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1. INTRODUCTION 

The t o p i c o f s h e l f c i r c u l a t i o n has been t r e a t e d i n t h e 

p r e c e d i n g c h a p t e r ( H u y e r ( l ) ) . Nearshore c i r c u l a t i o n , t h e 

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

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

t h e r e f o r e deserves a separate t r e a t m e n t . 

S h e l f c i r c u l a t i o n i s d r i v e n p r i m a r i l y by wi n d - and 

t i d e - i n d u c e d f o r c e s . I t i s l a t e r a l l y o n l y weakly c o n s t r a i n e d 

so t h a t t h e g e o s t r o p h i c ( C o r i o l i s ) a c c e l e r a t i o n i s m a n i f e s t i n 

t h e response. Nearshore c i r c u l a t i o n on t h e o t h e r hand i s 

dominated by wave-induced f o r c e s a s s o c i a t e d w i t h s h a l l o w - w a t e r 

wave b r e a k i n g and i s c o n f i n e d t o a r e l a t i v e l y narrow 

shore-bounded area. For b r e v i t y and f o r c l a r i t y o f p r e s e n t a 

t i o n , o n l y wave-induced nearshore c i r c u l a t i o n i s c o n s i d e r e d i n 

t h i s c h a p t e r , w i t h zero mean f l o w f a r o f f s h o r e . 

The purpose o f t h i s c h a p t e r i s t o g i v e a s t a t e - o f - t h e - a r t 

r e v i e w o f t h e s u b j e c t , r a t h e r t h a n a p r e s e n t a t i o n o f r e c e n t 

r e s e a r c h r e s u l t s . Emphasis i s p l a c e d on t h e p h y s i c s . 

M a t h e m a t i c a l f o r m u l a t i o n s o f ' t h e most i m p o r t a n t r e l a t i o n s a re 

g i v e n , b u t s o l u t i o n t e c h n i q u e s are ' o n l y b r i e f l y r e f e r r e d t o 

w i t h o u t a n a l y t i c a l d e r i v a t i o n s o r n u m e r i c a l a l g o r i t h m s . 
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The o u t l i n e i s as f o l l o w s . S e c t i o n 2 g i v e s a b r i e f , 

q u a l i t a t i v e i n d i c a t i o n o f d i f f e r e n t t y p e s o f mo t i o n i n t h e 

nearshore zone. The nearshore wave f i e l d i s d e a l t w i t h i n 

s e c t i o n 3. S e c t i o n 4 focuses on t h e i n t e r n a l , v e r t i c a l 

s t r u c t u r e o f t h e mean c i r c u l a t i o n i n t h e reduced case o f 

shore-normal motions. The more g e n e r a l c i r c u l a t i o n i n two 

h o r i z o n t a l dimensions i s d e s c r i b e d i n a v e r t i c a l l y - i n t e g r a t e d 

sense i n s e c t i o n 5. The c h a p t e r c l o s e s w i t h a d i s c u s s i o n o f 

r e c e n t developments towards a t h r e e - d i m e n s i o n a l m o d e l i n g o f 

t h e nearshore c i r c u l a t i o n . 

2. TYPES AND SCALES OF MOTION 

The f l o w p a t t e r n i n t h e nearshore zone i s dominated by 

wind-generated waves t h a t e v o l v e from deep water t o t h e beach 

i n processes o f r e f r a c t i o n , s h o a l i n g and b r e a k i n g . As t h e 

waves propagate i n t o s h a l l o w w a t e r , an i n c r e a s i n g p r o f i l e 

d i s t o r t i o n occurs as a r e s u l t o f bound h i g h e r harmonics, whose 

r e l a t i v e i n t e n s i t y reaches a maximum i n t h e v i c i n i t y o f t h e 

l o c a t i o n o f i n i t i a l > breaking.. I n t h e b r e a k e r zone, a 

c o n s i d e r a b l e p a r t o f t h e h i g h - f r e q u e n c y k i n e t i c energy i s 

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

I n c i d e n t wave f r e q u e n c i e s a t exposed sea c o a s t s a r e 

t y p i c a l l y o f t h e o r d e r o f 0.1 Hz. However, s p e c t r a l 

measurements t h r o u g h t h e s u r f zone i d e n t i f y a s i g n i f i c a n t r o l e 

f o r l o w - f r e q u e n c y motions o r su r f ' b e a t , f r e q u e n c i e s l e s s t h a n 

about 0.05 Hz. T h e i r r e l a t i v e importance i s enhanced t h r o u g h 

t h e s u r f zone as a consequence o f s h o a l i n g and b r e a k i n g ; t h e y 

a r e a r g u a b l y dominant ' d u r i n g rough c o n d i t i o n s (Guza and 

Thor n t o n ( 2 ) ) . Both c r o s s - s h o r e and lo n g s h o r e p r o p a g a t i o n 

modes have been i d e n t i f i e d . Cross shore modes may d e r i v e from 

f o r c e d l o n g waves t h a t a re bound t o s h o r t wave groups 

( L o n g u e t - H i g g i n s and Ste w a r t (3) , H u n t l e y and Kim ( 4 ) ) o r t o 

l o n g p e r i o d v a r i a t i o n s i n t h e break l o c a t i o n s induced by 

i n c i d e n t s h o r t wave groups (Symonds e t a l ( 5 ) ) . Long wave 

motions r a d i a t e b o t h seaward and shoreward f r o m t h e b r e a k e r 
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l i n e as a consequence o f t h i s second mechanism. Longshore 

modes may be p r o g r e s s i v e o r s t a n d i n g edge waves ( H u n t l e y e t a l 

( 6 ) , Holman and Bowen ( 7 ) ) . 

The l o w - f r e q u e n c y motions i n t h e nearshore zone r e f e r r e d 

t o above are m a n i f e s t a t i o n s a t d i f f e r e n c e f r e q u e n c i e s o f 

n o n l i n e a r i n t e r a c t i o n s w i t h i n a narrow-banded i n c i d e n t wave 

f i e l d . Such inter<uCtions a l s o g i v e r i s e t o steady p e r t u r b a 

t i o n s ( s p a t i a l v a r i a t i o n s o f t h e mean water l e v e l (MWL) and 

mean f l o w s ) . 

S p a t i a l v a r i a t i o n s i n t h e l o c a l MWL are most n o t a b l e i n 

t h e shore-norm.al d i r e c t i o n where t h e r e i s a c l o s e r e l a t i o n s h i p 

between t h e s h o a l i n g - b r e a k i n g e v o l u t i o n o f t h e wave h e i g h t and 

t h e setup o f t h e MWL from t h e g l o b a l s t i l l w a t e r l e v e l (SWL) . 

The s h o a l i n g i n c r e a s e i n wave h e i g h t p r i o r t o b r e a k i n g i s 

accompanied by a s e t down o f t h e l o c a l MWL and t h e subsequent 

decrease i n wave h e i g h t t h r o u g h o u t t h e s u r f zone i s 

accompanied ( a f t e r some l a g ) by a r i s e i n t h e MWL which 

e v o l v e s i n t o a r a t h e r l a r g e r setup. I n a d d i t i o n , t h e r e i s a 

s i g n i f i c a n t v e r t i c a l mean-flow c i r c u l a t i o n i n t h e o n - o f f s h o r e 

d i r e c t i o n and a two l a y e r s t r u c t u r e can be i d e n t i f i e d . 

I n c i d e n t p r o g r e s s i v e waves c a r r y a s m a l l f o r w a r d mass f l u x 

towards t h e beach i n t h e t r o u g h - c r e s t r e g i o n , balanced by a 

s m a l l o f f s h o r e f l o w o r undertow beneath t h e t r o u g h . 

Longshore c u r r e n t s o f s i m i l a r magnitude may be i d e n t i f i e d 

i n t h e mean f l o w w i t h i n t h e s u r f zone. Longshore n o n u n i f o r m i -

t i e s t o g e t h e r w i t h t h e r e q u i r e m e n t s o f mass c o n s e r v a t i o n may 

l e a d t o nearshore c e l l s o f h o r i z o n t a l c i r c u l a t i o n . R e t u r n 

f l o w s t h r o u g h t h e s u r f a r e narrow and i n t e n s e ( r i p c u r r e n t s ) , 

as a r e s u l t o f v o r t e x s t r e t c h i n g ( A r t h u r ( 8 ) ) , b u t t h e 

balance o f t h e gyres beyond t h e s u r f zone and r e t u r n i n g 

t h r o u g h t h e s u r f zone a r e broad and weak. Rip c u r r e n t s a r e 

r e g u l a r f e a t u r e s o f most beaches and i d e n t i f y t h e e x i s t e n c e o f 

one o r more c i r c u l a t i o n c e l l s . The r i p s may be l o c a t e d by 

t o p o g r a p h i c c o n s t r a i n t s o f t h e f l o w f i e l d such as groynes o r 
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headlands b u t are nonetheless observed on l o n g s t r a i g h t 

beaches a t near-normal i n c i d e n c e , s u g g e s t i n g an a l t e r n a t i v e 

o r i g i n i n t h e nearshore hydrodynamics o r perhaps morphology. 

The dynamics o f t h e v e r t i c a l and h o r i z o n t a l nearshore 

c i r c u l a t i o n (mean f l o w ) are governed p r i m a r i l y by t h e b r e a k i n g 

i n c i d e n t waves; t u r b u l e n c e and low - f r e q u e n c y motions p l a y a 

secondary r o l e . Present-day nearshore c i r c u l a t i o n models do 

i n c l u d e t u r b u l e n t momentum t r a n s f e r , a l b e i t i n crude 

a p p r o x i m a t i o n s , b u t t h e i n f l u e n c e o f low - f r e q u e n c y motions on 

t h e steady c i r c u l a t i o n i s g e n e r a l l y i g n o r e d . T h i s i s n o t 

c o r r e c t because o f t h e non-zero c o r r e l a t i o n between t h e 

low-frequency motions and t h e short-wave groups (see e.g. Goda 

( 9 ) , D a l l y and Dean ( 1 0 ) ) . However, t h e r e i s p r e s e n t l y no 

r e a l a l t e r n a t i v e as a r e l i a b l e p r e d i c t i o n o f t h e l o w - f r e q u e n c y 

nearshore m o t i o n i s n o t y e t a v a i l a b l e . 

A l t h o u g h t h e f l u c t u a t i n g motions dominate i n t h e nearshore 

zone, i t i s n o n e t h e l e s s c o n v e n i e n t t o adopt a R e y n o l d s - s t y l e 

d e c o m p o s i t i o n o f t h e i n s t a n t a n e o u s f l o w v a r i a b l e s i n t o mean 

f l o w and f l u c t u a t i n g p a r t s . We adopt a c a r t e s i a n c o o r d i n a t e 

system l o c a t e d i n t h e h o r i z o n t a l p l a n e o f t h e g l o b a l SWL w i t h 

h o r i z o n t a l axes x and y ( o r (x.y) i n t e n s o r n o t a t i o n o r a U 

^=(x,y) i n v e c t o r n o t a t i o n ) and v e r t i c a l a x i s z d i r e c t e d 

upwards. The a components o f t h e h o r i z o n t a l v e l o c i t y , f o r 

example, a r e w r i t t e n 

lia(X,Z,t) = U^(x,z) + U,(x,Z,t) (2.1) 

where i s t h e f l o w v e l o c i t y averaged over a d u r a t i o n much 

l o n g e r t h a n t h e wave groups, b u t s t i l l s i g n i f i c a n t l y s h o r t e r 

t h a n any t i m e s c a l e a s s o c i a t e d w i t h i n c i d e n t sea c o n d i t i o n s . 

