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ABSTRACT

Wave breaking is an important considerat ion in many mari t ime engineering
des ign  ca lcu la t ions .  Over  the  pas t  twenty  years  a  w ide  var ie ty  o f  methods
have been put forward for deternining var ious features of breaking
Processes, ranging from simple empir ical ly-determined expressions for the
breaker wave height to computat ional models of the detai led structure of
breaking weves. This report  conteins a l i terature revies, concentrat ing on
techniques for determining the wave height et  breaking, and the subsequent
energy losses as broken waves cont inue forwards. The emphasis is on oethods
suiteble for hand calculat ions or inclusion in computat ional models of wave
transformation in shal low water.  Assessments of the techniques are uade and
recommendations given.
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I INTRODUCTION 
i

Wave  b reak ing  i s  t he  mos t  obv ious  and  spec tacu la r  o f

a l  l  t he  phys i ca l  p rocesses  tha t  a f  f  ec t  l r a te r  waves ,

and  i s  an  impor tan t  cons ide ra t i on  i n  eng inee r i ng

des ign  bo th  i n  deep  wa te r  and  c lose  to  t he  sho re l i ne .

The  ma in  pu rpose  o f  t h i s  repo r t  i s  t o  rev iew

c r i t i ca l l y  t he  me thods  by  wh i ch  wave  ene rgy

d i ss ipa t i on  due  to  b reak ing  can  be  es t ima ted  by  hand

ca l cu la t i ons  o r  i nco rpo ra ted  i n to  compu ta t i ona l  mode ls

o f  wave  t rans fo rma t i on  f rom deep  to  sha l l ow  wa te r .

C h a p t e r  2  c o n t a i n s  a  b r i e f  q u a l i t a t i v e  d e s c r i p t i o n  o f

the phenomenon of  wave breaking and the var ious

p r o c e s s e s  t h a t  r e s u l t  f r o m  i t ,  p a r t i c u l a r l y  w i t h i n  t h e

su r f  zone .  I n  Chap te r  3 ,  t he  app roaches  to

p r e d i c t i n g  t h e  " b r e a k e r  h e i g h t "  c r i t e r i o n  ( i . e ,  t h e

maximum wave height  a l lowed by the breaking process at

a  g i ven  wa te r  dep th  and  seabed  s lope )  a re  ou t l i ned .

In  Chap te r  4  t he  me thods  o f  mode l l i ng  t he  ra te  o f

d iss ipat ion of  rdave energy in  a broken \ , tave are

d i scussed .  F ina l l y  i n  Chap te r  5  a  summary  o f  t he  ma in

conc lus ions  and  reco rmrenda t i ons  i s  g i ven .

2 PEENOUETOLOGICAL

DESCRIPTION OF

WAVE BREAKING

Befo re  b reak ing ,  l r aves  have  a  re la t i ve l y  smoo th  na te r

su r face .  A f te r  b reak ing  the  wave  f ron ts  a re  usua l l y

wh i te  and  foamy  o f t en  w i th  a  l o t  o f  sp ray  and  bubb les .

Comp lex  p rocess  takes  p lace  du r i ng  b reak ing ,  i nvo l v i ng

a rapid change of  wave shape and the convers ion of

wave  ene rgy  to  t u rbu lence  and  subsequen t l y  hea t .

A f te r  a  sho r t  d i s tance ,  rough l y  seve ra l  t imes  the

dep th  a t  b reak ing ,  t he  wave  adop ts  a  s teady ,

w e l l - o r g a n i s e d  p r o f i l e  w h i c h  i s  m o r e - o r - l e s s

independent  of  the in i t ia l  breaking behaviour ,  but

s t i l l  o f t en  w i th  w t r i t e  \ t a te r  a t  t he  c res t  f ace .  The

te rm rb roken  wave r  w i l l  be  used  to  desc r i be  t h i s



s t e a d y  p h a s e ,  a n d  r b r e a k i n g  w a v e r  w i l l  b e  u s e d  t o

d e s c r i b e  t h e  i n i t i a l  b r e a k i n g  p r o c e s s .  S v e n d s e n  e t  a l

( 1 9 7 8 )  u s e  t h e  t e r m s ' i n n e r  r e g i o n ' a n d  r o u t e r  r e g i o n l

respec t i ve l y  f o r  t hese  two  phases .

The  mos t  v i sua l l y  appa ren t  phase  occu rs  when  waves

in i t i a l l y  b reak  and  the  l r ave  c res t  ove r tu rns ,  o r  comes

a s  c l o s e  a s  p o s s i b l e  t o  o v e r t u r n i n g ,  a n d  g e n e r a t e s

wh i te  \ , r a te r .  The  d i f  f  e ren t  v i sua l  cha rac te r i s  t i c s  o f

b reak ing  naves  p rov ides  a  c l ass i f i ca t i on  o f  b reake r

t y p e s  ( c a l v i n  ( 1 9 6 8 ) ) ,  d e s c r i b e d  b e l o w  a n d  s h o w n  i n

F i g  1 :

( a )  S p i l t i n g  B r e a k e r s .  S p i l l i n g  b r e a k e r s  o c c u r  w h e n

wh i te  wa te r  i n i t i a l l y  appea rs  a t  t he  \ dave  c res t  and

sp reads  down  the  f ron t  f ace .  An  ove r tu rn ing  j e t  o f

\ d a t e r  i s  e i t h e r  v e r y  s m a l l  o r  a b s e n t  a l l  t o g e t h e r .

S p i l l i n g  b r e a k e r s  u s u a l l y  o c c u r  o n  f l a t  o r  g e n t l y

s l o p i n g  b e a c h e s .

(b )  P lung ing  B reake rs .  P lung ing  b reake rs  occu r  when

the  top  o f  t he  wave  c res t  f o rms  a  j e t  wh i ch  ove r tu rns

and  p lunges  i n to  t he  wa te r  i n  f r on t  o f  t he  f ace  o f  t he

rdave .  A  body  o f  a i r  i s  i n i t i a l l y  enc losed  be tween  the

je t  and  the  wave  face ,  caus ing  a  l o t  o f  sp ray  and

whi te r i ra ter .  P lunging breakers are most  common on

m o d e r a t e l y  s t e e p  b e a c h e s .

( c )  Su rg ing  B reake rs ,  Su rg ing  b reake rs  occu r  when  a

re la t i ve l y  sma l1  wave  c lose  to  t he  sho re l i ne  bu i l ds  up

a  c res t  as  i n  a  p lung ing  b reake r ,  bu t  be fo re  t he  j e t

can form, the bot tom of  the wave surges forward up to

the  wa te r  l i ne .  Su rg ing  b reake rs  occu r  on  ve ry  s teep

b e a c h e s  c l o s e  t o  t h e  h r a t e r  l i n e .



These  a re  t he  th ree  ma in  b reake r  t ypes ,  bu t  s i nce

the re  a re  smooEh  t rans iE ions  be tween  them,  va r i ous

sub -c lass i f i ca t i ons  have  been  p roposed .  The  Ee rm

' r co l l aps ing  b reake r r r  i s  some t imes  used  fo r  b reake rs

beEween  p lung ing  and  su rg ing ,  bu t  f u r t he r

s u b - c l a s s i f i c a t i o n s  a r e  n o t  s t a n d a r d l v  u s e d .

