary

condl t ions or  as sea areas of  very smal l  depth,  the

sharp junp that  wi l l  be caused in wave condi t ions

between neighbour ing points wi l l  in t roduce errors '

This  type of  nodel  should therefore be used where

there is  a reasonably s t ra ight  coast l ine and should

not ,  for  instance,  be used to evaluate wave condl t ions

in  a  we l l - she l t e red  bay  o r  a t  t he  s i des  o f  an  es tua ry '

For  such cases a forward- t rack ing ray model  can be

enp loyed .

Experience has shown that.  the most important
def ic iency of forward-tracking ray models and

9 . 5 Parabol ic  Model
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f i n i t e -d i f f e rence  re f rac t l on  mode ls  i s  t he  i nab i l i t y
t o  i nco rpo ra te  d i f f r ac t i on .  New t ypes  o f  mode ls ,
known as parabol ic  models,  have recent ly  been
developed which use a marching f in i te  d i f ference
procedure but  wi th a more complex set  of  governing
equa t i ons  wh i ch  i nco rpo ra te  some  d i f f r ac t i on  e f f ec t , s .
This method at tenpts to uodel  the actual  d i f f ract lon
process rather  than uslng a numer lcal  smoothlng
technlque.  Much ef for t  has been devot .ed Lo developlng
parabol ic  models s ince the la te n ineteen-sevent ies and
there is  now a conslderable technical  l i terature on
the  sub jec t .  Re fs  38 ,  39  g i ve  two  o f  t he  p ionee r i ng
invest igat . ions.  Ref  40 descr ibes some of  the most
recent  developments and Ref  41 conEains a l i terature
rev iew  on  the  sub jec t .

As  w i th  t he  f i n i t e -d i f f e rence  re f rac t i on  mode l ,
parabol ic  models can in pr inc ip le incorporate of fshore
wave spectra,  current  ref ract ion,  bot ton f r ic t ion and
wave breaking.  The rnain advantage of  parabol ic  nodels
i s  t he  i nc lus ion  o f  d l f f r ac t , i on  e f f ec t s ,  bu t  t h i s
greater  accuracy is  achieved at  the expense of  l in i ts
to i ts  range of  appl icabi l i ty ,  in  par t lcu lar  to  the
size of  the sea areas that  can be nodel led.  Parabol ie
nodels require a nuch flner grid mesh than the
re f rac t i on  mode ls  because ,  un l i ke  t he  re f rac t i on
models,  they requi re a min imum number of  e lernents per
wavelength to resolve the wave prof i le .  In  pract ice
th is  wi l l  l fun i t  parabol ic  models to fa i r ly  snal l
coasta l  areas,  no more than a few k i lonetres wide at
mos t ,  and  usua l l y  cons ide rab l y  l ess .  A  fu r the r
l iml tat ion is  that  wave d i rect ions are l iml ted Eo an
angu la r  sec to r  ( t yp i ca l l y  abou t  45 " )  e i t he r  s i de  o f
the gr id d i reet ion perpendicular  to  the shorel ine.  In
coumon wl th the f in i te-d i f ference ref ract ion model ,
backward-ref lected waves are d i f f icu l t  to  incorporat .e,
and a reasonably s t ra lght  coast l ine fac ing the open
sea  i s  requ i red .

Parabol ic  models can be usefu l  when waves t ravel  over
uneven bathynetry such as systems of  shoals and
channels which are qui te common in uK coasta l  walers.
In such s i tuat . ions i t  nay a lso be desi rable to use a
conbinat ion of  models.  For  instance,  a back- t rack ing
ray nodel  could be used to determine wave condi t ions
just  of fshore f rom a shoal  system and then a parabol ic
model  can be used for  the t ransformat ion of  the waves
over the shoals.
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10 EXAMPLES OF I'SE OF
STIALLOW-WATER
COilPUTATIONAL
MODELS

In  th i s  chap te r  t h ree  examp les  o f  t he  use  o f

s h a l l o w - w a t e r  c o m p u t a t i o n a l  m o d e l s  a r e  d e s c r i b e d ,  i n

o rde r  t o  i l l us t ra te  how the  cho i ce  o f  compu ta t i ona l

rnodel  is  made and to show some of  the procedures

fo l l owed  i n  us ing  the  mode ls .  A11  th ree  examp les  a re

taken  f rom s tud ies  con t rac ted  recen t l y  t o  Hyd rau l i cs

Resea rch  fo r  s i t es  a round  the  UK coas t .  I n  each  case

the  na tu re  o f  t he  s i t e  and  the  t ype  o f  eng inee r i ng

p r o b l e m  a r e  d i f f e r e n t .