Such an a v e r a g i n g p e r i o d w i l l average over b o t h t h e waves and 

t h e t u r b u l e n c e . Measured t i m e s c a l e s i n s u r f zone t u r b u l e n c e 

are s i g n i f i c a n t l y s h o r t e r t h a n t y p i c a l wave p e r i o d s and i t i s 

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

t u r b u l e n t ( s i n g l e prime s u p e r s c r i p t ) and wave (double prime 

s u p e r s c r i p t ) components, f o r example 
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KI me 

a , ( x , z , t ) = a,{x,z,t)-^a^(ix,z,t) (2.2) 

The v a l u e o f t h i s s e p a r a t i o n i s enhanced by t h e common l a c k o f 

c o r r e l a t i o n between t h e wave and t u r b u l e n t components. 

3. NEARSHORE WAVE FIELD 

Q u a l i t a t i v e d i s c u s L i o n . 

T h i s s e c t i o n g i v e s a q u a l i t a t i v e d i s c u s s i o n o f some 

aspects o f wave models which are i m p o r t a n t f o r t h e c a l c u l a t i o n 

o f nearshore c i r c u l a t i o n , p r i o r t o a q u a n t i t a t i v e p r e s e n t a 

t i o n . 

Random or d e t e r m i n i s t i c wave models. Randomness i s an 

e s s e n t i a l p r o p e r t y o f wind-generated waves and s h o u l d be 

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

c i r c u l a t i o n induced by wind waves. C a l c u l a t e d r e s u l t s f o r 

monochromatic, u n i d i r e c t i o n a l i n c i d e n t waves o f t e n c o n t a i n 

r a p i d and l a r g e s p a t i a l v a r i a t i o n s i n energy d e n s i t y (e.g. i n 

r e f r a c t i o n c a l c u l a t i o n s ) o r energy d i s s i p a t i o n - r a t e (e.g. near 

t h e s o - c a l l e d b r e a k e r l i n e ) , which l e a d t o s p u r i o u s r e s u l t s i n 

t h e c a l c u l a t e d wave-induced c i r c u l a t i o n . T h i s c o n t r a s t s 

s t r o n g l y w i t h t h e more r e a l i s t i c smooth and weak m o d u l a t i o n s 

i n t h e r e s u l t s o f random-wave models, w i t h a d i s t r i b u t i o n o f 

t h e wave energy over a continuum ( i n t h e o r y ) o r a m u l t i t u d e 

( i n n u m e r i c a l models) o f f r e q u e n c i e s and d i r e c t i o n s . 

Propagation. Nearshore waye p r o p a g a t i o n i s c h a r a c t e r i z e d 

p r i m a r i l y by dep t h - i n d u c e d s h o a l i n g , r e f r a c t i o n and b r e a k i n g . 

E f f e c t s o f wave-induced . c u r r e n t s u s u a l l y a r e o f secondary 

importance, w h i c h i s n o t t o say t h a t t h e y are always 

n e g l i g i b l e . They can be s i g n i f i c a n t i n r e g i o n s o f s t r o n g 

v e l o c i t y shear as i n r i p - c u r r e n t systems. A more fundamental 

reason f o r t h e i r importance i s t h e f a c t t h a t w i t h mutual 

i n t e r a c t i o n s , t h e nearshore wave-current system may be 

u n s t a b l e a g a i n s t l o n g s h o r e p e r t u r b a t i o n s ( D alrymple and Lozano 
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( 1 1 ) , M i l l e r and B a r c i l o n (12)) . For these reasons, t h e 

c u r r e n t i n f l u e n c e on t h e waves i s t a k e n i n t o account i n t h e 

q u a n t i t a t i v e f o r m u l a t i o n s g i v e n below. 

D i f f r a c t i o n smoothes a m p l i t u d e v a r i a t i o n s such as may 

a r i s e as a r e s u l t o f s h o a l i n g and r e f r a c t i o n , o r i n t h e 

v i c i n i t y o f o b s t a c l e s such as breakwaters and headlands. I n 

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

( s i g n i f i c a n t v a r i a t i o n s w i t h i n a wave-length) and d i f f r a c t i o n 

s h o u l d be modeled. I n s i t u a t i o n s w i t h o u t o b s t a c l e s , t h e 

i n f l u e n c e o f d i f f r a c t i o n on t h e nearshore w a v e - f i e l d i s 

g e n e r a l l y n e g l i g i b l e . T h i s i s u n d e r s t a n d a b l e i n view o f t h e 

r e l a t i v e l y smooth v a r i a t i o n s i n t h e w a v e - f i e l d which r e s u l t 

from t h e f i n i t e s p e c t r a l bandwidth o f t h e i n c i d e n t - w a v e 

spectrum. 

Energy input and d i s s i p a t i o n . The s i n g l e most i m p o r t a n t 

s o u r c e / s i n k o f wave energy i n t h e nearshore zone i s t h e 

d i s s i p a t i o n due t o s h a l l o w - w a t e r wave b r e a k i n g . Other 

processes such as l o c a l wind i n p u t o r b o u n d a r y - l a y e r 

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

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

n o n - l i n e a r wave-wave i n t e r a c t i o n s a r e c o n s e r v a t i v e over t h e 

e n t i r e spectrum, b u t n o t l o c a l l y i n t h e s p e c t r a l domain. They 

are an o r d e r o f magnitude s t r o n g e r i n s h a l l o w w a t e r ( t r i a d 

r e s o n ant i n t e r a c t i o n s ) t h a n i n de p water ( q u a d r u p l e t r e s o n a n t 

i n t e r a c t i o n s ) . I n s h a l l o w water b r e a k i n g waves, t h e i n t e r a c 

t i o n s a r e no l o n g e r weak. No t h e o r e t i c a l f o r m u l a t i o n o f t h e s e 

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

Q u a n t i t a t i v e formulation. 

I n t h i s paragraph, a q u a n t i t a t i v e f o r m u l a t i o n i s g i v e n o f 

t h e most r e l e v a n t p h y s i c a l processes mentioned above; 

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

d e t a i l i n t h e c h a p t e r on "wave t r a n s f o r m a t i o n " i n t h e p r e s e n t 

volume ( L i u ( 1 3 ) ) . 
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I n t h e f o l l o w i n g , t h e depth h and c u r r e n t v e l o c i t y u_ i n 

t h e domain o f computation are supposed t o be known a p r i o r i . 

The i n f l u e n c e o f t h e wave f i e l d on t h e mean dep t h and t h e 

c u r r e n t v e l o c i t y can be ta k e n i n t o account by simul t a n e o u s 

( i t e r a t i v e ) i n t e g r a t i o n o f t h e wave p r o p a g a t i o n e q u a t i o n s w i t h 

t h e mass and momentum e q u a t i o n s f o r t h e mean f l o w , w h i c h are 

d e s c r i b e d i n s e c t i o n 5 o f t h i s c h a p t e r . 

Ray Kinematics. For waves on a v a r i a b l e c u r r e n t , t h e Doppler 

s h i f t between a b s o l u t e frequency w and i n t r i n s i c f r e q u e n c y a 

s h o u l d be t a k e n i n t o account: 

'Ad 
•4 

a = (^gA:tann/cn.j"" = co-/c„o'„ 

where fc i s t h e magnitude o f t h e wave number v e c t o r k. 

(3.1) 

The k i n e m a t i c s o f t h e p r o p a g a t i o n are d e s c r i b e d by t h e r a y 

e q u a t i o n s 

dt 
(3.2) 

i n which c^^- da/dk^, 

dka dka dka. dxp da dh 

dt dt dXp dt dhdx, 
-k, 

and, f o r t i m e - i n v a r i a n t d e p t h and c u r r e n t , 

dUf 

'Jx, 
(3.3) 

duo _ dao dco dXa 

~dr~''^^ dx„ dt 
= 0 (3.4) 

See Whitham ( 1 4 ) , P h i l l i p s (15) o r Mei (16) f o r a f u l l 

t r e a t m e n t . 

S p e c t r a l Wave Action Balance. N e g l e c t i n g d i f f r a c t i o n , t h e 

dynamics o f waves i n an area w i t h n o n - u n i f o r m d e p t h and 

c u r r e n t v e l o c i t y a r e c o n v e n i e n t l y d e s c r i b e d on t h e b a s i s o f 

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

terms o f t h e s p e c t r a l a c t i o n d e n s i t y i n wave number space. 
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which ( t o l o w e s t o r d e r ) equals t h e s p e c t r a l d e n s i t y o f t h e 

wave energy, d i v i d e d by t h e i n t r i n s i c f r e q u e n c y ( B r e t h e r t o n 

and G a r r e t t (17) , Hasselmann e t a l ( 1 8 ) ) . I n a n o n - d i s s i p a -

t i v e w a ve-current system, and n e g l e c t i n g n o n l i n e a r wave-wave 

i n t e r a c t i o n s , t h e s p e c t r a l a c t i o n d e n s i t y N(fc:x,<) i s conserved. 

I n a more g e n e r a l f o r m u l a t i o n , a source t e r m S(k;x,t) accounts 

f o r t h e n e t r a t e o f t r a n s f e r o f wave a c t i o n t o t h e component 

dt ^ dx^ dt ^ dka dt ~ 

T h i s balance e q u a t i o n can be t r a n s f o r m e d from wave-number 

space t o t h e space o f f r e q u e n c i e s to and d i r e c t i o n s 0, u s i n g t h e " ^ ' ^ t t ' t 

d i s p e r s i o n E q u a t i o n 3.1, b u t t h e s e e q u a t i o n s a r e n o t 

reproduced here. 

I n t h e nearshore zone, t h e dominant c o n t r i b u t i o n t o t h e 

source t e r m S i s due t o wave b r e a k i n g . A l t h o u g h t h e o v e r a l l 

energy d i s s i p a t i o n r a t e a s s o c i a t e d w i t h random-wave b r e a k i n g 

i n s h a l l o w - w a t e r can be c a l c u l a t e d r e a l i s t i c a l l y ( B a t t j e s and 

Janssen ( 1 9 ) , T h o rnton and Guza ( 2 0 ) , B a t t j e s and S t i v e ( 2 1 ) ) , 

i t s s p e c t r a l d i s t r i b u t i o n i s n o t known. Yamaguchi ( 2 2 ) , who 

u t i l i z e s a t w o - d i m e n s i o n a l s p e c t r a l a c t i o n d e n s i t y balance i n 

(a>,0), approaches t h e problem o f wave b r e a k i n g t h r o u g h t h e use 

a s a t u r a t i o n l e v e l f o r t h e e q u i l i b r i u m range g i v e n by 

K i t a i g o r o d s k i i e t a l ( 2 3 ) . 

The r e s u l t s p r e s e n t e d by Yamaguchi are r e a l i s t i c f o r t h e 

wave f i e l d as w e l l as f o r t h e induced c u r r e n t s . N e v e r t h e l e s s , 

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

model g i v e n by K i t a i g o r o d s k i i e t a l a p p l i e s t o an a c t i v e l y 

w i n d - d r i v e n wave f i e l d where t h e h i g h - f r e q u e n c y s p e c t r a l t a i l 

i s i n e q u i l i b r i u m between wind i n p u t , n o n l i n e a r t r a n s f e r and 

d i s s i p a t i o n ; t h i s d i s s i p a t i o n i s m a i n l y due t o w h i t e c a p p i n g . 