A t temp ts  have  been  nade  to  re la te  b reake r  t ype  to  some

q u a n t i f i a b l e  p r o p e r t y  o f  t h e  w a v e .  T h e  e a r l i e s t

c r i t e r i o n  w a s  t h a t  o f  I r r i b a r r e n  a n d  N o g a l e s  ( 1 9 4 9 ) ,

who  used  the  beach  s lope  and  deep - \ ra te r  wave

s  teepnes  s  ,

whe re  m  i s  t he  beach  s lope ,  Ho  i s  t he  wave  he igh t  a t

an  o f f sho re  po in t  and  Lo  i s  t he  wave leng th  a t  t ha t

p o i n t .  T h e  s u b s c r i p t  ' o f f r  i n d i c a t e s  o f f s h o r e

cond i t i ons .  I  i s  gene ra l l y  known  as  t he  l r r i ba r ren

number  o r  t he  Su r f  S im i l a r i t y  pa rame te r .  Ga l v i n

(1968 )  ca r r i ed  ou t  a  se r i es  o f  expe r imen ts  o f  b reak ing

waves  on  va r i ous  bo t tom s lopes  and  p roposed  a  new

Paramete r ,

T =^ o f f  
( H  / L  ) io o

Ir = --L-=

(n. /r. ) '
D O

r = --i-.r-
(n/r.)  "

( 2 . 1 )

Q . 2 )

i n  wh i ch  H -  i s  t he  nave  he igh t  a t  b reak ing .  I t  r s
D

p r o b a b l e  t h a t  G a l v i n  s t i 1 l  u s e d  t h e  o f f s h o r e

wave leng th ,  L  ,  because  o f  t he  d i f f i cu l t y  i n  measu r i ng
o '

o r  es t ima t i ng  t he  wave leng th  i n  t he  su r f  zone .

Nowadays ,  howeve r ,  numer i ca l  mode ls  can  ca l cu la te

loca l  va lues  o f  I l  and  L  even  fo r  i r r egu la r  beaches ,

and  i t  i s  l og i ca l  t o  de f i ne  I  co rnp le te l y  i n  t e rms  o f

l o c a l  v a r i a b l e s ,

( 2 .3 )



Y o o  ( 1 9 8 6 )  c o m p a r e d  b o t h  I  a n d  I r  a g a i n s r  G a l v i n r  s

expe r imen ta l  da ta  and  found ,  ra the r  pa radox i ca l l y ,

t h a t  I r  g a v e  a  c l e a r e r  c l a s s i f i c a t i o n  o f  b r e a k e r  t y p e

then  I ,  desp i t e  t he  obv ious  weakness  o f  us ing  an

o f f s h o r e  p a r a m e t e r ,  L o ,  t o  d e f i n e  a n  i n s h o r e  p r o c e s s .

Th i s  p roop ted  Yoo  to  dev i se  a  new su r f  zone  pa rame te r ,

en t i r e l y  i n  t e rms  o f  l oca l  va r i ab les  bu t  wh i ch  wou ld

g i v e  a  m o r e  r e l i a b l e  b r e a k e r  c l a s s i f i c a t i o n  t h a n  I .

Yoo rs  new su r f  zone  pa rame te r ,  B ,  i s  based  on  the  fac t

t ha t .  s teepe r  bed  s lopes  re ta rd  t he  speed  a t  wh i ch  the

\ {ave  ene rgy  t rave l s  more  s t rong l y  t han  sha l l ower

s l o p e s .  U s i n g  t h i s  i d e a  Y o o  d e r i v e d  r h e  f o l l o w i n g

su r f  zone  pa rame te r ,

R =
Y

2m2

t 2trtt

i n  wh i ch  k

d e p t h .  I  i s

Surg ing

P lung ing

Sp i  1  I  ing

F  >  2 .1

0 .2  <  p  <  2 .1

p  <0 .2

(2 .4 )

i s  t he  l oca l  wavenumber  and  h  t he  l oca l

r e l a t e d  t o  I  b y

R =
t,

I 2
nkh

( 2 . 5 )

Compar i sons  w i th  Ga lv in ' s  expe r imen ta l  da ta  i nd i ca te

t h a t  B  g i v e s  a  c l e a r e r  c l a s s i f i c a t i o n  o f  b r e a k e r  t y p e

than  I ,  a l t hough  fu r the r  expe r imen ta l  measu remen ts  a re

des i rab le .  Oo  the  bas i s  o f  p resen t  measu remen ts  t he

b reake r  t ypes  can  be  c lass i f i ed  acco rd ing  to

( 2 . 6 )

The  rap id  d i ss ipa t i on  o f  wave  ene rgy  du r i ng  the

b reak ing  p rocess  p rov ides  the  dominan t  mechan i sm fo r

other  hydrodynamic phenomena in the sur f  zone.  Two of

t he  mos t  impor tan t  a re  a  r i s i ng  o f  t he  s t i l l  wa te r



TEE BRBAKER

HEIGAT CRITERION

In t roduc t ion

l e v e l  k n o w n  a s  r s e t - u p r  a n d  t h e  g e n e r a t i o n  o f

l ongsho re  cu r ren ts .  Bo th  phenomena  a re  caused  by  t he

non - l i nea r  na tu re  o f  t he  waves  as  t hey  a re  abou t  t o

b reak .  An  e f f ec t  o f  t h i s  non - l i nea r i t y  i s  t ha t  t he

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

o f  momen tum f l ux  ( knov rn  as  t he  rad ia t i on  s t ress )  i n

the  d i rec t i on  o f  wave  p ropoga t i on ,  a f t e r  ave rag ing

ove r  a  wave  cyc le .  When  the  rdaves  b reak ,  t h i s  excess

momen tum f l ux  i s  re leased  f rom the  waves .  The

longshore component  of  th is  excess momentum f lux

d r i ves  a  cu r ren t  i n  t he  l ongsho re  d i recE ion ,  wh i l e  t he

onsho re  componen t  causes  a  se t -up  o f  t he  $ /a te r  l eve l .

The forward momentum of  rdater  dur ing breaking and

w i th in  t he  su r f  zone  takes  p lace  l a rge l y  be tween

t rough  and  c res t  l eve l .  Th i s  i s  ma tched  by  a  re tu rn

f l o w  ( o r ' u n d e r t o w ' )  b e t w e e n  t h e  t r o u g h  l e v e l  a n d  t h e

top  o f  t he  wave  bounda ry  l aye r ,  t yp i ca l l y  a  f ew

cen t ime t res  above  the  seabed .

I t  i s  no t  p roposed  to  cons ide r  t hese  su r f  zone

p rocesses  i n  de ta i l  i n  t h i s  repo r t ,  bu t  t hey  do  se rve

to  i l l us t ra te  t he  dominan t  ro le  o f  \ dave  b reak ing  i n

de te rm in ing  su r f  zone  dynamics .  I t  i s  pa r t i cu la r l y

important  therefore that  computat ional  models of  rdave

t rans fo rma t i on  can  accu ra te l y  p red i c t  h rave  ene rgy

d i ss ipa t i on  du r i ng  b reak ing .  Th i s  repo r t  w i l l

concen t ra te  on  rev iew ing  the  me thods  fo r  ach iev ing

th i s  a im .  Fo r  reade rs  more  i nEe res ted  i n  t he

compu ta t i ona l  mode l l i ng  o f  t he  de ta i l ed  s t ruc tu re  and

evolut ion of  breaking waves,  the rev iew paper of

P e r e g r i n e  ( 1 9 8 3 )  i s  a  g o o d  s t a r t i n g  p o i n t .