1 0 . 1  C a r r i c k f e r g u s
I l a rbou r ,  Be l f as t
Lough

In  1983 ,  HR ca r r i ed  ou t  a  \ , t ave  p red i c t i on  s tudy  fo r  a

s i t e  nea r  Ca r r i ck fe rgus  Harbou r  i n  Be l f as t  l ough ,

Nor the rn  l r e l and .  A  new sna l l - boa t  ha rbou r  bas in  was

to  be  bu i l t  ad jo in ing  the  ex i s t i nq  ha rbou r ,  and  wave

cond i t i ons  co r respond ing  to  des ign  o f f sho re  s to rm

s p e c t r a  w e r e  r e q u i r e d  a t  t h i s  s i t e .

The  geog raphy  o f  t he  coas t l i ne ,  and  the  dep th  and

na tu re  o f  t he  seabed  i n  t he  su r round ing  coas ta l  a rea

a re  c ruc ia l  i n  choos ing  wh ich  t ype  o f  compu ta t i ona l

me thod  to  use .  The  s i t e  and  the  ad jacen t  coas ta l  a rea

are shown in F ig 22.  Carr ickfergus harbour is  wel l

p ro tec ted  a t  t he  s i de  o f  t he  Lough  w i th  a  f a i r l y

narro ls  d i rect ional  rwindowr through which ! {aves can

a r r i ve  a t  t he  s i t e .  The  Iough  i s  reasonab l y  sha l l ow ,

wi th the 20m depth contour  about  15km of fshore f rom

Car r i ck fe rgus  ha rbou r .

The  l ong  sha l l ow  sea  a rea  sugges ts  t ha t  bo t tom

f r i c t i on  cou ld  be  a  s i gn i f i can t  sou rce  o f  ene rgy

d i ss ipa t i on ,  i nd i ca t i ng  t ha t  one  o f  t he

fo rward - t rack ing  t ypes  o f  mode l  shou ld  be  used '

I l oweve r ,  because  o f  t he  she l t e red  l oca t i on  o f  t he  s i t e

a t  t he  s i de  o f  t he  I ough ,  t he  f i n i t e  d i f f e rence  and

pa rabo l i c  mode ls ,  wh i ch  requ i re  reasonab l y  s t ra igh t

c o a s t l i n e s  f a c i n g  t h e  o P e n  s e a ,  a r e  r u l e d  o u t '  A

fo rward - t rack ing  ray  mode l  was  the re fo re  chosen '  A

s ing le  run  o f  t he  f o rwa rd - t rack ing  mode l  us ing  a

su i i ab l y  chosen  pe r i od  and  d i rec t i on  was  cons ide red

su f f i c i en t  t o  rep resen t  t he  o f f sho re  spec t rum '  The

use  o f  a  s i ng le  d i rec t i on  was  cons ide red  a  reasonab le

approximat ion because of  the narrowness of  the

d i rec t i ona l  fw indowr  f o r  t he  s i t e .

Because  o f  t he  sens i t i v i t y  t ha t  s i ng le  runs  o f  t he

fo rward - t rack ing  ray  mode l  d i sp lay  t o  s l i gh t  changes

in  o f f sho re  pe r i od  and  d i rec t i on ,  i t  was  dec ided  to
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1 0 . 2