The sea s t a t e i s supposed t o be s p a t i a l l y homogeneous, o r a t 

most v a r y i n g so s l o w l y t h a t i t can be r e g a r d e d as 

quasi-homogeneous. T h i s c o n t r a s t s s t r o n g l y w i t h t h e s i t u a t i o n 

8 



i n t h e nearshore zone, where depth g r a d i e n t s dominate t h e wave 

e v o l u t i o n . A l s o , s h a l l o w - w a t e r wave b r e a k i n g on a s l o p i n g 

bottom i s r a t h e r d i f f e r e n t from w h i t e capping i n a 

w i n d - d r i v e n , homogeneous sea s t a t e . A l t o g e t h e r , t h e r e l e v a n c e 

o f t h i s approach t o t h e nearshore zone i s q u e s t i o n a b l e a t b e s t 

f o r w i n d - d r i v e n waves. For s w e l l , t h i s approach does n o t 

app l y a t a l l . 

Narrow Band Approximations. A p r a c t i c a l drawback o f a f u l l y 

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

c o m p u t a t i o n a l e f f o r t r e q u i r e d . An a p p r o x i m a t i o n , which i n 

many cases i s capable o f y i e l d i n g r e a l i s t i c r e s u l t s , i s t o 

assume a narrow s p e c t r a l d i s t r i b u t i o n o f wave a c t i o n over t h e 

f r e q u e n c i e s , so t h a t t h e f r e q u e n c y - v a r i a t i o n o f parameters i n 

t h e wave p r o p a g a t i o n model such as wave number and group 

v e l o c i t y can be n e g l e c t e d . The e f f e c t s o f a s m a l l b u t nonzero 

frequency bandwidth are t h e n t a k e n i n t o account a n a l y t i c a l l y 

t h r o u g h t h e t h e o r e t i c a l s t a t i s t i c a l p r o p e r t i e s o f t h e wave 

f i e l d i n t i m e ( t o l o w e s t o r d e r Gaussian i n s t a n t a n e o u s v a l u e s 

and R a y l e i g h a m p l i t u d e s and wave h e i g h t s ) . T h i s lumping i n 

frequency t h e r e f o r e reduces t h e co m p u t a t i o n e f f o r t w i t h o u t 

o v e r s i m p l i f y i n g t o a monochromatic f o r m u l a t i o n . However, a 

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

system) i s n o t f e a s i b l e i n g e n e r a l because, i n c o n t r a s t w i t h 

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

s i n g l e i n c i d e n t d i r e c t i o n cannot be g e n e r a l i z e d a n a l y t i c a l l y 

so as t o r e p r e s e n t t h e e f f e c t s óf a s m a l l b u t f i n i t e a n g u l a r 

bandwidth, s i n c e t h e s e depejid on t h e depth (and c u r r e n t ) f i e l d 

i n t h e problem a t hand. ,Moreover, i n case o f i r r e g u l a r b ottom 

topography, u n i d i r e c t i o n a l wave r e s u l t s soon l e a d t o s p a t i a l 

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

w i t h i n t h e r e f r a c t i o n a p p r o x i m a t i o n ( n e g l e c t i n g d i f f r a c t i o n ) . 

T h i s i s because t h e l a t e r a l a m p l i t u d e g r a d i e n t i n a wave f i e l d 

p r o p a g a t i n g over i r r e g u l a r bottom topography i s much s t r o n g e r 

t h a n t h e l o n g i t u d i n a l one. A s l i g h t v a r i a t i o n i n a n g l e o f 

i n c i d e n c e can t h e n l e a d t o s i g n i f i c a n t l o c a l a m p l i t u d e 

v a r i a t i o n s . 
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A s p e c t r a l wave a c t i o n f o r m u l a t i o n f o r waves i n s h a l l o w 

w a t e r , which i s lumped i n frequency b u t n o t i n t h e d i r e c t i o n s , 

i s g i v e n by H o l t h u i j s e n and B o o i j (24) (see H o l t h u i j s e n e t a l 

(25) f o r a more d e t a i l e d d e s c r i p t i o n ) . The breaking-wave 

energy d i s s i p a t i o n o f B a t t j e s and Janssen (19) has been 

i n c o r p o r a t e d i n t h e model, u s i n g some ad hoc hypotheses about 

i t s s p e c t r a l d i s t r i b u t i o n . The model has been v e r i f i e d u s i n g 

l a b o r a t o r y d a t a (Dingemans e t a l (26)) w i t h good r e s u l t s as 

f a r as t h e p r e d i c t i o n o f t h e wave energy i s concerned; -• t h e 

wave f r e q u e n c i e s are n o t as w e l l p r e d i c t e d . The model i s i n 

o p e r a t i o n a l use f o r s t u d i e s o f nearshore c i r c u l a t i o n and 

c o a s t a l morphology (de V r i e n d and R i b b e r i n k ( 2 7 ) ) . 

A f u r t h e r s i m p l i f i c a t i o n i s o b t a i n e d i f t h e narrow-banded 

i n c i d e n t wave a c t i o n and energy are n o t o n l y lumped i n t o a 

s i n g l e f r e q u e n c y (e.g. t h e peak frequency cu,) b u t a l s o i n t o a 

s i n g l e d i r e c t i o n . T h i s approach i s f e a s i b l e p r o v i d e d t h e 

bottom topography i n t h e study area i s n o t t o o i r r e g u l a r (see 

t h e d i s c u s s i o n above) . I t i s c o n s i s t e n t w i t h t h e use o f a 

lumped, n o n - s p e c t r a l r e p r e s e n t a t i o n o f t h e d i s s i p a t i o n due t o 

random-wave b r e a k i n g . The a c t i o n balance e q u a t i o n f o r t h i s 

case, assuming s t a t i o n a r y c o n d i t i o n s , reduces t o 

(3.6) 

i n w hich E''' i s t h e wave energy and D i s t h e average r a t e o f 

wave energy d i s s i p a t i o n , b o t h p e r u n i t h o r i z o n t a l area. 

B a t t j e s and Janssen (19) p r e s e n t t h e f o l l o w i n g e x p r e s s i o n f o r 

D, based on a bore m o d e l • f o r a s h a l l o w - w a t e r b r e a k i n g wave: 

D = ~^Q,pgö^Hl (3.7) 

The c o e f f i c i e n t a i s o f o r d e r one; a^ i s t h e peak i n t r i n s i c 

f r e q u e n c y ; Qj-, i s t h e l o c a l f r a c t i o n o f b r e a k i n g waves, which 

i s c a l c u l a t e d i n t h e model as a f u n c t i o n o f t h e r a t i o o f t h e 

(unknown) rms wave h e i g h t t o B.^, which r e p r e s e n t s a l o c a l 
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d e p t h - l i m i t e d maximum wave h e i g h t f o r non-breaking waves. I n 

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

rms wave h e i g h t t h r o u g h Qfo. 

The d i s s i p a t i o n model r e p r e s e n t e d by E q u a t i o n 3.7 has been 

e x t e n s i v e l y c a l i b r a t e d ( w i t h r e s p e c t t o an e m p i r i c a l 

c o e f f i c i e n t i n H^, assuming a = i ) and v e r i f i e d w i t h 

l a b o r a t o r y d a t a and f i e l d data by B a t t j e s and S t i v e (21) . I t 

appears t o g i v e r e a l i s t i c p r e d i c t i o n s o f t h e rms wave h e i g h t 

decay i n random b r e a k i n g waves, w i t h r e l a t i v e e r r o r s t y p i c a l l y 

l e s s t h a n 10%. The same a p p l i e s t o t h e f o r m u l a t i o n p r e s e n t e d 

by Thornton and Guza ( 2 0 ) , which i s based on t h e same 

p r i n c i p l e s . These v e r i f i c a t i o n s were f o r c o n d i t i o n s o f 

e s s e n t i a l l y one-dimensional p r o p a g a t i o n . However, t h e formu

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

two- d i m e n s i o n a l models has l i k e w i s e g i v e n good p r e d i c t i o n o f 

t h e rms wave h e i g h t s , as noted above (Dingemans e t a l ( 2 6 ) ) . 

Amplitude Domain Models. Goda (9) and D a l l y and Dean (10) 

p r e s e n t models f o r t h e c a l c u l a t i o n o f random-wave t r a n s f o r m a 

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

f u n c t i o n ( p d f ) o f i n d i v i d u a l ( " z e r o - c r o s s i n g " ) wave h e i g h t s 

p(H) (Goda) o r t h e j o i n t p d f o f wave h e i g h t and p e r i o d p(H,T) 

( D a l l y and Dean). I n these models, t h e i n c i d e n t - w a v e p d f i s 

d i s c r e t i z e d and each element i s t r a n s f o r m e d , i n c l u d i n g 

s h o a l i n g , b r e a k i n g and p o s t - b r e a k i n g decay, as i f i t 

r e p r e s e n t e d a p e r i o d i c wave t r a i n . The r e s u l t s a r e recombined 

a t each p o i n t o f p r e d i c t i o n so as t o o b t a i n a t r a n s f o r m e d p d f . 

These i n d i v i d u a l - w a v e appiróaches a l l o w i n p r i n c i p l e t h e 

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

(Goda), which a r e n o t i n c l u a 2d i n t h e s p e c t r a l f c . m u l a t i o n s 

p r e s e n t e d above. The f o r m u l a t i o n s as o r i g i n a l l y p r e s e n t e d a r e 

f o r one-dimensional (shore-normal) p r o p a g a t i o n o n l y . I t seems 

p o s s i b l e i n p r i n c i p l e t o g e n e r a l i z e them t o t w o - d i m e n s i o n a l 

p r o p a g a t i o n . T h i s w i l l r e q u i r e a p p l i c a t i o n o f t h e p d f o f 

d i r e c t i o n s e o f i n d i v i d u a l waves. Isobe(28) g i v e s r e s u l t s f o r 

p(H,o) , t h e j o i n t d i s t r i b u t i o n o f h e i g h t and d i r e c t i o n ; no 
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t h e o r e t i c a l r e s u l t s seem t o be a v a i l a b l e f o r p(H,T,e), t h e 

j o i n t d i s t r i b u t i o n o f h e i g h t , p e r i o d and d i r e c t i o n s o f 

i n d i v i d u a l waves. 