An  essen t i a l  i n i t i a l  s tep  i n  de te rm in ing  the  ra te  o f

ene rgy  d i ss ipa t i on  i n  b reak ing  rdaves  i s  t he

3 .1



3 .2 Monochroma t i c

Waves

ca l cu la t i on  o f  t he  max imum s rave  he igh t  a l l owed  by  t he

b reak ing  p rocess  fo r  a  g i ven  l va te r  dep th ,  seabed  s lope

and  wave  cha rac te r i s t i cs .  The  va r i ous  me thods  o f

ca l cu la t i ng  t he  b reake r  he igh t  a re  cons ide red  i n  t h i s

chap te r .  D i f f e ren t  t echn iques  a re  used  fo r

monochromat ic  waves and random waves,  and i t  is

t he re fo re  advan tageous  to  cons ide r  t he  t r r o  cases

sepa ra te l y ,  s ta r t i ng  w i t h  monoch roma t i c  \ daves .

The  ea r l i es t  b reake r  he igh t  c r i t e r i on  was  based  on  an

ana l ys i s  o f  deep -wa te r  S tokes ian  waves .  I ' t i che l1

(1893 )  f ound  tha t  b reak ing  s ta r ted  to  occu r  when  the

ang le  o f  t he  \ dave  c res t  r eached  120" .  Th i s  c r i t e r i on

can  be  exp ressed  a l t e rna t i ve l y  as  a  l im i t i ng  \ dave

s t e e p n e s s  ( i e ,  t h e  r a t i o  o f  w a v e  h e i g h t ,  H ,  t o  w a v e

I e n g t h ,  L )  o f

( t )o = 0.r42 (  3 .1 )

where  the  subsc r i p t  b  deno tes  wave  cond i t i ons  a t  t he

onse t  o f  b reak ing .  Th i s  l im i t i ng  s teepness  occu rs

when  the  l r a te r  pa r t i c l e  ve loc i t y  a t  t he  c res t  i s  j us t

equa l  t o  t he  phase  ve loc i t y  o f  t he  rdave .  I f  t he  wa te r

p a r t i c l e  v e l o c i t y  i n c r e a s e s ,  t h e  r d a v e  s t a r t s  t o  b r e a k .

I n  E q u a t i o n  3 . 1 ,  L  s h o u l d  b e  i n t e r p r e t e d  a s  t h e

S tokes ian  l im i t i ng  wave leng th  wh i ch  fo r  deep  wa te r  i s

abou t  20  pe r  cen t  g rea te r  t han  tha t  o f  s i nuso ida l

waves of  the same f requency.

Equa t i on  3 .1  i s  va l i d  f o r  deep  l r a te r .  As  a  wave  moves

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

f rom i t s  va lue  o f  0 .L42 ,  and  i s  a f f ec ted  by  t he

r e l a t i v e  d e p t h  h / L ,  a n d  E h e  s e a b e d  s l o p e ,  m .

Ana l ys i s  by  McCowan  (1891 )  o f  t he  so l i t a r y  wave  i n



shal low water  showed that  breaking star ts  to occur

when

( * ) o  =  0 .78 (3 .2 )

T h i s  ' 0 . 7 8 '  c r i t e r i o n  i s  s t i l l  t h e  m o s t  w i d e l y  u s e d

breaker cr i ter ion for  shal lo I^7 water  in  present-day

coas ta l  eng inee r i ng  p rac t i ce .  La i t one  ( i 960 )  and

Wiege l  and  Mash  (1961 )  have  used  cno ida l  wave  theo ry

in shal lor^r  water  to determine a s imi lar  cr i ter ion.

The i r  exp ress ions  a re  i n  t e rms  o f  e l l i p t i c  i n teg ra l s

but  are wel l  approximated by t .he formula,

( t )o = 0.727 - r  H  r *r . r2  l -J  "
oTz

( : . :1

( 3 ' 4 )

E q  3 . 1  i n  d e e p

in  excess  o f  Eq

i n  wh i ch  g  i s  t he  acce le ra t i on  due  to  g rav i t y  and  T  i s

the wave per iod.  The addi t ional  tern on the

r i gh t -hand  s ide  i s  re la ted  to  t he  wave  s teepness  i n

deep  wa te r .  M iche  (1944 )  has  used  S tokes  theo ry  t o

de r i ve  a  f o rmu la  va l i d  i n  a1 l  dep ths  o f  wa te r ,

(*), = |ant' (+)

I t  can be seen

water  and to a

3 . 2  i n  s h a l l o w

tha t  Eq 3 .4  reduces  to

va lue  (0 .90)  somewhat

water .

These cr i ter la  have the l in i ta t ion of  noL tak ing

accoun t  o f  t he  seabed  s lope .  The  e f f ec t  o f  t he  seabed

slope can be i rnpor tant ,  a l lowing wave heights of  up to

1 .4h  be fo re  b reak ing  takes  p lace .  To  remedy  th i s ,  a

number of  researchers in  the la te s ix t ies and ear ly

sevent ies at tempted to determine empir ica l

re la t i onsh ips  be tween  (H /h )O  and  the  seabed  s lope ,  m ,

using exper imenta l  data.  The fo l lowing are three such

a t t e m p t s :



( a )  G a l v i n  ( 1 9 6 9 )

f H t  _  1 . 0 8 6  m > 0 . 0 7
\ h r h  ( i . 5 )

( 1 . 4  -  6 . 8 5 m ) - I  m  <  0 . 0 7

( b )  C o l l i n s  a n d  W e i r  ( 1 9 6 9 )

f s t  _  1 .28  m>0 .1
\ h . , h  ( 3 . 6 )

0 . 7 2  +  5 . 6 m  m  < 0 . 1

( c )  M a d s e n  ( 1 9 7 6 )

f H t  _  1 . 1 8  r n > 0 . 1
\ h / b  -  

( 3 . 7 )
0 . 7 2 + 4 . 6 m  m < 0 . 1

The re  a re  some  d i f f e rences  be tween  these  resu l t s  bu t

they  a l l  show tha t  (H /h )b  i nc reases  w i th  m  up  to  a

max imum va lue  reached  when  m i s  abou t  0 .1 .  Fo r  a  f l a t

seabed  (m  =  0 ) ,  t he  expe r imen ta l  va lues  a re  c l ose  to

t h e  t h e o r e t i c a l  v a l u e ,  E g  3 . 2 .

The  mos t  w ide l y  used  o f  t hese  emp i r i ca l  f o rmu las  i s

the  one  de r i ved  by  Weqge l  ( l c lZ )  us ing  da ta  f r om a

large number of  exper iments,

rH' , r  b
\E /b  =  

T -+  aE-  (3 .8 )

t *

i n  wh i ch  a  and  b  a re  f unc t i ons  o f  seabed  s lope ,  m ,

given by,

a  =  4 3 . 7 5  ( 1  -  e x p  ( - 1 9 n ) ) (3 .e)

1 1  =  1 ' 5 6D -@ (3 .10 )

This is  the breaker  cr i ter ion recommended in the

Amer i can  Sho re  P ro tec t i on  Manua l .



