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A u s t r a l i a 

SUMMARY 

V a r i o u s n u m e r i c a l a s p e c t s of an e x p l i c i t f i n i t e - d i f f e r e n c e model f o r t r o p i c a l 

c y c l o n e storm surge g e n e r a t i o n and p r o p a g a t i o n a r e I n v e s t i g a t e d n u m e r i c a l l y . 

The open boundary c o n d i t i o n s pose a p a r t i c u l a r problem as the g e o p h y s i c a l s c a l e 

of a c y c l o n e n o r m a l l y exceeds the a r e a t h a t can f e a s i b l y be modelled on a 

d i g i t a l computer. Four a l t e r n a t i v e open boundary c o n d i t i o n s a r e d i s c u s s e d . The 

r e l a t i o n s h i p between the g e o p h y s i c a l s c a l e of the c y c l o n e and the model g r i d 

s p a c i n g i s a l s o c o n s i d e r e d . The paper c o n c l u d e s w i t h a d i s c u s s i o n o f the i n t e r ­

a c t i o n among the v a r i o u s terms of the g o v e r n i n g e q u a t i o n s . 
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1. INTRODUCTION 

The n u m e r i c a l hydrodynamic model SURGE has been developed on the James Cook 

U n i v e r s i t y DEC System-10 to study t r o p i c a l c y c l o n e storm surge g e n e r a t i o n and 

propag a t i o n a l o n g the Queensland c o a s t . Numerical m o d e l l i n g of long wave propa­

g a t i o n i s not a new problem; s a t i s f a c t o r y computations o f a s t r o n o m i c a l t i d e 

p r o p a g a t i o n i n s e a s or wide e s t u a r i e s were f i r s t undertaken i n the 1950's. There 

a r e however s e v e r a l unique a s p e c t s of the p r e s e n t problem t h a t w a r r a n t e d d e t a i l e d 

i n v e s t i g a t i o n . These problems stem from the complex c h a r a c t e r and g e o p h y s i c a l 

e x t e n t o f the m e t e o r o l o g i c a l f o r c i n g and i n c l u d e the s p e c i f i c a t i o n of s u i t a b l e 

open boundary c o n d i t i o n s and the r e l a t i o n s h i p between the l e n g t h s c a l e of the 

t r o p i c a l c y c l o n e and the model g r i d s p a c i n g . 

2. THE NUMERICAL HYDRODYNAMIC MODEL 

Long Wave E q u a t i o n s 

Storm s u r g e p r o p a g a t i o n i s governed by the Long Wave E q u a t i o n s (Welander, 

1964) , e x p r e s s i n g r e s p e c t i v e l y the c o n s e r v a t i o n of mass and the c o n s e r v a t i o n of 

momentum i n s p a t i a l d i r e c t i o n s x and y: 

|n +1^ + 1^=0 (2.1a) 
3t 3x 3y 

3t 3x "'h+n-̂  3y ^h+n'^ 

= . g ( h . n ) 1̂  - ^ ^ . ^ ( T ^ , - T , , ) (2.1b) 

= - g ( h . n ) f ^ . f ( x ^ , - V ( 2 . 1 c ) 

The xy datum p l a n e i s l o c a t e d a t the mean water l e v e l w i t h the z a x i s d i r e c t e d 

v e r t i c a l l y upwards. The wa t e r s u r f a c e e l e v a t i o n w i t h r e s p e c t to datum I s 

r i ( x , y , t ) , the s e a bed i s h ( x , y ) below datum, U and V a r e d e p t h - i n t e g r a t e d flow 

v e l o c i t i e s o r d i s c h a r g e s per u n i t w i d t h , f I s the C o r i o l i s p a r a m e t e r , and T i s 

bed f r i c t i o n . 