The i n d i v i d u a l - w a v e methods a l l o w t h e e s t i m a t i o n o f t h e 

l o c a l wave h e i g h t p r o b a b i l i t y d i s t r i b u t i o n , r a t h e r t h a n merely 

t h e rms h e i g h t o r t h e mean wave energy. However, f o r t h e 

c a l c u l a t i o n o f t h e wave-induced nearshore c i r c u l a t i o n , t h e 

mean wave energy d i s s i p a t i o n r a t e i s t h e p r i m a r y w a v e - f i e l d 

p r o p e r t y which i s r e q u i r e d (see s e c t i o n 5) . I t appears t h a t 

t h i s i n f o r m a t i o n can be o b t a i n e d w i t h s u f f i c i e n t accuracy from 

t h e semi-lumped s p e c t r a l models o r even t h e f u l l y lumped 

models such as d e s c r i b e d above, which r e q u i r e f a r l e s s 

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

4. VERTICAL CIRCULATION 

P r o g r e s s i v e waves c a r r y a s m a l l mass t r a n s p o r t o f o r d e r 

E"/C towards t h e beach, where C=ö/k i s t h e phase speed o f t h e 

wave. From an Euleri,an v i e w p o i n t , t h i s mass t r a n s p o r t i s 

c o n c e n t r a t e d between t h e t r o u g h and c r e s t e l e v a t i o n s . There 

can be no n e t mass f l u x t h r o u g h t h e beach and t h e wave-induced 

mass t r a n s p o r t above t h e t r o u g h i s l a r g e l y balanced by a 

r e v e r s e f l o w o r undertow below t h e t r o u g h . A s i m i l a r v e r t i c a l 

s t r u c t u r e i s p r e s e n t i n t h e l o c a l o n - o f f s h o r e momentum 

balance, where t h e dominant terms are t h e v e r t i c a l l y u n i f o r m 

h y d r o s t a t i c p r e s s u r e g r a d i e n t a r i s i n g from t h e setup n o f t h e 

MWL from t h e g l o b a l SWL, and t h e v e r t i c a l l y n o n u n i f o r m 

wave-induced momentum f l u x , t h e ipajor p a r t o f whic h i s 

c o n c e n t r a t e d i n t h e t r o u g h - c r e s t r e g i o n . 

A n a l y s i s o f t h e v e r t i c a l c i r c u l a t i o n has been based on t h e 

c l a s s i c a l Reynolds e q u a t i o n s , g e n e r a l i z e d t o i n c l u d e s e p a r a t e 

wave and t u r b u l e n t f l u c t u a t i o n s . Under s t a t i o n a r y c o n d i t i o n s 

and l o n g s h o r e u n i f o r m i t y , t h e mass c o n s e r v a t i o n e q u a t i o n i s 
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and t h e x-momentum e q u a t i o n i s 

pdx pdx 
pa 

1 d 
(4.2) 

pdz 

The z-momentum e q u a t i o n a d d i t i o n a l l y i n c l u d e s 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 . 

The n a t u r a l l e n g t h s c a l e s i n t h e h o r i z o n t a l and v e r t i c a l 

d i r e c t i o n s a re 1/k and h r e s p e c t i v e l y . As kh i s g e n e r a l l y 

s m a l l i n t h e nearshore zone, boundary l a y e r arguments are 

commonly u t i l i z e d . T h i s i n v o l v e s an u n d e r s t a n d i n g t h a t t h e 

f l o w p a t t e r n i s s l o w l y v a r y i n g i n t h e h o r i z o n t a l b u t 

p o t e n t i a l l y r a p i d l y v a r y i n g i n t h e v e r t i c a l . F u r t h e r , 

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

a c t i v e a t t h e bed (an o s c i l l a t o r y boundary l a y e r over a m o b i l e 

bed) and a t t h e f r e e s u r f a c e (wave-induced mass t r a n s p o r t and 

wave b r e a k i n g ) . I t i s a c c o r d i n g l y c o n v e n i e n t t o envisage a 

t h r e e l a y e r s t r u c t u r e i n t h e v e r t i c a l , a narrow bottom 

boundary l a y e r , a w i d e r m i d d l e l a y e r e x t e n d i n g t o t h e wave 

t r o u g h l e v e l and an upper l a y e r e x t e n d i n g from t h e t r o u g h t o 

t h e c r e s t . These l a y e r s a re coupled by mass and momentum 

t r a n s f e r across t h e i n t e r f a c e s , ' t h e e l e v a t i o n s o f whic h a r e 

s l o w l y - v a r y i n g w i t h h o r i z o n t a l p o s i t i o n . I n p r i n c i p l e , each 

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

t h e a p p r o p r i a t e i n t e r f a c i a l boundary c o n d i t i o n s can be 

s p e c i f i e d . 

Analyses o f t h e m i d d l e and bottom l a y e r s i n t h e nearshore 

zone (Svendsen ( 2 9 ) , D a l l y and Dean ( 3 0 ) , S t i v e and Wind ( 3 1 ) , 

S t i v e and de V r i e n d (32) , Svendsen e t a l (33) ) have much i n 



common w i t h analyses o f v i s c o u s e f f e c t s on non-breaking wave 

p r o p a g a t i o n (Longuet-Higgins ( 3 4 ) , C r a i k ( 3 5 ) ) . The b a s i s i s 

f r e q u e n t l y a reduced form o f t h e x-momentum e q u a t i o n , namely 

0 = + 

X pdx 

da\ 1 d 
H 

dzJ pdz 

77 ) (4-3) 

The o m i s s i o n o f t h e c o n v e c t i v e a c c e l e r a t i o n and v i s c o u s shear 

terms f o l l o w s from t h e t u r b u l e n t boundary l a y e r analogy; these 

terms a r e g e n e r a l l y s m a l l and a r e r a r e l y s i g n i f i c a n t . The 

t u r b u l e n t normal s t r e s s -pü" i s zero f o r non-breaking waves. 

The major assumption i n Equat i o n 4.3 i s t h e Reynolds 

s t r e s s c l o s u r e h y p o t h e s i s f o r t h e t u r b u l e n t shear s t r e s s -pu'w'. 

I n common w i t h o t h e r t u r b u l e n t shear f l o w s , t h e t u r b u l e n t 

shear s t r e s s i s r e l a t e d d i r e c t l y t o t h e mean f l o w t h r o u g h t h e 

eddy v i s c o s i t y approach. The n a t u r e o f t h e p r e s e n t f l o w 

however i s r a t h e r d i f f e r e n t from c l a s s i c a l t u r b u l e n t shear 

f l o w s , where t h e t u r b u l e n t eddy v i s c o s i t y v, would be d e f i n e d 

by e s t a b l i s h e d zero, one o r two e q u a t i o n t u r b u l e n c e models 

(Rodi (36) ) . F i r s t l y . ; t h e mean. f l o w i s t y p i c a l l y an o r d e r o f 

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

mo t i o n . Secondly, t u r b u l e n t v o r t i c i t y i s p r i m a r i l y g e n e r a t e d 

by g r a v i t a t i o n a l i n s t a b i l i t y a t t h e f r e e s u r f a c e r a t h e r t h a n 

by v i s c o u s shear a t t h e bed. Zero e q u a t i o n t u r b u l e n c e models, 

i n which t h e adopted v e l o c i t y and l e n g t h s c a l e s o f t h e 

t u r b u l e n c e are r e l a t e d t o t h e wave m o t i o n ( S t i v e and Wind 

(31) , Svendsen e t a l (33) ) have found most f a v o r i n t h e 

p r e s e n t c o n t e x t . . 

The time-averaged p r e s s u r e p i s a v a i l a b l e from i n t e g r a t i o n 

o f t h e z-momentum e q u a t i o n from e l e v a t i o n z t o t h e c r e s t . I n 

a manner c o n s i s t e n t w i t h t h e boundary l a y e r analogy, t h e 

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

p{z',x) = pgiri-z)-p~üP-pu> (4.4) 
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where x v a r i a t i o n i s i m p l i c i t i n a l l terms. The g r a v i t a t i o n a l 

t e rm i s h y d r o s t a t i c , pg(n-z), below t h e t r o u g h , such t h a t t h e 

x-momentum e q u a t i o n f o r t h e middle and bottom l a y e r s becomes 

0 = -9~--fi-plI^-pl^-p^-p^]^-^(v,^^y^^^^ (4.5) 

Both terms i n v o l v i n g h o r i z o n t a l g r a d i e n t s have l i t t l e 

s i g n i f i c a n t v e r t i c a l s t r u c t u r e i n t h e m i d d l e l a y e r . The setup 

term has none by d e f i n i t i o n and steady wave t h e o r y p r e d i c t s a 

u n i f o r m d i s t r i b u t i o n f o r t h e t o t a l wave-induced apparent 

normal s t r e s s t e r m -p{ir^-lP^) below t h e t r o u g h . Measurements o f 

t u r b u l e n t apparent ( i . e . Reynolds) normal s t r e s s e s i n t h e 

nearshore zone (e.g. Nadaoka and Kondoh (37)) do show some 

v a r i a t i o n w i t h depth b u t t h e y a r e an o r d e r o f magnitude 

s m a l l e r t h a n t h e c o r r e s p o n d i n g wave-induced apparent s t r e s s e s 

(Sobey and Thieke ( 3 8 ) ) . The f i n a l t e r m i n Eq u a t i o n 4.5, t h e 

wave-induced analogue o f t h e t u r b u l e n t shear s t r e s s t e r m , i s 

c e r t a i n l y s i g n i f i c a n t i n t h e bottom boundary l a y e r b u t i t i s 

assumed n o t t o be i n f l u e n t i a l i n t h e m i d d l e l a y e r . Steady 

wave t h e o r y i n f a c t p r e d i c t s t h a t -plTW i s zero i n t h e m i d d l e 

l a y e r . These assumptions reduce E q u a t i o n 4.5 f o r t h e m i d d l e 

l a y e r t o an e q u a t i o n o f t h e form 

a f du\ 
0 = F ( x ) + — V — (4.6) 

dz\ dz J 

where t h e r e i s z v a r i a t i o n o n l y i n t h e t u r b u l e n t shear s t r e s s 

t e r m . For f i x e d x, t h i s i s a second o r d e r o r d i n a r y 

d i f f e r e n t i a l e q u a t i o n i n which may be s o l v e d by c l a s s i c a l 

a n a l y t i c a l o r n u m e r i c a l means, depending on t h e z v a r i a t i o n o f 

t h e eddy v i s c o s i t y and t h e boundary c o n d i t i o n s . M a t h e m a t i c a l 

s o l u t i o n s o f t h e reduced e q u a t i o n s f o r t h e m i d d l e l a y e r 

(Svendsen (29) , D a l l y and Dean (30) , S t i v e and Wind (31) ) 

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

and t h e s o l u t i o n i s seen t o be c r u c i a l l y dependent on th e s e 

boundary c o n d i t i o n s . There i s a s t r o n g e m p i r i c a l element i n 
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p r e s e n t l y a v a i l a b l e e s t i m a t e s o f th e s e boundary c o n d i t i o n s and 

t h e v a l u e o f p o s s i b l e s o l u t i o n s f o r t h e mi d d l e l a y e r must be 

s i m i l a r l y judged. 

I t i s a p p r o p r i a t e a t t h i s stage t o r e f l e c t on t h e 

mathematical c h a r a c t e r o f t h e problem as p r e s e n t l y posed. I t 

i s assumed t h a t t h e l o c a l wave f i e l d i s g i v e n , so t h a t t h e 

wave-induced apparent s t r e s s e s and t h e t r o u g h e l e v a t i o n a r e 

known. I t i s f u r t h e r assumed t h a t t h e bottom boundary l a y e r 

i s t h i n and t h a t t h e lower i n t e r f a c i a l e l e v a t i o n can be t a k e n 

as t h e bed e l e v a t i o n . Given an a p p r o p r i a L e t u r b u l e n c e c l o s u r e 

model t o d e f i n e t h e eddy v i s c o s i t y , t h e r e remain t h r e e 

unknowns, namely t h e h o r i z o n t a l v e l o c i t y ü{z:x), t h e v e r t i c a l 

v e l o c i t y w(z:x) and t h e l o c a l MWL ?7(x). There a r e two 

e q u a t i o n s . Equations 4.1 and 4.5 ( o r 4.6), o f which t h e 

momentum e q u a t i o n i s second o r d e r so t h a t t h r e e boundary 

c o n d i t i o n s must be s p e c i f i e d t o u n i q u e l y d e f i n e t h e s o l u t i o n . 