Othe r  au tho rs  have  a t t emp ted  to  re f i ne  Wegge l  I  s

fo rmu la  us ing  add i t i ona l  expe r imen ta l  da ta .  Sca rs i

a n d  S t u r a  ( 1 9 8 0 )  s u g g e s t e d  t h e  u s e  o f  E q  3 . 8  f o r

v a l u e s  o f  m  g r e a t e r  t h a n  0 . 0 5 .  F o r  s m a l l e r  v a l u e s

they  p roposed  the  fo rmu la ,

f l t .  =  (0 .72 i  +  ( r rm)2)  -  ( r .  12  +  ( lom)  2 ) (  H  
) i' n ' D  

o T  2

( 3 . 1 1 )

Th i s  g i ves  a  be t te r  f i t  t o  t he  expe r imen ta l  da ta  i n

t h i s  r a n g e  o f  m ,  a l t h o u g h  E q  3 . 8  a n d  E q  3 . 1 1  d o  n o t

m a t c h  a t  m  =  0 . 0 5 .  E q  3 . 1 1  d o e s  r e d u c e  t o  t h e

f  o rmu las  o f  Co l l i ns  and  t ^ l e i r  (Eq  3 .6 )  and  Madsen  (Eq

3 . 7 )  f o r  m  =  0 ,  a n d  t o  t h e  f o r m u l a  o f  L a i t o n e  ( E q  3 . 3 )

fo r  so l i t a r y  rdaves  ( t  +  - ) .  l r l o re  recen t  f o rmu las  have

been  pu t  f o rwa rd  by  S ingamse t t i  and  Wind  (1981 ) t

(f i  )o = t .  to [ '  (no/r-o) -+ 
) 

o '22

and Sunamura  (1981) ,

( 3 .12 )

f$ l  =  1 .1  *1 /6  1s  l t  ) ' t ' t '' n ' D  o  o
( 3 .13 )

The formulas of  these authors are based on

expe r imen ta l  da ta  i n  sha l l ow  wa te r  and  do  no t  apP ly  t o

deep  wa te r .  To  ob ta in  a  f o rmu la  t ha t  i s  un i f o rn l y

va l i d ,  r esea rche rs  such  as  Os tendo r f  and  l " l adsen  (1979 )

and  Ba t t j es  and  Janssen  (1978 )  have  re tu rned  to  t he

M iche  fo rmu la  (Eq  3 .4 )  and  reworked  i t  t o  i nc lude  the

e f fec t s  o f  t he  seabed  s lope .  These  au tho rs  have

sugges ted  the  equa t i on ,

z l l r  1  '7 l r l l  I  (3 . r4)tEJu = 
Ttanh L L t  h- ro , "n . r ,

i n  wh i ch  ( t t / t r ) -  ^L^ r  i s  t he  b reake r  he igh t  t o  dep th
D . S n a l

r a t i o  i n  s h a l l o w  w a t e r .



O s t e n d o r f  a n d  M a d s e n  r e c o m m e n d  E q  3 . 7  f o r  ( n / n ) b r s h a l

bu t  Eq  3 .8  i s  p robab l y  a  beE te r  cho i ce  i n  v i ew  o f  t he

i n c l u s i o n  o f  w a v e  s E e e p n e s s  a n d  i t s  g r e a t e r

e x p e r i m e n t a l  j u s t i f i c a t i o n .  I t  c a n  b e  s e e n  t h a t  E q

3 . 1 4  r e d u c e s  t o  E q  3 . 8  i n  s h a l l o w  w a t e r  ( t a n h  x  =  x )

and  to  Eq  3 .1  i n  deep  rda te r  (  t anh  x  =  1 )  .

Yoo  (1986 )  has  re -ana l ysed  the  expe r imenEa l  da ta  used

by  l , l egge l  and  i nc luded  more  recenc  resu l t s  f  r om Van

Dorn  (1978 )  aod  Iwagak i  e t  a1  (1974 ) .  I l e  aE temp ted  to

r e l a t e  ( I l / h ) ,  i n  s h a l l o w  w a t e r  t o  a  s u i t a b l e  s u r f  z o n e
D

p a r a m e t e r .  A  r e g r e s s i o n  a n a l y s i s  t o  a  h y p e r b o l i c

t a n g e n t  f u n c t i o n  y i e l d e d  t h e  f o l l o w i n g  b e s t - f i t

c u r v e s ,

r t l  . t  2 t  r^  ^( i ) o  =  
;  [ o . e  +  Eanh  (1 .06  r )  ]  ( 3 .15 )

w h e r e  I  i s  t h e  l o c a l  I r r i b a r r e n  n u m b e r ,  E q  2 . 3 1  a n d

. 1 1 .  7 t  -
( i ) .=# lo .e+ tanh(3 .08) ]  (3 .16). n  , D

w h e r e  B  i s  Y o o t s  s u r f  z o n e  p a r a m e c e r ,  E q  2 . 4 .  T h e r e

i s  l i t t l e  t o  c h o o s e  b e t w e e n  E q  3 . 1 5  a n d  E q  3 . 1 6  i n

te rms  o f  ag reemen t  w i t h  expe r imen ta l  da ta .

I t  has been found by a number of  researchers that  some

surf  zone phenomena,  dr iven by the wave breaking

p rocess ,  a re  i n i t i a ted  no t  a t  t he  b reake r  po in t  bu t  a t

t he  p lunge  po in t  ( f o r  p l ung ing  b reake rs ) .  The

pheoomena  a f f ec ted  i n  t h i s  \ { ay  a re  t he  ones  re la ted  to

the  changes  i n  t he  wave  rad ia t i on  s t resses  as  t he

waves  b reak .  Such  phenomena  i nc lude  the  se t -up  o f  t he

s t i l l  \ r a te r  l eve l  and  the  gene rac ion  o f  l ongsho re

cu r ren ts .  The  reason  i s  t ha t  t he  excess  momen tumt

ave raged  ove r  a  wave  cyc le ,  i s  no t  re leased  f rom Ehe

wave  by  Ehe  b reak ing  p rocess  un t i l  t he  p lunge r  s t r i kes

l 0



the  sE i l1  water  in  f ronE o f  the  \ {ave .  I t  was  found in

S o u t h g a t e  ( 1 9 8 8 )  t h a t  t h i s  e f f e c t  c o u l d  b e  s i m u l a t e d

in  the  t r legge l  b reaker  c r i te r ion  by  rep lac ing  the  1 .56

f a c t o r  i n  E q  3 . 1 0  b y  a  v a r i a b l e  2 a ' ,  s o  t h a t  t h e

express ion  read.s ,

u = 2 a '
"  I  +  e x p  ( - 1 9 . 5  m )

( 3 . 1 7 )

I n  t he  o r i g i na l  exp ress ion  a '  wou ld  t he re fo re  t ake  the

v a l u e  0 . 7 8 .  B y  i n c r e a s i n g  t h i s  v a l u e  t h e  o n s e t  o f

b reak ing  w i l l  appea r  t o  occu r  f u r t he r  sho rewards .  A

va lue  o f  a '  =  1 .18  was  found  to  g i ve  good  ag reemen t

wi th exper imenta l  measurements of  wave set-up and

l o n g s h o r e  c u r r e n t  v e l o c i t i e s .  T h i s  r t u n i n g '  o f  t h e

b reake r  c r i t e r i on  depends  on  whe the r  wave  he igh ts  o r

r a d i a t i o n - s t r e s s - r e l a t e d  q u a n t i t i e s  a r e  o f  p r i n c i p a l

i n t e r e s t  i n  a  p a r t i c u l a r  a p p l i c a t i o n .