The hydrodynamic f o r c i n g I n f l u e n c e of the t r o p i c a l c y c l o n e i s i n t r o d u c e d 

i n t o the gover n i n g e q u a t i o n s by the s p e c i f i c a t i o n o f s u i t a b l e v a l u e s f o r the 

wind s t r e s s Tg and atm o s p h e r i c p r e s s u r e Pg a t the wa t e r s u r f a c e . For t h i s 

purpose i t i s n e c e s s a r y to adopt a s u i t a b l e model of the atm o s p h e r i c boundary 

l a y e r t h a t w i l l a l l o w the e s t i m a t i o n of s p a t i a l and temporal v a r i a t i o n s i n the 

sh e a r s t r e s s and p r e s s u r e a t the water s u r f a c e . S u i t a b l e models have been 

proposed by the N a t i o n a l H u r r i c a n e R e s e a r c h P r o j e c t of the U.S. Weather Bureau, 

(Graham and Nunn ( 1 9 5 9 ) , J e l e s n i a n s k i ( 1 9 6 5 ) , and U.S. Weather Bureau ( 1 9 6 8 ) ) . 

The s i m p l i f i e d model o f J e l e s n i a n s k i (1965) was adopted f o r the p r e s e n t p u r p o s e s , 

although the more r e a l i s t i c model o f the U.S. Weather Bureau (1968) w i l l be used 

i n p r o d u c t i o n r u n s . 

T y p i c a l r a d i a l p r o f i l e s of M.S.L. p r e s s u r e and s u s t a i n e d a z i m u t h a l ( o r 

t a n g e n t i a l ) wind speed a t h e i g h t 10 m a r e shown i n F i g u r e 1. The p r i n c i p a l 

f e a t u r e s o f t h e s e p r o f i l e s a r e the sharp g r a d i e n t s around the r a d i u s of maximum 

wind R and the much more g r a d u a l changes beyond t h i s p o s i t i o n ; i n f a c t the 
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s p a t i a l e x t e n t of the o r g a n i s e d motion w i t h i n the atm o s p h e r i c boundary l.-iycr can 

extend some 1000 km from the e y e . 

Fl CURE 1 . 11P1£A1-_WJ ND VELOCITY _AND_ PRESSURE 
PR0>1LES WITHIN ATROPICAL CYCLONE 

F i n i t e D i f f e r e n c e E q u a t i o n s 

D i s c r e t e v a l u e s of the v a r i a b l e s a r e s p e c i f i e d on a space ( x , y ) and time 

( t ) s t a g g e r e d g r i d , whose node p o i n t s a r e d e f i n e d as ( i A x , j A y , n A t ) . Depth h o r 

D below M.S.L. and w a t e r s u r f a c e e l e v a t i o n n or H a r e l o c a t e d a t ( i , j , n ) , depth-

i n t e g r a t e d flow U a t (i+>S,j ,n+!i) and d e p t h - i n t e g r a t e d flow V a t (±,3+h,n+h) . 

The f i n i t e d i f f e r e n c e e q u a t i o n s , which c o n s t i t u t e an e x p l i c i t l e a p - f r o g o p e r a t o r ; 

a r e : 

( a ) X momentum e q u a t i o n c e n t r e d a t (1+^,j,n) 

n+h _ n-h 

At i+h,i 

" i + l , j ~ ^ 

Ax 
DX, 

Ax 

+ wx" . + (vS,j)^ 
" i + i l , i ( 2 .2a) 
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(b) y momentum e q u a t i o n c e n t r e d a t ( i , j + ^ , n ) 

n+!s n-!i 

At ^ * ^±,i+h 

8 " ^ i , j + ! 5 Ay 2 l , j + l 2 Ay 

+ W y " . . - 4 / ( E " % ) ^ + ( V ' ? ^ ) ^ ' ' J ^ - ^ (2.2b) 

( c ) c o n t i n u i t y e q u a t i o n c e n t r e d a t ( i , j , n + ! s ) 

n+1 n n+h n-fij n+h _ n+h 
t i , . - t i , , u.,1 . - V. I . v , . , i 

= 0 ( 2 . 2 c ) 
At Ax Ay 

where . = H(iAx,JAy,nAt) 