A common i m p l i c i t assumption (Svendsen ( 2 9 ) , D a l l y and Dean 

( 3 0 ) , S t i v e and Wind (31) , Svendsen e t a l (33)) has been t h e 

c o n s i d e r a t i o n o f t h e setup g r a d i e n t as a g i v e n q u a n t i t y , p r i o r 

t o t h e s o l u t i o n o f t h e momentum e q u a t i o n . I n f a c t t h e setup 

g r a d i e n t must be determined from t h e depth-averaged momentum 

e q u a t i o n (Longuet-Higgins and S t e w a r t (39)) o r from s i m u l t a n e 

ous s o l u t i o n o f coupled m i d d l e and upper l a y e r s . The t h r e e 

necessary c o n d i t i o n s , o f which two are a s s o c i a t e d w i t h t h e 

momentum e q u a t i o n , must be drawn from mass and momentum 

t r a n s f e r across t h e lower and upper i n t e r f a c e s . I n t e r f a c i a l 

boundary c o n d i t i o n s i n t e n j i s o f t h e v e l o c i t y component across 

t h e i n t e r f a c e g„ t o g e t h e r w i t h t h e v e l o c i t y component a l o n g t h e 

i n t e r f a c e q, and t h e shear s t r e s s a l o n g t h e i n t e r f a c e t, a r e 

a p p r o p r i a t e . 

The boundary c o n d i t i o n s a t t h e t r o u g h i n t e r f a c e a r e 

c l e a r l y c r u c i a l t o t h e a n a l y s i s as t h e y r e p r e s e n t t h e 

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

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

s t r o n g v e l o c i t y shear across t h i s t r o u g h l e v e l so t h a t 
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c o n d i t i o n s i n terms o f i n t e r f a c i a l shear s t r e s s and normal 

v e l o c i t y would seem most a p p r o p r i a t e . These i n t e r f a c i a l 

c o n d i t i o n s p r o v i d e t h e c o u p l i n g w i t h t h e upper l a y e r ; t h e y 

appear as boundary c o n d i t i o n s f o r t h e l o c a l c o n s e r v a t i o n 

e q u a t i o n s and as e x p l i c i t terms i n t h e i n t e g r a l c o n s e r v a t i o n 

e q u a t i o n s f o r t h e b o t h l a y e r s . The i n t e g r a l mass c o n s e r v a t i o n 

e q u a t i o n f o r t h e upper l a y e r i s 

— f pEdz-pq^-O (4-7) 
dxJ 

The i n t e g r a l mass f l u x i n t h e upper l a y e r f o r non - b r e a k i n g 

waves i s o f o r d e r E"/C b u t t h i s f l u x i s enhanced i n b r e a k i n g 

waves c o n d i t i o n s (Svendsen ( 4 0)) by t h e " s u r f a c e r o l l e r " , a 

volume o f water c a r r i e d f o r w a r d by t h e b r e a k i n g wave a t t h e 

phase speed. T h i s leads t o an e s t i m a t e o f t h e mass f l u x 

across t h e t r o u g h i n t e r f a c e o f t h e form 

svendsen g i v e s an e m p i r i c a l e s t i m a t e o f zi., t h e f r a c t i o n a l 

i n c r e a s e i n t h e t o t a l mass f l u x i n t h e t r o u g h - c r e s t r e g i o n 

a s s o c i a t e d w i t h t h e s u r f a c e r o l l e r . 

S i m i l a r l a y e r i n t e g r a t i o n o f t h e x-momentum e q u a t i o n 

( P h i l l i p s ( 1 5)) l e a d s t o an e s t i m a t e o f t h e i n t e r f a c i a l shear 

s t r e s s o f t h e form 

c 

where D i s a g a i n t h e t o t a l energy d i s s i p a t i o n r a t e i n t h e 

b r e a k i n g wave and t h e /J. f r a c t i o n a l i n c r e a s e o r decrease 

r e p r e s e n t s t h a t p a r t o f t h e b r e a k i n g wave d i s s i p a t i o n t h a t i s 

l o c a t e d below t h e t r o u g h , t o g e t h e r w i t h any c o n t r i b u t i o n t h a t 

m i g h t be a s s o c i a t e d w i t h t h e enhanced mass f l u x i n t h e 
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t r o u g h - c r e s t r e g i o n ( S t i v e and Wind (31)) and w i t h v i s c o u s 

a t t e n u a t i o n ( C r a i k ( 3 5 ) ) . For i r r o t a t i o n a l , n on-breaking 

waves, b o t h q„ and t , a t t h e t r o u g h i n t e r f a c e a r e zero. 

Shear i s n o t s t r o n g by d e f i n i t i o n a t t h e t o p o f t h e bottom 

boundary l a y e r and a q, c o n d i t i o n i s a p p r o p r i a t e t h e r e . I n t h e 

c l a s s i c a l boundary l a y e r manner, an o u t e r i r r o t a t i o n a l f l o w i n 

t h e m i d d l e l a y e r would be decoupled from t h e boundary l a y e r 

f l o w and t h e r o t a t i o n a l f l o w i n t h e bottom boundary l a y e r 

would i n t u r n be d r i v e n by t h e o u t e r f l o w . T h i s i s n o t 

e n t i r e l y t h e case i n t h e p r e s e n t s i t u a t i o n as t h e o u t e r f l o w 

i s r o t a t i o n a l and i s n o t decoupled from t h e boundary l a y e r 

f l o w . C l a s s i c a l boundary l a y e r s o l u t i o n s have n o n e t h e l e s s 

been a p o p u l a r b a s i s f o r d e f i n i t i o n o f t h e bottom boundary 

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

l a m i n a r boundary l a y e r on a r i g i d h o r i z o n t a l bed under 

p r o g r e s s i v e A i r y waves (Longuet-Higgins (34) , Hunt and Johns 

( 4 1 ) ) . T h i s s o l u t i o n p r e d i c t s t h a t t h e t h i c k n e s s o f t h e 

bottom boundary l a y e r i s indeed narrow. A t second o r d e r i n 

t h e Stokes expansion, i t a l s o p r e d i c t s t h e e x i s t e n c e o f a 

f i n i t e mean f l o w v e l o c i t y a t t h e edge o f t h e boundary l a y e r , 

which i s g i v e n by 

ü ( z ^ - ^ ) = ̂ ^ - ^ ^ ^ (4.10) 
^ ' 4fc ( s i n h ' f c ^ ) 

T h i s i s termed t h e E u l e r i a n s t r e a m i n g o r induced s t r e a m i n g 

v e l o c i t y . T h i s mean f l o w v e l o c i t y i s d i r e c t e d i n t h e 

d i r e c t i o n o f wave p r o p a g a t i o n ; i t i s c o n v e n i e n t l y independent 

o f v i s c o s i t y and p r o v i d e s an e q u a l l y c o n v e n i e n t bottom 

boundary c o n d i t i o n f o r . t h e f l o w i n t h e m i d d l e l a y e r . The 

convenience o f t h i s E u l e r i a n s t r e a m i n g as a bottom boundary 

c o n d i t i o n has perhaps been an inducement t o o v e r l o o k t h e 

r e a l i t y o f t h e f l o w i n t h e bottom boundary l a y e r under 

p r o g r e s s i v e waves approaching a beach. For a t u r b u l e n t 

boundary l a y e r under second o r d e r Stokes waves and Stokes 

f i r s t d e f i n i t i o n o f phase speed, t h e E u l e r i a n s t r e a m i n g i s 

18 



g e n e r a l l y s m a l l e r i n magnitude t h a n t h e above e s t i m a t e and 

f o l l o w s t h e d i r e c t i o n o f wave p r o p a g a t i o n o n l y i n deep w a t e r ; 

i t passes t h r o u g h zero and r e v e r s e s i n d i r e c t i o n i n s h a l l o w e r 

water (Trowbridge e t a l (42)) . When t h e a d d i t i o n a l complex

i t i e s o f a m o b i l e s l o p i n g bed and a r e t u r n c u r r e n t a r e a l s o 

i n t r o d u c e d , i t i s e v i d e n t t h a t b o t h t h e magnitude and t h e 

d i r e c t i o n o f t h e E u l e r i a n s t r e a m i n g v e l o c i t y i s f a r from b e i n g 

r e s o l v e d , and t h a t i t s use as a lower boundary c o n d i t i o n on ü 

i n t h e m i d d l e l a y e r i s n o t j u s t i f i e d . Coupled l a y e r models 

(e.g. Svendsen e t a l (33)) p r o v i d e a more r a t i o n a l b a s i s f o r 

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

As a c l o s i n g comment, i t i s noted t h a t t h e f l o w i n t h e 

mid d l e l a y e r has r e c e i v e d f a r more a t t e n t i o n i n t h e l i t e r a t u r e 

t h a n t h e f l o w s i n t h e upper and lower l a y e r s . T h i s i s perhaps 

c o u n t e r p r o d u c t i v e i n view o f t h e f a c t t h a t major p h y s i c a l 

i n t e r e s t i n t h e v e r t i c a l c i r c u l a t i o n s h o u l d c e n t e r on t h e 

s u r f a c e l a y e r ( w i t h r e g a r d t o mass t r a n s p o r t and wave 

b r e a k i n g ) and on t h e bottom l a y e r ( w i t h r e g a r d t o sediment 

t r a n s p o r t and boundary s h e a r ) . 

5. HORIZONTAL CIRCULATION 

D i s c u s s i o n s o f h o r i z o n t a l c i r c u l a t i o n p a t t e r n s i n t h e 

c l a s s i c a l c o n t e x t o f t h e l o n g wave e q u a t i o n s ( a s t r o n o m i c a l 

t i d e s , storm t i d e s , f r e s h water f l o o d waves) focus e x t e n s i v e l y 

on depth-averaged f l o w v e l o c i t i e s and t h i s approach i s a g a i n 

u s e f u l f o r wave-induced h q r i z o n t a l motions i n t h e nearshore 

zone. (Note however t h a t t h e r e was l i t t l e v a l u e i n a 

depth-averaged a n a l y s i s o f t h e v e r t i c a l c i r c u l a t i o n where t h e 

depth-averaged f l o w i s zero.) The d r i v i n g f o r c e f o r 

depth-averaged motions i n t h e nearshore zone i s p r o v i d e d by 

s p a t i a l g r a d i e n t s i n t h e t i m e - and depth-averaged excess 

momentum f l u x a s s o c i a t e d w i t h t h e f l u c t u a t i n g m o t i o n (waves + 

t u r b u l e n c e ) . Cross-shore g r a d i e n t s a r e l a r g e l y b alanced by 

p r e s s u r e f o r c e s which r e s u l t i n s e t up ( o r s e t down) o f t h e 

19 



MWL and no c u r r e n t . Such i s n o t t h e case i n t h e l o n g s h o r e 

d i r e c t i o n where any excess momentum f l u x w i l l p o t e n t i a l l y 

d r i v e a c u r r e n t . 