In v iew of  the scat ter  of  exper imenta l  data on which

the  va r i ous  b reake r  he igh t  c r i t e r i a  have  been  based t

i t  i s  d i f f i cu l t  t o  make  a  f i rm  recommenda t i on  fo r  any

pa r t i cu la r  one .  I l oweve r ,  i t  i s  c l ea r  t ha t  t he  seabed

s lope ,  m ,  has  an  impor tan t  e f f ec t  on  the  b reake r

he igh t ,  and  the re fo re  t hose  c r i t e r i a  wh i ch  do  no t  t ake

the  seabed  s lope  i n to  accoun t  ( i nc lud ing  the  ' 0 .781

cr i ter ion)  are not .  recomoended except  on f la t  or  very

nea r l y  f l a t  seabeds .  The  t r ' I egge l  f o rmu la ,  Eq  3 .8 ,

i nc ludes  the  e f f ec t  o f  o f f sho re  wave  s teepness

( re la ted  to  Ehe  gT2  te r rn )  as  we l l  as  seabed  s lope  and

has been der ived f rom a large quant i ty  of  exper imenta l

da ta .  Th i s  f o rmu la  has  been  w ide l y  used  i n  coas ta l

eng inee r i ng  p rac t i ce .  Fo r  t hese  reasons  i t  i s

p robab l y  t he  mos t  re l i ab le  ex i s t i ng  f o rmu la  f o r  t he

shal low l t rater  breaker  height ,  and can be extended to

b e  v a l i d  f o r  a l l  d e p t h s  u s i n g  E q  3 . 1 4 .  I t  c a n t

fu r the rmore ,  be  tuned  to  t he  p lunge  po in t  f o r  t he

c a l c u l a t i o n  o f  r a d i a t i o n - s t r e s s - r e l a t e d  q u a n t i t i e s  t

r a t h e r  t h a n  w a v e  h e i g h t s ,  u s i n g  E q  3 - 1 7 .

1 1



3 .3 Random waves

In  mos t  rea l  sea  s ta tes ,  t he  wave  ene rgy  i s  sp read

ove r  a  spec t rum o f  pe r i ods  and  d i rec t i ons ,  r a the r  t han

ex i s t i ng  a t  a  s i ng le  pe r i od  and  d i rec t i on .  Waves  i n

such a sea st ,ate are known as random r^raves.  Modern

computat ional  models can descr ibe the t ransfornat ion

of  randon waves as they approach the shorel ine.  A

feature of  random wave act iv i ty  in  shal low water  is

tha t  t he re  i s  no  s ing le  we l l  de f i ned  b reake r  l i ne .

I ns tead ,  h ighe r  waves  w i l l  b reak  fu r the r  o f f sho re  and

sna l l e r  waves  nea re r  t he  coas t ,  so  c rea t i ng  a  zone ,

ra the r  t han  a  l i ne ,  whe re  b reak ing  occu rs .

In order  to analyse the breaking of  random waves,

wi th in the context  of  a computat ional  rnodel  of  wave

t rans fo rma t i on ,  i t  i s  necessa ry  t o  know the

p robab i l i t y  d i s t r i bu t i on  o f  wave  he igh ts .  The

Ray le igh  d i s t r i bu t i . on ,  Eq  3 .18 ,  has  been  found  to

rep resen t .  we l l  mos t  o f f sho re  random sea  s ta tes ,

P(H) dH U- exp (-H2lu2rms) dH
H2

rms

( 3 . 1 8 )

where H' .__ is  the root-mean-square wave height ,  andrms
P(H) dt t  is  the probabi l i ty  of  f ind ing a wave height  in

the range dH centred on H.  In shal low \ rater  the wave

he igh t  p robab i l i t y  d i s t r l bu t i on  w i l l  be  t . r unca t .ed  a t

t he  b reake r  he igh t  ( see  F ig  2 ) .  The  d i s t r i bu t i on  w i l l

fur therrnore be d is tor ted f rom the Rayle igh form by the

sha l l ow  wa te r  wave  p rocesses  ( re f rac t i on ,  shoa l i ng ,

etc) ,  and some at tempts have been made to nodi fy  Eq

3 .16  fo r  sha l l ow  q ra te r  (Hughes  and  Bo rgman  (1987 ) ) .

However,  a conpar ison wi th f ie ld data carr ied out  by

Thornton and Guza (1986) indicated that  the Rayle igh

d i s t r i bu t l on ,  su i t ab l y  t r unca ted ,  i s  s t i l l  a  good

approximat ion in  shal low Trrater .  The methods of

determin ing the breaker  height  are the sane as for

monochromat ic  \ . taves;  the ef fect  of  a probabi l i ty

L2



dist ibut . ion of  wave heights on the decay of  wave

energy af ter  breaking wi l l  be considered in the

fo l l ow ing  chap te r .

An a l ternat ive approach to nodel l ing random waves is

by representat ion as a spectrum i -n per iod and

d i rec t i on .  Bouws  e t  a l  ( 1984 )  have  p roposed  an

ext ,ension of  the deep-water  JONSIIAP spectrum to be

val id  f  or  a l l  dept .hs.  Their  ne\ . r  spectrum, known as the

TMA spectrum, lvas used by Vincent  (1984) to determine

the  s ign i f i can t  wave  he igh t ,  Hs ,  unde r  random waves

for  g iverr  va lues of  depth,  peak f requency and wind

speed .  The  s ign i f i can t  wave  he igh t  i s  de f i ned  i n

V incen t ' s  me thod  as  4  t i nes  t he  squa re  roo t  o f  t he

ze ro  spec t ra l  momen t .  V incen t ' s  ana l ys i s  g i ves  f o r

H ,
s

!

2 a "=
s k

m

where k is  t .he
m

f requeney  ( f  ) ,m
cons tan t  i n  t he

f o r  d ,

( 3 .1e )

wavenumber corresponding to the peak

and  c  l s  an  ex tens ion  o f  t he  Ph l l l i p ' s

JONSWAP equat lon.  Vincent  proposed

a  =  o .oo7g  , u t , , n *  , 40 ' 49  t ' r * "
g '

(  3 .20  )

wave

as

where U is  the wind speed at  10m elevat ion.  In  the

sur f  zone c can r ise to a maximum va1ue,  represent ing

the fact  that  wave heights are l imi ted by the water

depth.  This maximum value is  g iven by

=  0 . 0 9  k 2 h 2max m
(3 .2 r  )

x c o r r e s p o n d i n g  t o  a n  H _ / h  r a t i o  o f  0 . 6

Being based on an analyt ica l  expression

spec t rum a t  a l l  dep ths ,  V incen t ' s  me thod

for the

is  no t
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we l l  su i t ed  f o r  i nc lus ion  i n  a  wave  t rans fo rma t i on

mode l  as  t he  app roach  us ing  a  v /ave  he igh t  p robab i l i t y

d i s t r i b u t i o n .  H o w e v e r ,  V i n c e n t r s  m e t h o d  i s  v a l u a b l e

when used wi thout  a r i rave t ransformat ion model  to

de t rm ine  H ,  and  i t s  l im i t i ng  b reak ing  va lue ,  a ts
i n s h o r e  p o i n t s  o f  i n t e r e s t .  F o r  t h e s e  a p p l i c a t i o n s ,

V i n c e n t r s  m e t h o d  i s  i n  p r i n c i p l e  t o  b e  p r e f e r r e d  t o

the monochromat ic  wave methods where the sea state is

p redominan t l y  random,  a l t ho r rgh  g rea te r  expe r i ence  o f

i t s  u s e  i n  p r a c t i c a l  p r o b l e m s  i s  r e q u i r e d .