,,n-tJs ^n+h 

" A Ps^i^'^'J'^y'"''^) 

WX" . = T- ((l-tJ5)Ax,jAy,nAt) 

Wy" s i m i l a r l y 
i > l + ^ 

Ax = Ay = As = s p a t i a l g r i d dimension 

At = time s t e p , A = f r i c t i o n f a c t o r 

= '^^°l,i ^ " i . j + "i+1,3 " " m j ) 

°^l,J+i5 Similarly 

v""!̂  • s i m i l a r l y 
i+-5,l 

The f i n i t e d i f f e r e n c e a p p r o x i m a t i o n s to the c o n v e c t i v e terms a r e c o n s i s t e n t w i t h 

the above e q u a t i o n s and have been omi t t e d f o r s i m p l i c i t y . Reduced forms o f 

t h e s e e q u a t i o n s a r e n e c e s s a r y I n the neighbourhood of open (H) and c l o s e d (U,V) 

b o u n d a r i e s , and the G r e a t B a r r i e r R e e f . 

S t a b i l i t y and Wave Deformation C h a r a c t e r i s t i c s of the L i n e a r i s e d E q u a t i o n s 

Formal a n a l y t i c a l e v a l u a t i o n s of s t a b i l i t y and wave defo r m a t i o n can o n l y 
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be attempted f o r the l i n e a r i s e d e q u a t i o n s . Terms such as lied I r l t l I n n , c o i w o c t -

i v e a c c e l e r a t i o n s and m e t e o r o l o g i c a l f o r c i n g cannot be i n c l u d c c i , and It niiisL be 

assumed t h a t the c o m p u t a t i o n a l segment c o n s i d e r e d i s f a r away from I he d l H l i i r b l n g 
i n f l u e n c e of any boundary. 

The n t i m e r i c a l s t a b i l i t y requirement f o r the e x p l i c i t leap-froj-, .scju'im' was 

f i r s t d i s c u s s e d by Platzman (1956) who gave the f o l l o w i n g upper l i m i t l o r I hi' 

i n c r e m e n t a l time s t e p : 

At M s / ( 2 8 h ^ a ^ ) ' ' ( 2 . J) 

I n a d d i t i o n to s t a b i l i t y , n u m e r i c a l d i s t o r t i o n of the p h y s i c a l surge wave 

needs i n v e s t i g a t i o n . Some measure of t h i s d i s t o r t i o n can be had from a compari­

son of the n u m e r i c a l and a n a l y t i c a l s o l u t i o n s of the l i n e a r i s e d e q u a t i o n s . An 

i n v e s t i g a t i o n of v a r i o u s n u m e r i c a l schemes by Sobey ( 1 9 7 0 ) , u s i n g the p r o p a g a t i o n 

f a c t o r concept of L e e n d e r t s e (1967) showed t h a t the p r e s e n t scheme has n e g l i g i b l e 

a m plitude d i s t o r t i o n when the above s t a b i l i t y c o n d i t i o n i s s a t i s f i e d . 

The n u m e r i c a l d e f o r m a t i o n c h a r a c t e r i s t i c s o f the f u l l long-wave e q u a t i o n s 

a r e beyond a n a l y t i c a l e v a l u a t i o n and can o n l y be i n v e s t i g a t e d by n u m e r i c a l e x p e r i ­

ment. A number of such experiments under v a r i o u s c o n d i t i o n s have been completed. 

The most important o b j e c t i v e s were to e s t a b l i s h the a p p l i c a b i l i t y o f the Courant 

c o n d i t i o n as an e s t i m a t e o f the maximum i n c r e m e n t a l time s t e p , the s u i t a b i l i t y 

of d i f f e r e n t open boundary c o n d i t i o n s , the r e s o l u t i o n c a p a b i l i t y o f the g r i d 

s p a c i n g and the i n t e r a c t i o n o f the v a r i o u s terms o f the c o n s e r v a t i o n e q u a t i o n s . 