Conservation Equations. The t i m e and depth averaged s t a t i o n 

a r y c i r c u l a t i o n i s d e s c r i b e d by t h e t i m e and dep t h averaged 

c o n s e r v a t i o n e q u a t i o n s ( P h i l l i p s ( 1 5)) f o r mass 

^ {c/a(h + n)) = 0 (5.1) 
dx 

f o r momentum 

-^il^.U,] = - g ^ (5.2) 

and f o r f l u c t u a t i n g energy 

^ ( ^ /„F + F j + 5 „ , ^ = - 6 + f/„r,„ (5.3) eps 

where t h e s^p are t h e excess momentum f l u x e s o r r a d i a t i o n 

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

v e c t o r components o f t h e f l u c t u a t i n g energy f l u x and e i s t h e 

r a t e o f energy d i s s i p a t i o n p e r u n i t area by m o l e c u l a r 

v i s c o s i t y . 

The r e l a t i v e s i m p l i c i t y o f t h e s e c o n s e r v a t i o n e q u a t i o n s 

and t h e s i m i l a r i t y t o t h e long, wave e q u a t i o n s i s a c h i e v e d 

t h r o u g h t h e d e f i n i t i o n o f t h e depth-averaged v e l o c i t y u^ i n 

terms o f t h e t o t a l mass fl u x ' , ' such t h a t 

p(^h + T])Ua = P j Uadz^ j u^dz (5.4) 

-h -h 

where r?(0 i s t h e i n s t a n t a n e o u s w a t e r l e v e l and rjc i s t h e c r e s t 

l e v e l . C u r r e n t , as d i s t i n c t from t h e depth-averaged v e l o c i t y 

Ua, i s i d e n t i f i e d w i t h t h e time-averaged f l o w v e l o c i t y ü„ below 

t h e t r o u g h l e v e l . Between t h e t r o u g h and t h e c r e s t l e v e l 
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t h e c u r r e n t i n t e r a c t s w i t h t h e mass f l u x a s s o c i a t e d w i t h t h e 

wave i n a c o n t i n u o u s manner t o d e f i n e a mean f l o w ü„(2) p r o f i l e 

t h a t peaks near t h e MWL. There may a c c o r d i n g l y be p o t e n t i a l 

v a l u e i n a two l a y e r approach w i t h an i n t e r f a c e a t t h e t r o u g h 

l e v e l and l a y e r - a v e r a g e d r a t h e r t h a n depth-averaged conserva

t i o n e q u a t i o n s (Thieke and Sobey (43)) . The f o l l o w i n g 

d i s c u s s i o n w i l l n o n e t h eless focus on t h e depth-averaged 

e q u a t i o n s , a l t h o u g h t h e g e n e r a l p r i n c i p l e s a re e q u a l l y 

a p p l i c a b l e t o l a y e r - a v e r a g e d e q u a t i o n s . 

For t h e purposes o f a d e t a i l e d c o n s i d e r a t i o n o f t h e 

complete c o n s e r v a t i o n e q u a t i o n s , i t i s necessary t o i d e n t i f y 

t h e s e p a r a t e t u r b u l e n t ( s i n g l e prime s u p e r s c r i p t ) and wave 

(double prime s u p e r s c r i p t ) components o f a l l terms a s s o c i a t e d 

w i t h t h e f l u c t u a t i n g m o t i o n . The mass c o n s e r v a t i o n e q u a t i o n 

( E q u a t i o n 5.1) remains unchanged, t h e momentum e q u a t i o n s 

become 

1 ds' 1 ds" 
(5.5) 

axp' p{h + T])dxp p(h + rj)dxp p(h + r]) 

and t h e f l u c t u a t i n g energy e q u a t i o n becomes 

~[U,E.U,E . f . . f J . 5 . , _ 1 . 5 . , ^ = - . . t / . T , . (5.6) 

I t i s c o n v e n i e n t f u r t h e r t o s e p a r a t e t h e wave and t u r b u l e n t 

components o f t h e f l u c t u a t i n g energy e q u a t i o n , which r e q u i r e s 

t h e i n t r o d u c t i o n o f a w a v e - t u r b u l e n t i n t e r a c t i o n t e r m D 

r e p r e s e n t i n g d i s s i p a t i o n o f 'wave energy t o t u r b u l e n c e i n t h e 

b r e a k i n g process and s i m u l t a n e o u s l y ' ( B a t t j e s (44)) p r o d u c t i o n 

o f t u r b u l e n t energy from t h e same b r e a k i n g p r o c e s s . The 

t u r b u l e n t energy e q u a t i o n becomes 

and t h e wave energy e q u a t i o n 
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J^iU.I^ *''^-S^,J^^--D (5.8) 

I t i s c l e a r from t h e above c o n s e r v a t i o n e q u a t i o n s t h a t 

w ave-current i n t e r a c t i o n s , t u r b u l e n c e - c u r r e n t i n t e r a c t i o n s and 

wave-turbulence i n t e r a c t i o n s a l l have p o t e n t i a l r e l e v a n c e t o 

t h e p r e d i c t i o n o f t h e h o r i z o n t a l c i r c u l a t i o n . As a conse

quence o f these i n t e r a c t i o n s , t h e wave and c u r r e n t f i e l d s must 

i n p r i n c i p l e be computed s i m u l t a n e o u s l y . For c l a r i t y o f 

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

i n f l u e n c e o f a c u r r e n t have been d e a l t w i t h s e p a r a t e l y i n 

s e c t i o n 3 o f t h i s c h a p t e r . (The wave a c t i o n E q u a t i o n 3.6 i s 

i n f a c t e q u i v a l e n t t o t h e wave energy E q u a t i o n 5.8 i f t h e 

k i n e m a t i c wave e q u a t i o n s a r e a l s o t a k e n i n t o account.) 

Longshore Currents. The broad f e a t u r e s o f t h e lon g s h o r e 

c u r r e n t are p a r t i c u l a r l y s i m p l e i n t h e case o f l o n g s h o r e 

u n i f o r m i t y (Bowen ( 4 5 ) , Longuet-Higgins ( 4 6 ) ) . The l o n g s h o r e 

(X2 o r y) momentum balance reduces t o 

0 = - - ^ - ^ - r (5.9) 
dx dx ^ ^ 

The onshore g r a d i e n t o f t h e excess onshore f l u x o f l o n g s h o r e 

momentum i s s i g n i f i c a n t o n l y w i t h i n t h e s u r f zone. T h i s 

f o r c i n g i s balanced by t h e lon g s h o r e component o f t h e bed 

shear. Simple models o f t h e f o r c i n g i n terms o f b r e a k i n g wave 

d i s s i p a t i o n and o f t h e bed shear i n terms o f t h e l o n g s h o r e 

v e l o c i t y l e a d t o p r e d i c t i v e , e q u a t i o n s f o r U2 ( x i ) o r V(x) t h a t 

i n c r e a s e from zero a t t h e beach t o a maximum v a l u e somewhere 

shoreward o f t h e b r e a k e r l i n e , d e c r e a s i n g back t o zero f u r t h e r 

seaward. 

Two-Dimensional C i r c u l a t i o n . While t h e l o n g u n i f o r m beach 

s c h e m a t i z a t i o n i s a u s e f u l a r t i f i c e t o i n t r o d u c e t h e broad 

f e a t u r e s o f t h e lon g s h o r e c u r r e n t , t h e g e n e r a l h o r i z o n t a l 

c i r c u l a t i o n r e q u i r e s c o n s i d e r a t i o n o f t h e complete conserva

t i o n e q u a t i o n s . A l l s p a t i a l g r a d i e n t s o f t h e wave-induced 
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excess momentum f l u x t e n s o r p o t e n t i a l l y c o n t r i b u t e t o 

f o r c i n g . Headlands and c o a s t a l s t r u c t u r e s such as groynes and 

j e t t i e s a d d i t i o n a l l y impose n o - f l o w c o n s t r a i n t s and l o c a l l y 

t a n g e n t i a l f l o w a l o n g t h e s t r u c t u r e , i n e i t h e r t h e on- o r 

o f f s h o r e d i r e c t i o n . I n t h i s g e n e r a l s i t u a t i o n , t h e r e q u i r e ¬

ments o f mass c o n s e r v a t i o n w i l l l e a d t o nearshore c e l l s o f 

h o r i z o n t a l c i r c u l a t i o n . V o r t e x s t r e t c h i n g by i n c r e a s i n g depth 

( A r t h u r ( 8 ) ) g e n e r a l l y l e a d s t o a n a r r o w i n g and i n t e n s i f i c a 

t i o n o f t h e o f f s h o r e f l o w and t h e r e v e r s e p a t t e r n f o r t h e 

onshore f l o w . 

C i r c u l a t i o n c e l l s a re a l s o a common f e a t u r e o f t h e 

nearshore f l o w p a t t e r n on a p p a r e n t l y l o n g s t r a i g h t beaches 

under normal o r near-normal wrve i n c i d e n c e (Sonu ( 4 7 ) ) . The 

broad f e a t u r e s o f r i p c u r r e n t f o r m a t i o n and t h e a s s o c i a t e d 

c o u n t e r - r o t a t i n g gyres was i n i t i a l l y demonstrated by Bowen 

(48) . For a n o r m a l l y - i n c i d e n t wave f i e l d w i t h a s m a l l 

s p a t i a l l y - p e r i o d i c longshore v a r i a t i o n i n wave h e i g h t , 

l ongshore c u r r e n t s were generated w i t h i n t h e s u r f zone from 

each longshore maximum t o each l o n g s h o r e minimum i n t h e wave 

h e i g h t . An o f f s h o r e ( r i p ) c u r r e n t was l o c a t e d a t each wave 

h e i g h t minimum and each g y r e was completed by a weak 

c o u n t e r - c u r r e n t o u t s i d e t h e s u r f zone and a broad r e t u r n f l o w 

a t each wave h e i g h t maximum. J u s t what i n i t i a t e s t h e 

lon g s h o r e s p a t i a l p e r i o d i c i t y i s u n c e r t a i n . Perhaps t h e r e i s 

some fundamental i n s t a b i l i t y i n t h e nearshore hydrodynamics o r 

even morphodynamics ( B a t t j e s (49)') . 