r c a l i b r a t e r  t h e  m o d e l  a g a i n s t  r e s u l t s  f r o m  a
back - t rack ing  ray  mode l .  The  l a t t e r  does  no t  i nc lude
bo t tom f r i c t i on  e f f ec t s  bu t  w i l l  t ake  i n to  accoun t  an
o f f sho re  spec t rum.  A  number  o f  r uns  o f  t he
forward- t rack ing ray model  were per formed wi thout
b o t t o m  f r i c t i o n ,  e a c h  r u n  u s i n g  s l i g h t l y  d i f f e r e n t
pe r i ods  and  d i rec t i ons  f r om the i r  r ep resen ta t i ve
va lues .  The  pe r i od  and  d i rec t i on  wh i ch  gave  wave
h e i g h t s  a t  t h e  i n s h o r e  s i t e  c l o s e s t  t o  t h e
back - t rack ing  ray  mode l  resu l t s  l de re  t hen  se lec ted .
The forward- t rack ing ray model  was then run again wi th
bo t tom f r i c t i on  i nc luded  and  us ing  the  ca l i b ra ted
o f f sho re  pe r i od  and  d i rec t i on .  Th i s  ca l i b ra t i on  o f  a
fo rward - t rack ing  ray  mode l  aga ins t  t he  back - t rack ing
ray  mode l  i s  o f t en  ca r r i ed  ou t  and  g i ves  g rea te r
con f i dence  i n  t he  accu racy  o f  t he  f o rwa rd - t rack inq
mode l  t es t s .  Th ree  runs  w i th  d i f f e ren t  f r i c t i on
fac to rs  we re  subsequen t l y  pe r fo rmed  ( co r respond ing  to
d i f f e ren t  seabed  roughnesses )  t o  de te rm ine  the
s e n s i t i v i t v  o f  r e s u l t s  t o  t h e  f r i c t i o n  f a c t o r .

A  sys tem o f  s i x  g r i ds  was  used  to  cove r  t he  sea  a rea
as shor^rn in  F ig 22 and a p lot  of  the forward- t racked
ray  pa ths  i s  sho r rn  i n  F ig  23 .  Th i s  ray  pa th  p lo t

i n d i c a t e s  c l e a r l y  a r e a s  o f  r a y  c r o s s i n g s ,  i n
pa rE i cu la r  t he  f o rma t i on  o f  two  l ong ,  p rom inen t
caus t i cs  sepa ra ted  by  a  dead  a rea  where  the  rays  have
d i ve rged .  A t  t he  t op  o f  t he  f i gu re  t he re  a re  some
sma l l  o f f sho re  i s l ands  a t  wh i ch  rays  a re  s toPped
be fo re  t hev  reach  the  ma in  coas t l i ne .

Tab le  3  g i ves  some resu l t s  f r om th i s  s tudy  fo r  one
des ign  o f f sho re  s to rm spec t rum,  i nd i ca t i ng  t ha t  bo th
re f rac t i on / shoa l i ng  and  bo t tom f r i c t i on  have  a
s ign i f i can t  i n f l uence  on  wave  he igh ts  a t  Ca r r i ck fe rgus

ha rbou r .

Shoreham Harbour
Shoreham harbour is  on the Sussex coast  fac ing the
Eng l i sh  Channe l .  I n  1984 ,  HR was  commiss ioned  to
ca r r y  ou t  a  s tudy  o f  t he  i n f i l l  r a tes  o f  a  p roposed

dredged channel  to  be used as an approach to the
ha rbou r .  Un l i ke  t he  Ca r r i ck fe rgus  ha rbou r  s tudy ,  i n
wh ich  i n te res t  was  cen t red  on  ex t reme  wave  cond i t i ons  t
t h i s  s tudy  requ i red  an  ana l ys i s  o f  modera te  s to rm

even ts  and  the  eve ryday  wave  c l ima te .

Fig 24 shows the geography and bathyrnetry  of  the area.

To  the  eas t  t he  dep th  con tou rs  f a l l  away  qu i t e  sha rp l y
bu t  t o  t he  rdes t  t he  bed  s lope  i s  f a r  gen t l e r .

G rab -samp les  f r om the  seabed  i nd i ca ted  a  sandy  bo t tom

c lose  to  t he  sho re  w i th  a  ha rd  immob i l e  bed  fu r the r

o u t .  I t  i s  p o s s i b l e  t h a t  b o t t o m  f r i c t i o n a l  e f f e c t s

cou ld  be  s ign i f i can t  f o r  wave  d i rec t i ons  f r om the
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west ,  but  i t  was decided that  a back- t rack lng model

( in  which f r ic t ional  ef fects are excluded) a lone \ {as

the most  appropr iate model  for  the problern '  The

reasons  fo r  t h i s  dec i s i on  a re  l i s t ed  be low :

The wave conditlons determined by the chosen

shal low-water  comPutat ional  model  were to be used

subsequent ly  for  ca lculat ions of  sediment  in f i l1

of  the dredged channel .  Because the rate of

in f i l l  is  s t rongly dependent  on both wave height

and per iod,  and because present-day conputat ional

sediment  models are accurate only to an order  of

magni tude,  i - t  was considered safer  to  use

conservat ive wave height  and per iod values wi thout

b o t t o m  f r i c t i o n .