Resea rch  has  been  ca r r i ed  ou t  t o  ex tend  the  spec t ra l

rep resen ta t i on  o f  deep -wa te r  h raves  to  i nc lude

b reak ing .  Expe r imen ts  ca r r i ed  ou t  by  Och i  and  Tsa i

( 1 9 8 3 )  i n d i c a t e d  t h e  f o l l o w i n g  c r i t e r i o n  f o r  r h e

b reak ing  o f  deep -wa te r  random waves ,

(#)o = 0 . L 2 6 e.22)

in  which H is  the wave height  between a min imum

sur face  e leva t i on  and  the  fo l l ow ing  max imum,  and  L  i s

the  d i s tance  be tween  success i ve  max ima .  Us ing  th i s

c r i t e r i on ,  Och i  and  Tsa i  ca r r i ed  ou t  a  l eng thy

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

be tween  the  s ign i f i can t  wave  he iqh t  and  the

p robab i l i t y  o f  b reak ing .  The i r  ana l ys i s  i s  dependen t

on the type of  wave spectrum and.  requi res a

compu ta t i ona l  r ou t i ne .  Tung  and  Huang  (1986 )  have

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

based  on  a  c r i t e r i on  t ha t  b reak ing  occu rs  when  the

downward  acce le ra t i on  o f  t he  wave  c res t  exceeds  a

c e r t a i n  f r a c t i o n  o f  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n .

Aga in ,  t he i r  ana l ys i s  i s  ve ry  l eng thy  and  requ i res  a

compu te r  mode l .  Reade rs  a re  re fe r red  to  t he  o r i e i na l

p a p e r s  f o r  d e t a i l s .
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ENERGY

DISSIPATION

IN BROKEN I{AVES

In t roduc t ion4. r

4 .2  Monoch roma t i c

llaves

The  p rev ious  chap te r  cons ide red  the  me thods  o f

predict ing the wave height  at  which r^raves star t  to

break at  a g iven locat ion.  Once waves have broken

they  w i l l  con t i nue  to  t r ave l  f o rwa rds ,  bu t  i n  a  manner

qu i t e  d i f f e ren t  f r om unb roken  waves .  Th i s  chap te r  i s

the re fo re  conce rned  w i th  t he  p red i c t i on  o f  t he

(spa t i a l )  r a te  a t  wh i ch  wave  ene rgy  i s  d i ss ipa ted  f rom

a  b roken  wave  as  i t  t r ave l s  sho rewards .  As  i n  t he

p rev ious  chap te r  t he  me thods  o f  t r ea t i ng  monoch roma t i c

broken waves and random broken waves are considered

s e p a r a t e l y .

The re  a re  t \ r o  bas i c  app roches  to  t he  mode l l i ng  o f

ene rgy  decay  o f  monoch roma t i c  waves  a f t e r  b reak ing .

The  f i r s t  app roach  i s  app l i cab le  on l y  t o  wave  b reak ing

on  beaches  and  i s  based  on  emp i r i ca l l y -de r i ved

re la t i onsh ips  be tween  the  b roken  wave  he igh t ,  H ,  and

the  wa te r  dep th ,  h .  The  s imp les t ,  and  mos t  common ly

used ,  re la t i onsh ip  i s  t he  l i nea r  one ,

H = Y h ( 4 .1 )

where "1 is  def ined as the rat io  of  H to h at

b reak ing .  Essen t i a l l y  i t  i s  assumed  he re  t ha t ,  as  a

broken \dave t ravels inshore,  i t  has a wave height

equa l  t o  t he  h ighes t  a l l owed  unb roken  wave  he igh t .

Th i s  imp l i es  t ha t  t he  va r i ous  fo rmu las  desc r i bed  i n

C h a p t e r  3  f o r  ( H / h ) b  c a n  b e  u s e d  f o r  1  i n  E q  4 . 1 .

Howeve r ,  seve ra l  i nves t i ga to rs  have  es tab l i shed  tha t

the energy decay of  broken rdaves in  the sur f  zone
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d e v i a t e s  s i g n i f i c a n t l y  f r o m  t h i s  l i n e a r  r e l a t i o n s h i p .

Expe r imen ta l  measu remen ts  t yp i ca l l y  show a  concave

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

Ia rge  d i ss ipa t i on  o f  ene rgy  immed ia te l y  a f t e r

b reak ing ,  and  a  p rog ress i ve l y  sma l l e r  r a te  o f

d i ss ipa t i on  f u r the r  sho rewards .

To  be t te r  rep resen t  t h i s  concave  p ro f i l e ,  Sm i th  and

Kraus  (1987 )  have  p roposed  a  po$ re r  l aw  fo r  t he  wave

h e i g h t  d e c a y ,

These  emp i r i ca l  l y -based  me thods

s i n p l i c i t y  b u t  i d e a l l y  r e q u i r e

ca l i b ra t i on .  They  a re  l im i t ed

f ron t  o f  a  beach ,  and  canno t  be

G.2 )

have the advantage of

s i t e - s p e c i f i c

to the sur f  zone in

used  seawards  o f  t he

t no (L)"

where  the  subsc r i p t  b  deno tes  t he  b reak ing  cond i t i on ,

and  the  exponen t  n ,  t o  be  e rnp i r i ca l l y  de te rm ined ,  i s

dependent  on the beach s lope and breaking wave

c o n d i t i o n s .  A  c o m p a r i s o n  o f  p r e d i c t i o n s  u s i n g  E q  4 . 2

w i th  expe r imen ta l  da ta ,  p r i nc ipa l l y  f r om Hor i kawa  and

Kuo  (1966 ) ,  showed  tha t  n  depended  on  y  and  the  bed

s l o p e ,  m .  A  m u l t i p l e  r e g r e s s i o n  a g a i n s t  t h e

expe r imen ta l  da ta  gave  the  fo l l ow ing  fo rmu la  f o r  n ,

n  =  0 . 6 5 7 y  +  0 ' 0 4 3 8 v  -  0 . 0 0 9 6 r n  +  0 . 0 3 2 ( 4 .3 )

y  r {as  ob ta ined f rom a  su i tab le  fo rmula  fo r  ( t t /h )O such

as  those ou t l ined  in  Sec t ion  3 .2 .  SmiCt r  and Kraus

were  ab le  to  ob ta in  a  be t te r  f i t  to  the  exper imenta l

da ta  us ing  th is  method,  a l though an  add i t iona l

empi r i ca l  fac to r  has  had to  be  in t roduced.  l l i 1 le r

(1987)  has  presented  a  s imi la r  type  o f  ana lys is  based

on an  exponent ia l  decay  law.
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breaker  l ine  or  fo r

monoton ica l l y ,  such

dep th  p ro f i l es  wh i ch  do  no t  va ry

as  a  ba r - t r ough  fo rma t i on .