Wave Forcing. While a l l g r a d i e n t s o f s;, c o n t r i b u t e t o t h e 

f o r c i n g , i t f o l l o w s from K e l v i n ' s ' c i r c u l a t i o n theorem t h a t 

o n l y t h e r o t a t i o n a l p a r t w i l l c o n t r i b u t e t o t h e ge. ^ . r a t i o n o f 

c u r r e n t s ( Longuet-Higgins ( 5 0 ) ) . The wave f i e l d beyond t h e 

s u r f zone i s w e l l d e s c r i b e d by i r r o t a t i o n a l f l o w t h e o r y where 

t h e c i r c u l a t i o n and hence t h e c u r r e n t i s zero. D i s s i p a t i o n 

from wave b r e a k i n g and bottom f r i c t i o n w i l l l e a d t o v o r t i c i t y 



g e n e r a t i o n , f i n i t e c i r c u l a t i o n and t o t h e g e n e r a t i o n o f 

c u r r e n t s . A u s e f u l d i s t i n c t i o n can a c c o r d i n g l y be made 

between t h e r o t a t i o n a l and i r r o t a t i o n a l p a r t s o f t h e f o r c i n g : 

ax, ' - " a x j ' - ' ^^-'^^ 

The i r r o t a t i o n a l p a r t w i l l n o t d r i v e c u r r e n t s and must be 

balanced by t h e set-up term ( p r e s s u r e g r a d i e n t s ) i n t h e 

momentum e q u a t i o n , such t h a t 

dn 1 a S /fl 

The r e s i d u a l momentum e q u a t i o n i s t h e n 

J^[U u 1 = ^ _ '̂ "̂̂  ^ _ ' ^ • ^ " ' ^ i - J h ^ C5 12) 

a x / " ^> pih + T])dx^ plih + T]) dx/"" Pih + T]) 

The setup f i e l d would be p r e d i c t e d from t h e E q u a t i o n 5.11 and 

th e h o r i z o n t a l c i r c u l a t i o n from E q u a t i o n 5.12. The h y d r o s t a t 

i c balance i n v o l v i n g 4:he setup t e r m i s a s i g n i f i c a n t p a r t o f 

th e complete momentum balance and i t s d e c o u p l i n g from t h e 

o v e r a l l momentum balance has c o n s i d e r a b l e n u m e r i c a l advantage 

f o r t h e com p u t a t i o n o f t h e c u r r e n t f i e l d . Under assumptions 

o f no c u r r e n t , no d i f f r a c t i o n and A i r y wave t h e o r y 

(Longuet-Higgins ( 5 0 ) , Dingemans e t a l ( 5 1 ) ) , t h e i r r o t a t i o n a l 

and r o t a t i o n a l p a r t s o f t h e f o r c i n g a re r e s p e c t i v e l y 

Dingemans e t a l (51) show f u r t h e r t h a t d i f f r a c t i o n e f f e c t s 

have l i t t l e i n f l u e n c e on t h e v a l i d i t y o f Equat i o n s 5.13 and 

5.14 b u t t h a t ambient c u r r e n t s may be i n f l u e n t i a l . I n a 
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n o n l i n e a r a p p r o x i m a t i o n , a s i m i l a r s e p a r a t i o n i s p o s s i b l e i n 

p r i n c i p l e b u t t h e a p p r o p r i a t e q u a n t i t a t i v e e x p r e s s i o n s have 

y e t t o be determined. 

Simultaneous computation o f b o t h t h e setup and c u r r e n t 

f i e l d o f course remains a p o s s i b i l i t y b u t i t r e q u i r e s some 

care i n d i s c r e t e n u m e r i c a l models. The r a d i a t i o n s t r e s s e s s% S^^^ 

and hence a^f^/ax^ may be determined from t h e computed wave \^*^ /^X^ 

f i e l d . The d i s c r e t e n u m e r i c a l d i f f e r e n t i a t i o n may r e s u l t i n 

s p u r i o u s d i s c o n t i n u i t i e s i n t h e f o r c i n g and hence i n t h e 

computed response. I n i t s p r e s e n t form. E q u a t i o n 5.14 a v o i d s 

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

o f t h e r o t a t i o n a l p a r t o f t h e wave-induced f o r c i n g . 

Turbulence Modeling. The i n e v i t a b l e "Reynolds s t r e s s c l o s u r e " 

problem here r e l a t e s s p e c i f i c a l l y t o t h e t u r b u l e n t momentum 

t r a n s p o r t terms i n t h e momentum and f l u c t u a t i n g energy S 
r 

e q u a t i o n s and t o t h e bed shear s t r e s s r^a i n t h e momentum 

e q u a t i o n s . The r e l a t i v e success o f t u r b u l e n c e modeling f o r 

t u r b u l e n t shear f l o w s may e v e n t u a l l y t r a n s l a t e t o t h e 

nearshore c i r c u l a t i o n ' a n d some p r o g r e s s has a l r e a d y been made. 

Modeling f 5,, i n t h e momentum e q u a t i o n and i n l . i r t u r b u l e n t 

energy e q u a t i o n has g e n e r a l l y adopted t h e depth-averaged eddy 

v i s c o s i t y approach (Rodi (36)) where 

_ (dJJ a dUA 1 / 1 , 1 , 
>?a/̂  = PV,(h + /7) -T—^^ - o ^ ö „ , (5.15) U . A e l k 

t o g e t h e r w i t h z e r o , one o r ..two e q u a t i o n t u r b u l e n c e models f o r 

th e eddy v i s c o s i t y v,. Note t h a t eddy v i s c o s i t y here r e l a t e s 

t o t h e h o r i z o n t a l t r a n s f e r o f h o r i z o n t a l momentum r a t h e r t h a n 

t h e v e r t i c a l t r a n s f e r o f h o r i z o n t a l momentum as i t does i n t h e 

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

I n zero e q u a t i o n models, v, i s r e l a t e d t o c h a r a c t e r i s t i c 

v e l o c i t y and l e n g t h s c a l e s o f t h e t u r b u l e n c e . Turbulence 

generated i n t h e bottom boundary l a y e r i s r e p r e s e n t e d by t h e 

•ita t e r m . Here we focus on t u r b u l e n c e g e n e r a t e d i n wave 
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b r e a k i n g , where an a p p r o p r i a t e v e l o c i t y s c a l e ( B a t t j e s (44) ) 

i s (D/pl''^, l e a d i n g t o t h e f o l l o w i n g e s t i m a t e o f t h e t u r b u l e n t 

eddy v i s c o s i t y : 

where M i s a c o n s t a n t o f o r d e r one. An a p p r o p r i a t e l e n g t h 

s c a l e L m i g h t be e i t h e r t h e wave h e i g h t H o r t h e w a t e r d e p t h h 

( s t r i c t l y h + n) . H and h a r e o f t h e same o r d e r i n t h e s u r f 

zone, b u t H may be a more c o n v e n i e n t c h o i c e t o accommodate 

c o n d i t i o n s o u t s i d e t h e s u r f zone. A l t e r n a t i v e zero e q u a t i o n 

models have been used by Bowen (48) , E b e r s o l e and Dalrymple 

( 5 2 ) , Watanabe (53) and Wu and L i u ( 5 4 ) . 

I n one e q u a t i o n models, t h e c h a r a c t e r i s t i c v e l o c i t y s c a l e 

i s d e f i n e d as t h e square r o o t o f t h e depth-averaged t u r b u l e n t 

k i n e t i c energy k-E'/p{h + n). E* i s determined from t h e t u r b u l e n t 

energy e q u a t i o n . E q u a t i o n 5.7, which n o n e t h e l e s s remains 

dominated by t h e wave energy d i s s i p a t i o n . Such one e q u a t i o n 

models have been used by V i s s e r (55) and O'Connor and Yoo 

( 5 6 ) . 

I n two e q u a t i o n o r fc-e models, t h e eddy v i s c o s i t y i s 

r e l a t e d t o fcVe where k i s a g a i n d e t e r m i n e d from t h e t u r b u l e n t 

energy e q u a t i o n and e from a s e p a r a t e f l u x e q u a t i o n f o r e. Two 

e q u a t i o n models have been used ^y Wind and V r e u g d e n h i l (57) 

and Yoo and O'Connor ( 5 8 ) . Such models r e l y v e r y h e a v i l y on 

e x p e r i e n c e i n t u r b u l e n t shear f l o w s , whereas zero and one 

e q u a t i o n models a r e more c l o s e l y r e l a t e d t o t h e wave b r e a k i n g 

process w h i c h so c l e a r l y dominates t u r b u l e n t m i x i n g i n t h e 

nearshore zone. 

Bed Shear S t r e s s . The f i n a l p a r t o f t h e Reynolds s t r e s s 

c l o s u r e problem i s t h e r e p r e s e n t a t i o n o f t h e bed shear s t r e s s 

I t i s c l e a r from E q u a t i o n 5.5 t h a t t h e bed shear i s a 

c r u c i a l element i n t h e p r e d i c t i o n o f t h e h o r i z o n t a l 

c i r c u l a t i o n , as i t i s p r i n c i p a l l y t h r o u g h t h i s terra t h a t t h e 

(5.16) 
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depth-averaged c u r r e n t appears i n t h e momentum balance. The 

t u r b u l e n t boundary l a y e r beneath combined wave and c u r r e n t 

f l o w and t h e bed shear s t r e s s t h a t i s a consequence o f t h i s 

f l o w has been t h e s u b j e c t o f c o n s i d e r a b l e a t t e n t i o n b u t 

remains an u nsolved problem. The reasons are a b u n d a n t l y c l e a r 

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

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

components where t h e y e x i s t a l o n e . The t i m e s c a l e s a r e v e r y 

l o n g ( e s s e n t i a l l y steady) f o r c u r r e n t s and q u i t e s h o r t ( o f 

o r d e r 10 s) f o r waves. The l e n g t h s c a l e s , r e p r e s e n t e d by t h e 

boundary l a y e r t h i c k n e s s e s , are almost t h e f u l l d e p t h o f water 

f o r c u r r e n t s and q u i t e t h i n ( o f o r d e r cms) f o r waves. The 

v e l o c i t y s c a l e s are s m a l l ( < C/10) f o r t h e c u r r e n t s and 

somewhat l a r g e r ( o f o r d e r C) f o r t h e waves. I n t e r a c t i o n o f 

such c o n t r a s t i n g s c a l e s r e s u l t s i n a complex f l o w . A d d i t i o n a l 

problems i n v o l v e d i r e c t i o n a l v a r i a t i o n s and e s p e c i a l l y a 

m o b i l e bed. 

C o n s i d e r a t i o n o f t h i s boundary l a y e r s t r u c t u r e and t h e 

a s s o c i a t e d Reynolds s t r e s s c l o s u r e l e a d s t o t h e f a m i l i a r z e r o , 

one and two e q u a t i o n t u r i j u l e n c e models which seek t o d e t e r m i n e 

t h e t u r b u l e n t eddy v i s c o s i t y f o r v e r t i c a l t u r b u l e n t momentum 

t r a n s f e r , as b r i e f l y c o n s i d e r e d i n t h e s e c t i o n on t h e v e r t i c a l 

c i r c u l a t i o n . The p r e s e n t focus on d e p t h - i n t e g r a t e d conserva

t i o n e q u a t i o n s however d i r e c t s a t t e n t i o n away fr o m t h e 

v e r t i c a l s t r u c t u r e towards a depth i n t e g r a t e d c l o s u r e model i n 

t h e manner o f t h e Chezy model tor boundary shear i n steady 

open channel f l o w o r t h e Darcy-Weisbach model i n s teady 

t u r b u l e n t p i p e f l o w . Such i n t e g r a l c l o s u r e models ar e 

t y p i c a l l y w r i t t e n i n 'quadratic form f o r t h e i n s t a n t a n e o u s 

shear s t r e s s as 

rba = ip\a\Qa (5.17) 
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where Q„ i s an i n t e g r a l measure o f t h e i n s t a n t a n e o u s f l o w 

v e l o c i t y i n t h e combined wave-current boundary l a y e r and ƒ i s 

t h e Darcy-Weisbach f r i c t i o n - f a c t o r . i t i s c l e a r t h a t t h e 

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

r e p r e s e n t e d by Q and t h a t a change i n t h e d e f i n i t i o n o f 2 must 

be r e f l e c t e d by a change i n t h e f r i c t i o n f a c t o r . A common 

d e f i n i t i o n o f t h e i n t e g r a l measure o f t h e combined f l o w i s t h e 

v e c t o r sum o f t h e depth-averaged c u r r e n t and t h e wave v e l o c i t y 

p r e d i c t e d a t t h e bed by t h e i n v i s c i d A i r y wave t h e o r y , i . e . 