Since the everyday of fshore ! {ave c l imate and

moderate storms were being considered,  a large

number of  of fshore spectra were requi red Eo be

transformed inshore ( in  fact  th i r ty- three spectra

were considered) .  The computat ional  ef for t

involved in cal ibrat ing and running a

forward- t rack ing model  for  each of  these cases

would have been excessive.

The channel  length was suf f ic ient ly  sual l  (about

70On) that  only  one predict ion point  needed to be

cons ide red .

Before descr ib ing how the back- t rack lng ray model  was

used ,  i t  i s  o f  i n te res t  t o  i nd i ca te  b r i e f l y  how the

of fshore wave sPectra were determined'  Wind data

consist ing of  mean hour ly  windspeeds and d i rect ions

going back four  years were avai lable f rom the

Coastguard Stat ion at  Shoreham' The wind data was

nul t ip l ied by an appropr iate 'nark-up '  factor  to  take

account  of  the fact  Ehat  winds are general ly  s t ronger

over the sea Ehan on land. using IIR's IIINDWAVE model

( see  Sec t i on  5 .1  and  Re f  15 )  t h i s  w ind  da ta  was

analysed to g ive corresponding wave condi t ions

of fshore.  The wave data thus calculated was then

grouped into d iscrete wave height /wave d i rect ion

-ategor ies,  and the f requency of  occurrence of  each

category determined. Thirty-three of the most couutron

and inpor tant  of  these categor ies were selected,  and

the corresponding per iod and d i rect ional  spectra were

calculated us ing the JONSWAP/Seynour method'

The back- t rack ing ray model  produces a set  of
t t r a n s f e r  f u n c t i o n s r ,  i . e .  a  s e t  o f  v a l u e s  f o r  e a c h

per iod and d i rect ional  component  by which an of fshore

spectrum ls  mul t ip l ied to g ive an inshore sPectrum'

Two such t ransfer  funct ions were obta lned for  the

r^tater  level  at  Mean High Water  Spr ings and Mean Low

2 .

3 .
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1 0 .  3 Durham Coast

W a t e r  S p r i n g s  r e s p e c t i v e l y . The t rans fer  func t ions
w e r e  m u l t i p l i e d  b y  e a c h  o f  t h e  o f f s h o r e  s p e c t r a  i n
tu rn  t o  g i ve  t he  co r respond ing  i nsho re  spec t ra  and
va lues  o f  H r ,  T ,  and  ave rage  d i rec t i on .  By  assuming
that  the MHWS and MLWS wave heights each appl ied for
507 .  o f .  t he  t ime ,  i t  was  poss ib le  t o  es t ima te  t he
f requency  o f  occu r rence  o f  i nsho re  wave  cond i t i ons
ave raged  ove r  a  t i da l  cyc le .

A p loE of  ray paths for  one per iod at  MHWS is  shown in
F ig  25 .  Genera l l y  t he  ray  behav iou r  i s  qu i t e  smoo th
w i t h  r e l a t i v e l y  f e w  c r o s s i n g s .  T h e  o v e r a l l  e f f e c t  i s
t ha t  \ . r aves  a t  t he  i nsho re  s i t e  a re  reduced  i n  he igh t
and  have  a  na r rower  d i rec t i ona l  sp read  than  o f f sho re .
Th i s  i s  t yp i ca l  o f  many  coas ta l  a reas  w i th  reasonab l y
r e g u l a r  d e p t h  p r o f i l e s .