The former o b j e c t i v e was a d e q u a t e l y demonstrated and w i l l not be f u r t h e r con­

s i d e r e d . 

3. OPEN BOUNDARY CONDITIONS 

I n terms of m e t e o r o l o g i c a l t i d e s , the s p a t i a l e x t e n t o f a t r o p i c a l c y c l o n e 

would approach 1000 km, a l t h o u g h the r e g i o n of peak p o s i t i v e and n e g a t i v e s u r g e s 

would have a s p a t i a l s c a l e of the o r d e r of the r a d i u s o f maximum winds ( t y p i c a l l y 

25 km). I d e a l l y , the open b o u n d a r i e s of the computation f i e l d s h o u l d be s u f f i c i ­

e n t l y d i s t a n t from the c y c l o n e t h a t boundary w a t e r l e v e l s can be taken as mean 

se a l e v e l ( o r t i d e l e v e l ) . However, the s t o r a g e l i m i t a t i o n s o f modern time­

s h a r i n g computer systems p r e c l u d e the adoption of a c o m p u t a t i o n a l f i e l d t h a t has 

l i n e a r dimensions o f the o r d e r of 1000 km, and s i m u l t a n e o u s l y r e p r o d u c e s d e t a i l s 

on the s c a l e of the r a d i u s of maximum w i n d s . A p r a c t i c a l compromise to t h i s 

c o n f l i c t o f s c a l e s must be adopted and the f o r c i n g i n f l u e n c e of the c y c l o n e o u t ­

s i d e the c o m p u t a t i o n a l f i e l d must be i n c l u d e d i n the open boundary c o n d i t i o n s ; 

the problems a s s o c i a t e d w i t h computer s t o r a g e l i m i t a t i o n s a r e d i s c u s s e d i n the 

f o l l o w i n g s e c t i o n . 

Four p o s s i b l e open boundary c o n d i t i o n s a r e b r i e f l y d i s c u s s e d and an e v a l u a ­

t i o n o f t h e i r r e s p e c t i v e performances i s made. Open boundary c o n d i t i o n s can be 

e i t h e r a water l e v e l o r flow c o n d i t i o n . The a l t e r n a t i v e s c o n s i d e r e d were: 

( a ) Open boundary w a t e r l e v e l s s e t e q u a l to the p r e s s u r e s u r g e , the head 

of w a t e r e q u i v a l e n t to the p r e s s u r e d e f i c i t , i . e . -

n 

« i , j = p..g (3-1) 

(b) Open boundary w a t e r l e v e l s s e t to M.S.L. (Heaps, 1 9 6 9 ) , i . e . -

h" , = 0 • (3.2) 
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((•) Flow g r a d i e n t p e r p e n d i c u l a r to open boundary s e t to z e r o ( J e l e s n i a n s k i , 

1 9 6 5 ) , e.g. -

a t the n o r t h e r n open boundary of a g r i d . 

(d) Open boundary water l e v e l s s e t e q u a l to the l o c a l b a t h y s t r o p h i c storm 

t i d e , i . e . , the q u a s i - s t a t i c p r o f i l e d e s c r i b e d , f o r example by -

0 = -g(h.n) t-T - ^ ^ ^ " - ^ ^ 

w w 

when the open boundary i s i n the x d i r e c t i o n . 