Q„ = ̂/„ + amp(ub'')„coscot (5.18) 

where t h e amp() f u n c t i o n i s t h e a m p l i t u d e o f t h e o s c i l l a t o r y 

v e l o c i t y . Time a v e r a g i n g o f Eq u a t i o n 5.17 l e a d s t o an 

e s t i m a t e o f t h e time-averaged bed shear s t r e s s (Longuet-I i g -

g i n s ( 4 6 ) , L i u and Dalrymple ( 5 9 ) ) . The c o m p u t a t i o n a l 

convenience o f t h i s model i s d e c e p t i v e however as i t merely 

t r a n s f e r s t h e c l o s u r e problem t o t h e e s t i m a t i o n o f /. There i s 

an e x p e c t a t i o n t h a t t h e f r i c t i o n f a c t o r can be r e p r e s e n t e d i n 

t h e manner o f t h e Moody diagram f o r p i p e f l o w , as a t t e m p t e d 

i n i t i a l l y by Jonsson' (60) f o r waves al o n e . The subsequent 

l i t e r a t u r e i s e x t e n s i v e , f o r example B i j k e r ( 6 1 ) , Bakker an'̂ . 

Van Doorn ( 6 2 ) , Grant and Madsen ( 6 3 ) , C h r i s t o f f e r s e n and 

Jonsson ( 6 4 ) , V i s s e r ( 6 5 ) , O•Connor and Yoo (66) and Davies e t 

a l (67) ; see a l s o S l e a t h (68) . The g e n e r a l t r e n d s have been 

e s t a b l i s h e d i n t h a t t h e i n f l u e n c e o f t h e wave m o t i o n on t h e 

c u r r e n t has rough e q u i v a l e n c e t o t h e response o f t h e c u r r e n t 

t o a s i g n i f i c a n t i n c r e a s e i n t h e bed roughness. The d e t a i l s 

are f a r from complete however, e s p e c i a l l y c o n s i d e r i n g t h e 

s e n s i t i v i t y o f t h e l o n g s h o r e c u r r e n t t o t h e bed shear. T h i s 

would appear t o be t h e weakest l i n k i n p r e d i c t i v e models o f 

t h e h o r i z o n t a l c i r c u l a t i o n . 

6. THREE DIMENSIONAL CIRCULATION. 

Separate c o n s i d e r a t i o n o f t h e h o r i z o n t a l and v e r t i c a l 

c i r c u l a t i o n has demonstrated t h e e x i s t e n c e o f d y n a m i c a l l y 
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s i g n i f i c a n t mean f l o w s i n a l l t h r e e s p a t i a l dimensions. While 

t h e above s e p a r a t i o n i s co n v e n i e n t f o r a n a l y s i s purposes, i t 

f i l t e r s p o t e n t i a l l y s i g n i f i c a n t motions from d e t a i l e d 

c o n s i d e r a t i o n . Three-dimensional models o f t h e nearshore 

c i r c u l a t i o n a r e a r e c e n t development and t h e p r e s e n t 

d i s c u s s i o n a t t e m p t s merely t o h i n t a t t h e d i r e c t i o n o f c u r r e n t 

r e s e a r c h . 

Two approaches are p o s s i b l e , t h e f i r s t b e i n g a n a t u r a l 

e x t e n s i o n o f v e r t i c a l c i r c u l a t i o n a n alyses. T h i s f u l l y 

t h r e e - d i m e n s i o n a l approach seeks d i r e c t n u m e r i c a l s o l u t i o n s o f 

t h e Reynolds e q u a t i o n s i n t h r e e s p a t i a l dimensions, s u i t a b l y 

g e n e r a l i z e d t o i n c l u d e wave-induced apparent s t r e s s e s . The 

second approach i s a n a t u r a l e x t e n s i o n o f t h e h o r i z o n t a l 

c i r c u l a t i o n analyses and seeks t o e s t a b l i s h b o t h t h e 

depth-averaged f l o w and t h e v e r t i c a l s t r u c t u r e t h a t was 

i g n o r e d i n h o r i z o n t a l c i r c u l a t i o n analyses. T h i s approach, 

which can be c l a s s i f i e d as q u a s i - t h r e e - d i m e n s i o n a l , u t i l i z e s 

t h e f a c t t h a t t h e h o r i z o n t a l l e n g t h s c a l e i n t h e nearshore 

c i r c u l a t i o n i s f a r g r e a t e r t h a n t h e v e r t i c a l one. A b r i e f 

o u t l i n e o f t h e q u a s i - t h r e e - d i m e n s i o n a l approach i s g i v e n 

below. The r a t h e r l e n g t h y mathematical e x p r e s s i o n s w h i c h a r e 

needed f o r a complete problem statement and a n a l y s i s (see e.g. 

de V r i e n d and S t i v e ( 6 9 ) , Svendsen and Lorenz (70)) a r e n o t 

reproduced here b u t are r e p r e s e n t e d i n h i g h l y schematic form. 

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

d e s c r i b e d by t h e e x t e n s i o n o f t h e l o c a l c o n s e r v a t i o n e q u a t i o n s 

f o r mass ( E q u a t i o n 4.1) and 'momentum ( E q u a t i o n 4.2) t o t h r e e 

dimensions. I n t h e q u a s i - t h r e e - d i m e n s i o n a l approach, t h e 

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

momentum (pTïW) i s t h e dominant t e r m i n t h e mean h o r i z o n t a l 

momentum balance. Modeling t h i s w i t h a t u r b u l e n t eddy 

v i s c o s i t y model i n terms o f t h e v e r t i c a l g r a d i e n t o f mean 

h o r i z o n t a l v e l o c i t y , t h e l o c a l balance o f h o r i z o n t a l momentum 

(e.g. E q u a t i o n 4.2 g e n e r a l i z e d t o two h o r i z o n t a l dimensions x) 

can s y m b o l i c a l l y be w r i t t e n as 
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Ra r e p r e s e n t s t h e sum o f t h e r e m a i n i n g t e r m s ; i t can be 

separated i n t o a depth-averaged p a r t , /-„(x) say, and a 

v e r t i c a l l y v a r y i n g p a r t c<.(x,z) whose depth-averaged p a r t i s 

zero by d e f i n i t i o n . The same a p p l i e s t o t h e l e f t hand s i d e o f 

Equ a t i o n 6.1. I n t h i s manner, a s o - c a l l e d p r i m a r y v e l o c i t y 

can be d e f i n e d as t h e s o l u t i o n o f 

supplemented w i t h t h e mass balance and t h e v e r t i c a l momentum 

balance. L i k e w i s e , a s o - c a l l e d secondary v e l o c i t y a, can be 

d e f i n e d as t h e s o l u t i o n o f 

Equ a t i o n 6.2 i s a g e n e r a l i z a t i o n t o two h o r i z o n t a l dimensions 

o f E q u a t i o n 4.6, which i s r e s t r i c t e d t o c i r c u l a t i o n s i n a 

shore-normal v e r t i c a l p l a n e . I n t h i s f o r m u l a t i o n , t h e p r i m a r y 

v e l o c i t y i s a s s o c i a t e d w i t h t h e depth-averaged e q u a t i o n s 

( a l t h o u g h i t has a v e r t i c a l s t r u c t u r e ) and t h e secondary 

v e l o c i t y i s a s s o c i a t e d w i t h t h e r e s i d u a l e q u a t i o n s . 

Major sources o f secondary f l o w a re t h e v e r t i c a l 

n o n - u n i f o r m i t i e s o f wave-induced f l u x e s o f mass and momentum 

and o f a d v e c t i o n o f mean f l o w momentum. I n a d d i t i o n , wind 

shear s t r e s s and C o r i o l i s a c c e l e r a t i o n s can have some 

i n f l u e n c e . The r e s u l t a n t secondary v e l o c i t y v e c t o r w i l l 

g e n e r a l l y v a r y w i t h e l e v a t i o n b o t h i n magnitude and d i r e c t i o n . 

S w i r l i n g f l o w s a r e expected and observed (de V r i e n d and S t i v e 

( 6 9 ) , Svendsen and Lorenz ( 7 0 ) ) . Much o f t h e d e t a i l e d 

a n a l y s i s p a r a l l e l s t h e developments o f h o r i z o n t a l and v e r t i c a l 

c i r c u l a t i o n models and does n o t need se p a r a t e d i s c u s s i o n here. 
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LIST OP NOTATION 

a Wave a m p l i t u d e 

c Wave phase speed 

Cg Wave group speed 

D Rate o f d i s s i p a t i o n o f wave energy 

E Energy per u n i t area o f f l u c t u a t i n g m o t i o n 

p Energy f l u x o f f l u c t u a t i n g m o t i o n 

ƒ F r i c t i o n f a c t o r 

9 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 

N Wave h e i g h t 

D e p t h - l i m i t e d maximum wave h e i g h t 

Water de p t h t o SWL datum 

fc Wave number, o r 

Depth-averaged t u r b u l e n t k i n e t i c energy 

L Length s c a l e o f t u r b u l e n c e 

^ ( ^ ) S p e c t r a l a c t i o n d e n s i t y i n wave number space 

p Pressure 

Q I n s t a n t a n e o u s v e l o c i t y s c a l e 

Qb L o c a l f r a c t i o n o f b r e a k i n g waves 

q V e l o c i t y component a t i n t e r f a c e 

5" R a d i a t i o n s t r e s s , o r 

Source t e r m i n s p e c t r a l a c t i o n b a lance e q u a t i o n 
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T Wave p e r i o d 

t Time 

u Depth- and time-averaged v e l o c i t y 

u. L o c a l h o r i z o n t a l v e l o c i t y 

u) L o c a l v e r t i c a l v e l o c i t y 

X H o r i z o n t a l c o o r d i n a t e 

y H o r i z o n t a l c o o r d i n a t e 

z V e r t i c a l c o o r d i n a t e 

a C o e f f i c i e n t 

^ F r a c t i o n 

6 Symmetric u n i t t e n s o r 

f Rate o f energy d i s s i p a t i o n by v i s c o s i t y 

n Water s u r f a c e e l e v a t i o n from g l o b a l SWL 

Tie C r e s t e l e v a t i o n 

Trough e l e v a t i o n 

e D i r e c t i o n 

V, T u r b u l e n t eddy v i s c o s i t y 

P Mass d e n s i t y o f sea water 

Ö Wave a n g u l a r frequency r e l a t i v e t o c u r r e n t 

( I n t r i n s i c frequency) 

r Shear s t r e s s 
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Secondary f l o w 

X X d i r e c t i o n 

y y d i r e c t i o n 

z z d i r e c t i o n 

a Tensor s u b s c r i p t = i o r 2 

^ Tensor s u b s c r i p t = 1 o r 2 

S u p e r s c r i p t s 

T u r b u l e n t f l u c t u a t i o n > e.g. u 

Wave f l u c t u a t i o n ' , .e.g. a" 

M i s c e l l a n e o u s 

t i l d e F l u c t u a t i o n about time-averaged v a l u e , e.g. 

over b a r Time-averaged v a l u e , e.g. u 

u n d e r l i n e V e c t o r q u a n t i t y , e.g. x 
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