An  impor tan t  t ype  o f  coas ta l  eng inee r i ng  p rob lem
occu rs  when  the re  a re  p roposa l s  t o  d redge  g rave l  o r
o the r  ma te r i a l  f r om the  seabed  re la t i ve l y  c l ose  to  t he
c o a s t .  T h e  r e s u l t i n g  c h a n g e s  i n  b e d  l e v e l s  w i l l  a l t e r
t he  re f rac t i on  paE te rn  and  reduce  bo t tom f r i c t i ona l
d i ss ipa t i on  t he reby  a l t e r i ng  r ^ rave  cond i t i ons  on  the
nea rby  coas t l i ne  w i t h  poss ib le  adve rse  consequences
f o r  t h e  s t a b i l i t y  o f  t h e  b e a c h e s .  I n  1 9 8 2  a n
i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  d r e d g i n g  c o a l  w a s t e
dumped  a t  sea  o f f  t he  Du rham coas t  was  ca r r i ed  ou t  by
Hyd rau l i cs  Resea rch .

F i , g  26  shows  the  s i t e ,  and  the  l i ne  A -B  i s  t he  ex ten t
o f  t he  coas t l i ne  t ha t  was  cons ide red  to  be  a f f ec ted  by
the  o f f sho re  d redg ing .  I n  con t ras t  t o  t he  two
p rev ious  examp les ,  whe re  wave  cond i t i ons  we re  requ i red
a t  on l y  one  i nsho re  po in t ,  l r ave  cond i t i ons  a re
requ i red  a t  r egu la r  spa t i a l  i n te rva l s  a long  a  s t re t ch
o f  coas t .  The  f i n i t e -d i f f e rence  mode l  was  chosen  fo r
th i s  s tudy  because  the  coas t l i ne  was  reasonab l y
s t ra igh t ,  a  rep resen ta t i on  o f  t he  f u l1  wave  spec t rum
was  requ i red ,  and  bo t tom f r i c t i ona l  e f f ec t s  we re
cons ide red  to  be  s ign i f i can t .

The procedure involved running the model  wi th the
o r i g i na t  seabed  l eve l s  and  aga in  w i t h  t he  l eve l s
assuming  the  p roposed  d redg ing  had  taken  p lace .  A
s ing le  o f f sho re  spec t ru rn  de r i ved  f rom the  JONSWAP
fo rmu la  f o r  a  seve re  s to rm cond i t i on  was  cons ide red
a d e q u a t e  f o r  t h e  p u r p o s e s  o f  t h i s  r b e f o r e - a n d - a f t e r l

e x e r c i s e .

I n  t he  even t ,  on l y  s l i gh t  changes  i n  wave  he igh t  we re
found  and  were  no t  cons ide red  to  have  a  s i gn i f i can t
e f f e c t  o n  t h e  n e a r b y  b e a c h e s .  I t  i s  i n t e r e s t i n g ,
howeve r ,  t o  see  the  so r t  o f  wave  behav iou r  p red i c ted
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by the model  .  RI ' {S wave heights at  twenty points

be tween  A  and  B  a re  shown  i n  F ig  27 .  Bo t tom f r i c t i on

causes  a  gene ra l  r educ t i on  i n  wave  he igh t  a t  t he

sho re l i ne .  The  f l uc tua t i ons  i n  wave  he igh t  f r om po in t

t o  po in t  a re  due  to  t he  spa t i a l  r ed i s t r i bu t i on  o f  wave

e n e r g y  b y  r e f r a c t i o n .  I n  p r a c t i c e ,  i n t e r n a l

d i f f r a c t i o n  e f f e c t s ,  w h i c h  a r e  n o t  i n c l u d e d  i n  t h e

mode l ,  wou ld  t end  to  smoo th  ou t  t hese  spa t i a l

f l uc tua t i ons  i n  wave  he igh t .

5 9
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TABLB 3 CARRICKFERGUS HARBOUR. RESULTS USING FORI{ARD.TMCKING RAY UODEL

FORWARD TRACKING RAY MODEL

OFFSHORE CONDITIONS

MEDIAN PERIOD

SIGNIFICANT WAVE IIEIGHT

RMS WAVE HEIGHT

MEAN DIRECTION

MEDIAN DIRECTION

INSHORE CONDITIONS

MEAN DIRECTION

SIGNIFICANT WAVE IIEIGHT (no friction)

SIGNIFICANT WAVE HEIG1IT (fr lct lon = 0.02)

SIGNIFICANT WAVE IIEIGIIT (f rlction =  0 .04 )

=  0 .06 )SIGNIFICANT WAVE HEIGIIT (f rlctlon
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