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

195 n m i l e (361 km) a l o n g a l e n g t h o f s t r a i g h t c o a s t was c o n s i d e r e d . The s e a 

bed s l o p e d u n i f o r m l y a t a s l o p e o f 0.00055 away from a depth of 2.0 m a t the 

c o a s t . At the o u t e r open boundary, 137.5 n m i l e (255 km) from the c o a s t , the 

depth was 145 m. The s h e l f r e g i o n was assumed c e n t r e d about 18°S l a t i t u d e . A 

t e s t c y c l o n e , s i m i l a r i n many r e s p e c t s to t r o p i c a l c y c l o n e A l t h e a ( T o w n s v i l l e , 

1 9 7 1 ) , was adopted. The c y c l o n e was I n i t i a l l y p l a c e d i n the c e n t r e of the flow 

f i e l d and the model a l l o w e d a p e r i o d of 10 i t e r a t i o n s f o r I n i t i a l b u i l d - u p from 

s t i l l w ater b e f o r e the c y c l o n e was moved p e r p e n d i c u l a r to the c o a s t a t the 

nominated speed. T o t a l s i m u l a t i o n time was 5 h o u r s , w i t h l a n d f a l l a f t e r 3̂ 5 

h o u r s . G r i d s p a c i n g was 5 n m i l e and the time s t e p was 150 s e e s . 

The f i r s t of the f o u r boundary c o n d i t i o n s was s e l e c t e d a s a b a s i s f o r com­

p a r i s o n . Using t h i s c o n d i t i o n , a peak surge of 3.3 m o c c u r r e d a p p r o x i m a t e l y 30 

minutes a f t e r c y c l o n e l a n d f a l l and 20 km south of the l a n d f a l l p o s i t i o n . 

E n c o u r a g i n g l y , the phase and amplitude of the peak surge i n a l l c a s e s was almost 

i d e n t i c a l . Such was not the c a s e however away from the peak surge l o c a t i o n and 

c l o s e to the open b o u n d a r i e s . I d e a l l y , r e a l i s t i c s i m u l a t i o n as c l o s e as p o s s i b l e 

to the open b o u n d a r i e s i s r e q u i r e d . D e t a i l e d comparisons of the r e l a t i v e per­

formance of the boundary c o n d i t i o n s can be found i n Sobey e t a l ( 1 9 7 5 ) . F i g u r e 

2 reproduces some t y p i c a l c o a s t a l w a t e r l e v e l p r o f i l e s ( o b s e r v e r f a c i n g seawards) 

and the o v e r a l l b e h a v i o u r i s summarised below. 
Mean Sea L e v e l C o n d i t i o n ( F i g u r e 2a) 

The n u m e r i c a l s i m u l a t i o n s w i t h boundary c o n d i t i o n s ( a ) and (b) gave b r o a d l y 

e q u i v a l e n t flow p a t t e r n s ; phase agreement was g e n e r a l l y good but water l e v e l 

d i f f e r e n c e s averaged 20 cm w i t h a maximum of some 35 cm over the f i e l d ( F i g u r e 

2 a ) . I t appeared t h a t the times immediately b e f o r e and a f t e r l a n d f a l l o f the 

c y c l o n e were most s e n s i t i v e to these w a t e r l e v e l d e v i a t i o n s , w i t h r e c o v e r y t a k i n g 

p l a c e a p p r o x i m a t e l y an hour l a t e r . T h i s l e v e l d e c r e a s e c o u l d i n p a r t be due to 

a w i d e s p r e a d drawdown around the eye f o r the M.S.L. boundary c o n d i t i o n . 

Asymptotic Flow C o n d i t i o n ( F i g u r e 2b) 

Although the peak amplitude and phase matching was good throughout, s i g n i f i ­

c a n t water l e v e l d i f f e r e n c e s o c c u r r e d n e a r the open b o u n d a r i e s . F i g u r e 2b i s a 

t y p i c a l r e s u l t , drawdown n o r t h of the l a n d f a l l p o s i t i o n and b u i l d - u p to the 

south both bei n g a c c e n t u a t e d . 