The second type

decay of  broken

for  wave energy

of  approach to

\ i raves is  based

b a  1 a n c e ,

mode l l i ng  t he  ene rgy

on  so l v i ng  the  equa t i on

( 4 .4 )V . ( E c ) = - f .-  " -  - g '  - b

E = 
|oe"'

where  E  i s  t he  mean  wave  ene rgy  dens i t y ,  
" ,  

t t  t he

g roup  ve loc i t y  o f  t he  rdaves ,  DO i s  t he  spa t i a l  r a te  o f

d i ss ipa t i on  o f  wave  ene rgy  f l ux  by  b reak ing ,  and  V  i s

the  2 -D  ho r i zon ta l  g rad ien t  ope ra to r .  Fo r  sma I l

a rnp l i t ude  l i nea r  \ r aves  E  i s  g i ven  by t

( 4 .5  )

where  p  i s  t he  wa te r  dens i t y .

I n  p r i nc ip le  t h i s  me thod  i s  t o  be  p re fe r red  s ince  i t

has  a  we l l - f ounded  phys i ca l  bas i s  ra the r  t han  re l y i ng

on an ad hoc re lat ionship between I I  and h in  the sur f

zone .  The  me thod  has  o the r  advan tages .  Add i t i ona l

d i ss ipa t i ve  o r  gene ra t i ve  p rocesses  such  as  bo t tom

f r i c t i on  and  w ind  g row th  can  be  added  to  t he

r i gh t -hand  s ide  o f  Eq  4 .4 ,  t he reby  g i v i ng  a

s t ra igh t fo rwa rd  Beans  o f  comb in ing  such  P rocesses .

The re  a re ,  f u r t he rmore ,  no  res t r i c t i ons  as  t o  whe re

Eq  4 .4  can  be  used .  I t  can ,  f o r  i ns tance ,  be  used  to

t ransform rdaves a l l  the way f rom deep water  to the

wa te r l i ne  on  a  beach ,  and  can  be  used  fo r  any  t ype  o f

dep th  p ro f i l e ,  i nc lud ing  the  ba r - t r ough  fo rm.  The

main drawback to the use of  Eq 4.4 has been the lack

of  knowledge of  the physical  mechanisms under ly ing the

b reak ing  p rocess  and  hence  o f  a  re l i ab le  exp ress ion

fo r  D .  .  I t  i s  p robab l y  f o r  t h i s  reason  tha t  t he
D
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simpler  empir ica l ly-based approach has been more

popu la r .  Neve r the less ,  w i t h  a  g rea te r  unde rs tand ing

o f  ene rgy  l osses  i n  b reak ing  waves ,  and  the  use  o f

soph i s t i ca ted  compu te r  mode ls ,  me thods  based  on  Eq  4 .4

a re  be ing  i nc reas ing l y  used .

The most  commonly used expression for  DO is  based on

the analogy wi th a t ida l  bore,  a phenomenon s in i lar  in

appearance to a broken \^rave,

^  I p s 3 / 2 k H 3
uh = -----T-

"  8 n h 2
( 4 . 6 )

in  which l "  is  a-n empir ica l  constant ,  o f  t .he order  one,

to  accoun t  f o r  t he  d i f f e rences  be tween  the  b reak ing

wave  and  t i da l  bo re  p rocesses .  Le  Mehau te  (1963 )  was

the  f i r s t  t o  use  th i s  f o rm  fo r  t . he  d i ss ipa t i on  o f

broken wave energy,  and was fo l lowed by Divoky et  a l

( 1 9 7 0 ) ,  H w a n g  a n d  D i v o k y  ( 1 9 7 9 )  a n d  S r i v e  ( 1 9 8 4 ) ,  a t t

of whom compared breaking wave models based on the

t i da l  bo re  ana logy  w l th  expe r imen ta l  da ta  us ing

monoch roma t i c  waves .  Svendsen  (1984 )  a l so  used  Eq  4 .6

bu t  a t t emp ted  a l so  t o  t ake  accoun t  (pa r t i a l l y )  o f  t he

wave non- l inear i ty  at  breaking by a l ter ing the ' .1 /g, .

f ac to r  i n  Eq  4 .5  t o  a  va lue  no re  app rop r i a te  t o  t he

non- l inear  wave form. He a lso in t roduced an expl ic i t

expression for  l ,  in  terns of  t .he \dave crest  e levat ion

and t .he wave height- t .o-water  depth rat io ,  H/h.

There ex is t  other  approaches to the problen of  the

decay  o f  b roken  r {ave  ene rgy .  M izuguch i  ( 1981 )  used

the  fo rmu la  f o r  ene rgy  d i ss ipa t l on  due  to  i n te rna l

v i scos i t y ,  bu t  r ep laced  the  k inemat i c  v i scos i t y  by  an

eddy  v i scos i t y  t e rm ,

D . = 0 . 5 p g v  ( k H ) 2
D " e

( 4 . 7  )

l n  wh i ch  v -  i s  t he  eddy  v i scos i t y  coe f f i c i en t .  Th i se
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ne thod  has  the  p rac t i ca l  d i f f i cu l t y  o f  ob t . a in ing  a

re l i ab le  p red i c t i on  o f  vu .  Da1 l y  e t  a l  ( 1985 )  assumed

that  the rate of  d iss ipat ion of  broken $Iave energy is

p ropo r t i ona l  t o  t he  d i f f e rence  be tween  the  ac tua l

energy f lux and a lower s table f lux level ,

Du [s  "e 
-  {n cr ) "J (4 .e )

where  K  l s  a  f ac to r  t o  be  emp i r i ca l l y  de te rm ined ,  and

the  subsc r i p t  s  deno tes  t he  s tab le  ene rgy  f l ux .  I n

the i r  ana l ys i s  Da l l y  e t  a l  used  Eq  4 .1  i n  Lhe i r

e x p r e s s i o n  f o r  ( n  c * ) " .

K
h

p g co \2h2
(E cg)s = - - - - ( 4 . 1 0 )

4.3 Random waves

giv ing the model  a hybr id character  involv ing both

types of  basic  approach.  There are two empir ica l

pa rame te rs  t o  be  de te rm ined ,  K  and  y .  Based  on

laboratory data f rom Hor ikawa and Kuo (1 966)  ,  Dal ly  et

a l  r ecommended  va lues  o f  K  =  0 .15  and  Y  =  0 .4 .

Ebe rso le  (1987 )  has  compgred  the  mode ls  o f  Da l l y  e t  a l

( 1985 )  and  Svendsen  (1984 )  aga ins t  f i e l d  da ta ,  bo th

rnodels g iv ing an rms error  of  about  I0%. The scat ter

of  f ie ld data tended to mask any genuine compar ison of

t he  mode ls .

The same two basic  approaches to model l ing the

diss lpat , ion of  broken wave energy apply equal ly  to

random waves as they do to nonochromat ic  waves.  The

ear l ier  random wave models were based on Eq 4.1 t .o

provide a cut-of f  va lue to the local  wave height

d i s t r i bu t , i on  (Co l l i ns  (1970 ) ,  Ba t t j es  (1972 )  and  Goda