The o r i g i n a l a p p e a l o f t h i s c o n d i t i o n ( c ) was i t s a b i l i t y to a l l o w v a r i a ­

t i o n s i n water l e v e l a t the open b o u n d a r i e s , h o p e f u l l y p r o d u c i n g a more r e a l i s t i c 

f l o w p a t t e r n i n t h e s e r e g i o n s . However, s p u r i o u s e f f e c t s were observed i n the 
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flow p a t t e r n s , p a r t i c u l a r l y a t l i U c r . s f c l Ions of open boundarli ' S . I ' liyM Icii 11 y , 
i t i s d i f f i c u l t to see what i s p a r t i c u l a r l y s i g n i f i c a n t about t h e l l u w H i a d l e n t 

normal to an open boundary, as the p o s i t i o n and e s p e c i a l l y the o r l i M i t a l l o n of 

t h i s boundary a r e e s s e n t i a l l y a r b i t r a r y . 

FIGURE 2. COMPARATIVE PERFORMANCE OK OPEN BOUNDARY CONDITIONS 

B a t h y s t r o p h i c Storm T i d e Approximation ( F i g u r e 2c) 

A g a i n from a p h y s i c a l v i e w p o i n t the b a t h y s t r o p h i c t i d e c o n d i t i o n (d) s h o u l d 

p r o v i d e the most r e a l i s t i c boundary c o n d i t i o n as i t i n v o l v e s a l o w e s t o r d e r 

momentum b a l a n c e a l o n g the open boundary; i n p r a c t i c e i t has proved v e r y 

e f f e c t i v e . The b a t h y s t r o p h i c t i d e p r o f i l e would o n l y be used along those open 

bo u n d a r i e s which encounter l a n d a t some p o i n t and i t would be used i n c o n j u n c t i o n 

w i t h the p r e s s u r e surge c o n d i t i o n ( a ) i n deep w a t e r . 



B.A. HARPER, R . J . SOBEY and K.P. STARK 

B a s i c flow p a t t e r n s and peak s u r g e phase and amplitude remained unchanged 

throughout the s i m u l a t i o n and r e s u l t i n g water s u r f a c e contour p a t t e r n s were w e l l 

behaved and appeared the most p l a u s i b l e of the f o u r r e s u l t s . F i g u r e 2 c , showing 

the r e s u l t a n t s u r ge p r o f i l e a l o n g the c o a s t 75 minutes a f t e r c y c l o n e l a n d f a l l 

t y p i f i e s the r e s u l t f o r c o n d i t i o n ( d ) . I t can be comapred to the c o r r e s p o n d i n g 

p r o f i l e f o r the a s y m p t o t i c flow c o n d i t i o n i n F i g u r e 2b, where w a t e r l e v e l s to 

the r i g h t of the eye seem u n n a t u r a l l y h i g h . 

4. RESOLUTION OF GRID SPACING 

I n the p r e v i o u s s e c t i o n the i n c l u s i o n of the l a r g e s c a l e f o r c i n g of a 

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

I t remains advantageous, however, to model as l a r g e an a r e a as i s p h y s i c a l l y 

p o s s i b l e , s u b j e c t o f c o u r s e to computer s t o r a g e l i m i t a t i o n s . A t r o p i c a l c y c l o n e 

has a d e f i n i t e s p a t i a l wind and p r e s s u r e s t r u c t u r e , and t h i s i n f o r m a t i o n can o n l y 

be d e l i v e r e d to the model a t the d i s c r e t e g r i d p o i n t s w i t h i n the f i e l d . I f then 

the g r i d s p a c i n g i s too l a r g e , p o s s i b l e l o s s i n r e s o l u t i o n o f the t r u e c y c l o n e 

b e h a v i o u r and consequent wave deformation may r e s u l t - The adopted g r i d s p a c i n g 

a l s o d i r e c t l y d e t ermines the computer s t o r a g e r e q u i r e m e n t s and the maximum 

i n c r e m e n t a l time s t e p ( e x p l i c i t scheme) f o r a p a r t i c u l a r s i t u a t i o n . The l a r g e 

time s t e p , coupled w i t h a s m a l l number of g r i d p o i n t s , r e s u l t s i n s u b s t a n t i a l 

advantages i n computation time f o r a 10 n m i l e g r i d o v e r a 5 n m i l e g r i d , so 

t h a t i t would be p r e f e r a b l e to use a s l a r g e a g r i d s p a c i n g as i s h y d r o d y n a m l c a l l y 

j u s t i f i e d . 

These problems a r e d i r e c t l y r e l a t e d to the r a t i o o f the fundamental l e n g t h 

s c a l e of the c y c l o n e , the r a d i u s of maximum winds R, to the g r i d s p a c i n g o f the 

f i n i t e d i f f e r e n c e f i e l d . A s . The e f f e c t of t h i s R/As r a t i o on the computed wave 

was e v a l u a t e d u s i n g g r i d s p a c i n g s of 10 n m i l e , 5 n m i l e and 3.3 n m i l e r e s p e c t ­

i v e l y ; the models were i d e n t i c a l i n a l l o t h e r r e s p e c t s , i n p a r t i c u l a r R was 

19 n m i l e . The p r e s s u r e surge boundary c o n d i t i o n was used i n a l l t h r e e c a s e s . 

1 2 3 4 5 hours 

FIGURE 3. TYPICAL GRID RESOLUTION RESULT 

F i g u r e 3 i s a t y p i c a l r e s u l t , and shows the w a t e r l e v e l h i s t o r i e s a t the 

p o s i t i o n of the peak s u r g e . I t appears t h a t d e c r e a s i n g the R/As r a t i o r e s u l t s 

i n a l o w e r i n g o f the peak s u r g e l e v e l , w i t h an a s s o c i a t e d phase advance of the 

computed wave. Because of the l a r g e v a r i a t i o n s i n peak l e v e l s and phase away 

from the o t h e r two c a s e s , the 10 n m i l e g r i d was c o n s i d e r e d u n s a t i s f a c t o r y f o r 

the p r e d i c t i o n of the peak surge a t the c o a s t . However the r e s u l t s show t h a t i t 

i s c a p a b l e of a d e q u a t e l y m o d e l l i n g the p r e s s u r e surge i n deep w a t e r , which may 

be u s e f u l i n c e r t a i n c a s e s . A d d i t i o n a l l y t h e r e appears l i t t l e advantage i n u s i n g 

the s m a l l e r 3.3 n m i l e g r i d i n p l a c e of the 5 n m i l e g r i d , e s p e c i a l l y when 

I n t e r e s t c e n t r e s on the phase and amplitude of the peak s u r g e . However, i f f i n e r 

r e s o l u t i o n of c o a s t a l d e t a i l i s r e q u i r e d , then a s m a l l e r g r i d must be u s e d . 
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5 . INTERACTION OF TERMS 

A u s e f u l and i n s t r u c t i v e p a r t of a comprehensive s e n s i t i v i t y a n a l y s i s i s 

the o b s e r v a t i o n o f the r e l a t i v e importance of the terms of the c o n s e r v a t i o n 

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

terms i n the momentum e q u a t i o n s , as e x p e c t e d , a r e the temporal a c c e l e r a t i o n s , 

the w a t e r s u r f a c e g r a d i e n t s , and the s u r f a c e wind s t r e s s . The a t m o s p h e r i c 

p r e s s u r e g r a d i e n t can a l s o be a major term, p a r t i c u l a r l y i n deep w a t e r , w i t h bed 

s h e a r , C o r i o l i s , and c o n v e c t i v e terms be i n g of l e s s e r i m p o r t a n c e . However, a t 

c e r t a i n l o c a t i o n s t h e s e l a t t e r terms can become s i g n i f i c a n t . 

F i g u r e 4 shows the i n t e r a c t i o n s which o c c u r r e d between the dependent v a r i ­

a b l e s and the terms of the y momentum e q u a t i o n d u r i n g the c o u r s e of a normal 

s i m u l a t i o n . The l o c a t i o n c o n s i d e r e d i s i n s h a l l o w w a t e r , one g r i d p o i n t o f f the 

c o a s t and i n the path of the eye of the c y c l o n e . The open boundary c o n d i t i o n 

was c o n d i t i o n ( d ) , the l o c a l b a t h y s t r o p h i c t i d e . 