( 1 9 7 5 ) ) .  B a t t j e s  a n d  J a n s s e n  ( 1 9 7 8 )  w e r e  t h e  f i r s t  t o

app l y  t he  ene rgy  ba lance  equa t i on ,  Eq  4 .4 ,  Lo  the

energy d iss ipat ion of  random broken waves.  In  thei r

method the shal low-water  height ,  d is t r ibut ion was taken

1 9
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t o  b e  a  R a y l e i g h  d i s t r i b u t i o n  t r u n c a E e d  a t  t h e

b reake r  he igh t ,  They  used  a  mod i f i ed  M iche  c r i t e r i on

(Eq  3 .14 )  t o  de te rm ine  the  b reake r  he igh t ,  bu t  i n

p r i nc ip le  any  o f  t he  me thods  i n  Sec t i on  3 .2  cou ld  be

used .  The  t runca ted  Ray le igh  d i s t r i bu t i on  t he re fo re

rep resen ted  the  p robab i l i t y  d i s t r i bu t i on  o f  unb roken

wave  he igh ts .  Fo r  t he  b roken  waves ,  Ba t t j es  and

Janssen  assumed  tha t  t he  wave  he igh t  wou ld  i n i t i a l l y

be  equa l  t o  t he  b reake r  he igh t ,  r esu l t i ng  i n  a  sp i ke

rep resen t i ng  b roken  wave  ene rgy  i n  t he  mod i f i ed

R a y l e i g h  d i s t r i b u t i o n  ( F i g  2 ) .  T h e  " E i d a l  b o r e , l

e q u a t i o n ,  E q  4 . 6 ,  w a s  t h e n  u s e d  i n  c o n j u n c t i o n  w i t h

the  ene rgy  ba lance  equa t i on ,  Eq  4 .4 ,  t o  de te rm ine  the

ra te  o f  ene rgy  decay  o f  t he  b roken  h rave  as  i t  t r ave l s

f  orwa rd .

B a t t j e s  a n d  S t i v e  ( 1 9 8 5 )  i n c l u d e d  a  c o m p a r i s o n  o f  t h i s

t ype  o f  mode l  w i t h  l abo ra to ry  and  f i e l d  da ta  f o r  p lane

and  ba r red  beaches  and  a  shoa l .  Sou thga te  (1988 )

compared  wave  he igh t ,  se t -up  and  l ongsho re  cu r ren t

p r e d i c t i o n s  u s i n g  B a t t j e s  a n d  J a n s s e n r s  m e t h o d  w i t h

expe r imen ta l  da ta  f o r  a  p lane  s lope .  Bo th

inves t i ga t i ons  revea led  good  ag reemen t  be tween  theo ry

and  measu remen ts .  Tho rn ton  and  Guza  (1983 )  have

rnod i f i ed  t he  Ba t t j es  and  Janssen  me thod ,  t ak ing  i n to

accoun t  t he  de ta i l ed  d i s t r i bu t i on  o f  b roken  wave

he igh ts  i n  t he  ca l cu la t i on  o f  D "  ra the r  t han  s imp ly
D

us ing  an  rms  va lue .  I l oweve r ,  i n  t he i r  compar i son  w i th

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

made  a  s i gn i f i can t  improvemen t  t o  t he  p red i c t i on  o f

b roken -wave  ene rgy  d i ss ipa t i on .

Wave  b reak ing  i s  p robab l y  t he  mos t  phys i ca l l y

p rocess  tha t  su r face  rda te r  l r aves  unde rgo .  I n

render any theory of  breaking amenable to hand

ca l cu la t i ons  o r  compu ta t i ona l  mode ls  o f  wave

t rans fo rma t i on ,  t he  rep resen ta t i on  o f  b reak ing

complex

o rde r  t o
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be  cons ide rab l y  s imp l i f i ed .  Fu r the rmore ,  t he re  i s  an

inhe ren t  va r i ab i l i t y  i n  t he  p rocess ,  demons t ra ted  by

the  sca t te r  o f  expe r imen ta l  da ta .  I n  v i ew  o f  t h i s ,

p red i c t i ons  o f  b reak ing  wave  he igh ts  and  ene rgy  l osses

canno t  be  cons ide red  re l i ab le  f o r  i nd i v i dua l  \ t aves t

a l t hough  they  can  rep resen t  ave rage  va lues  ove r  a

se r i es  o f  waves  wh ich  a re  su f f i c i en t l y  accu ra te  f o r

eng inee r i ng  app l i ca t i ons .  Bea r i ng  these  po in t s  i n

m ind ,  t he  f o l l ow ing  conc lus ions  and  recommenda t i ons

can be made.

B reake r  He igh t .  Expe r imen ta l  measu remen ts  show a

de f i n i t e  dependence  o f  b reake r  he igh t  on  bed

s lope ,  and  consequen t l y  f o rmu las  wh i ch  do  no t

i nc lude  the  e f f ec t  o f  bed  s lope  a re  no t

recommended.  Of  those that  do,  no one formula

g i ves  s ign i f i can t l y  be t te r  ag reemen t  w i t h

exper imenta l  data.  For  monochromat ic  ldaves,  the

Wegge l  f o rmu la  (Eqs  3 .8 -10 )  has  been  compared

w i th  a  l a rge  quan t i t y  o f  expe r imen ta l  da ta ,  and

has  been  w ide l y  used  i n  coas ta l  eng inee r i ng

p rac t i ce .  I t  can  a l so  be  tuned  to  t he  p lunge

l i ne ,  r a the r  t han  the  b reake r  l i ne ,  f o r  t he

p r e d i c t i o n  o f  s u r f  z o n e  p r o c e s s e s  ( E q  3 . 1 7 ) .  F o r

compu ta t i ona l  mode ls  o f  t he  p ropaga t i on  o f  r andom

waves ,  good  compar i sons  w i th  l abo ra to ry  and  f i e l d

mea.surements have been obta ined using a Rayle igh

p robab i l i t y  d i s t r i bu t i on  and  a  monoch roma t i c

b reake r  he igh t  f o rmu la .  Fo r  hand  ca l cu la t i ons  o f

random waves in shal low water ,  the method of

V incen t  ( rq  t . 19 -2L )  i s  app rop r i a te .  A l t hough

V incen t r s  me thod  compares  we l l  w i t h  l abo ra to ry

and  f i e l d  da ta ,  f u r t he r  expe r i ence  o f  i t s  use  i n

p rac t i ca l  eng inee r i ng  p rob lems  i s  des i rab le .

l lave Energy Diss ipat ion.  For  monochromat ic  waves

in  t he  su r f  zone  a  re la t i onsh ip  be tween  b roken

wave  he igh t ;  H6 r  and  wa te r  dep th ,  h ,  such  as  t ha t

o f  Sm i th  and  K raus  (Eqs  4 .2 -3 )  i s  p re fe rab le  t o

b)
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t he  common ly -used  l i nea r  re la t i onsh ip .  The  me thod  i s

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

a l t e rna t i ve  app roach ,  based  on  the  \dave  ene rgy  ba lance

e q u a t i o n ,  E q  4 . 4 ,  i s  p h y s i c a l l y  b e t t e r - f o u n d e d  a n d  c a n

be  used  fo r  any  t ype  o f  dep th  p ro f i l e  and  be  comb ined

read i l y  w i t h  o the r  d i ss ipa t i ve  o r  gene ra t i ve  wave

p r o c e s s e s .  T h i s  a p p r o a c h  i s ,  i n  p r i n c i p l e ,  p r e f e r a b l e

to  an  ad  hoc  re la t i on  be tween  t l ' and  h r  bu t  requ i res  a

compu ta t i ona l  wave  E rans fo rma t i on  mode l .  The

recommended  fo rmu la  f o r  t he  ra te  o f  d i ss ioa t i on  o f

broken rdave enerBy is  based on the analogy wi th a

t i d a l  b o r e  ( E q  4 . 6 ) .  T h i s  n e t h o d  c a n  b e  e x t e n d e d  t o

random rdaves  us ing  the  me thod  o f  Ba t t j es  and  Janssen

( S e c t i o n  4 . 3 ) .
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