At t h i s p a r t i c u l a r l o c a t i o n the passage of the c y c l o n e can be observed i n 

the b e h a v i o u r of the f o r c i n g t e rms, i n p a r t i c u l a r the f l u c t u a t i o n i n the s u r f a c e 

p r e s s u r e g r a d i e n t and the r e v e r s a l of the wind s t r e s s term. The w a t e r s u r f a c e 

g r a d i e n t term i s seen to s t e a d i l y i n c r e a s e i n magnitude, r e s u l t i n g i n the 

c h a r a c t e r i s t i c s et-up to the s o u t h of the eye and set-down to the n o r t h . Of 

p a r t i c u l a r i n t e r e s t h e r e i s the i n c r e a s i n g i n f l u e n c e of the bed f r i c t i o n term i n 

t h i s s h a l l o w water l o c a t i o n , and the importance o f the C o r i o l i s and c o n v e c t i v e 

a c c e l e r a t i o n s e s p e c i a l l y as the eye p a s s e s . 

An examination of the i n t e r a c t i o n s between the dependent v a r i a b l e s shows 

t h a t i n the i n i t i a l s t a g e s flow was b a s i c a l l y n o r t h - e a s t and away from the c o a s t , 

d r i v e n by the s t r o n g c i r c u l a r wind f i e l d about the c y c l o n e . T h i s r e s u l t e d i n a 

s l i g h t drop o f the w a t e r s u r f a c e below mean l e v e l . A p proximately one hour b e f o r e 

the eye p a s s e d , however, the x component o f flow (U) was d i r e c t e d towards the 

c o a s t and the s u r g e wave (n) b u i l d - u p was i n i t i a t e d . An important p o i n t i s t h a t 

the peak s u r g e l a g s the p a s s i n g of the eye by some twenty m i n u t e s , f o l l o w e d by a 

s t r o n g r e t u r n flow away from the c o a s t i n the l a t t e r s t a g e s . M e c h a n i c a l energy 

( E ) throughout the s i m u l a t i o n can be seen to c l o s e l y f o l l o w the b e h a v i o u r of the 

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

6. CONCLUSIONS 

A n u m e r i c a l hydrodynamic model t h a t a d e q u a t e l y d e s c r i b e s the g e n e r a t i o n and 

p r o p a g a t i o n of t r o p i c a l c y c l o n e storm surge has been developed. V a r i a t i o n s i n 

c y c l o n e i n t e n s i t y (deepening and f i l l i n g ) and i n speed and d i r e c t i o n of the eye 

can be v a r i e d c o n t i n u o u s l y ( a f t e r each time s t e p i f n e c e s s a r y ) . 

A d e t a i l e d s e n s i t i v i t y a n a l y s i s has r e s o l v e d the open boundary c o n d i t i o n 

problem, demonstrating the s u i t a b i l i t y of the b a t h y s t r o p h i c t i d e c o n d i t i o n i n 

r e p r e s e n t i n g the f o r c i n g i n f l u e n c e of the t r o p i c a l c y c l o n e beyond the b o u n d a r i e s 

of the c o m p u t a t i o n a l f i e l d . R e a l i s t i c f low p a t t e r n s can now be o b t a i n e d i n the 

v i c i n i t y of the open b o u n d a r i e s . 

A d d i t i o n a l l y , the s e n s i t i v i t y a n a l y s i s has shown the importance of the s c a l e 

r e l a t i o n s h i p between the model g r i d s p a c i n g and the t r o p i c a l c y c l o n e d i m e n s i o n s . 

I t a ppears t h a t an R/As r a t i o of a t l e a s t 4 i s n e c e s s a r y to a d e q u a t e l y r e p r e s e n t 

the m e t e o r o l o g i c a l f o r c i n g . 
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