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I n  t h e  p a s t  t h e  a p p l i c a t i o n s  of numer ica l  mode l l ing  t e c h n i q u e s  t o  p r e d i c t  
t h e  f low of w a t e r  and t h e  movements of sediinent  and p o l l u t i o n  i n  e s t u a r i e s  
and c o a s t a l  w a t e r s  have o f t e n  been l i m i t e d  by t h e  e x c e s s i v e  c o s t  of u s i n g  a  
g r i d  s i z e  f i n e  enough t o  r e s o l v e  t h e  s h o r e l i n e ,  changes  i n  bed l e v e l s  and 
f low p a t t e r n s .  The development of more powerful  computers has  opened t h e  
way t o  o b t a i n  g r e a t e r  r e s o l u t i o n  i n  computer mode l l ing  t h a n  h i t h e r t o  and ,  i n  
p a r t i c u l a r ,  t h e  I C L  D i s t r i b u t e d  Array P r o c e s s o r  (DAP) a t  H y d r a u l i c s  Resea rch  
Ltd  i s  i d e a l l y  s u i t e d  t o  such d e t a i l e d  t i d a l  computa t ions .  

The DAP i s  a u n i t  of s t o r e  w i t h  4096 p r o c e s s o r s  which a l l  c a r r y  ou t  t h e  same 
i n s t r u c t i o n  s i ~ n u l t a ~ i e o u s l y .  A s p e c i a l  v e r s i o n  of f o r t r a r l  c a l l e d  DAP f o r t r a r i  
i s  used t o  f a c i l i t a t e  t h e  u s e  of a r r a y s  w i t h  o p e r a t i o n s  on a l l  of t h e  
e l ement s  s i m u l t a n e o u s l y .  The DAP i s  connected  t o  a  h o s t  machine (an 
I C L  2 9 7 2 )  t h rough  which d a t a  must be t r a n s f e r r e d .  

OAP models have been s u c c e s s f u l l y  used f o r  a  number of s t u d i e s  of w a t e r  f l o w  
i n  e s t u a r i e s .  These i n c l u d e  pa tched  and unpatched d e p t h  i n t e g r a t e d  f low 
models and t h r e e  d imens iona l  models.  T r a n s p o r t  models f o r  h e a t  and mud have 
been developed but  have not  y e t  been a p p l i e d .  I n  t h e s e  a p p l i c a t i o n s  i t  has  
been found ve ry  i m p o r t a n t  t o  map t h e  model o n t o  t h e  DAP g r i d  w i t h  c a r e  t o  
make t h e  maximuto u s e  of t h e  p o s s i b i l i t y  of p a r a l l e l  p r o c e s s i n g .  I f  t h i s  i s  
done i t  has  been found p o s s i b l e  t o  run  a  f low model c o n s i d e r a b l y  f a s t e r  (up 
t o  abou t  a  hundred t imes  f a s t e r )  t h a n  on a  c o n v e n t i o n a l  s e r i a l  computer.  
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A s  w e l l  a s  t h e  o r d i n a r y  ( s c a l a r )  v a r i a b l e s  of 
s t a n d a r d  f o r t r a n ,  DAP f o r t r a n  a l l o w s  v e c t o r s  and 
m a t r i c e s  which have  64 and 64 X 64 e l e m e n t s  
r e s p e c t i v e l y  and may be i n t e g e r ,  r e a l  o r  l o g i c a l .  A 
l o g i c a l  m a t r i x  i s  a l s o  c a l l e d  a  l o g i c a l  mask, i t  
o c c u p i e s  o n l y  one  b i t  p l a n e  of t h e  DAP and l o g i c a l  
m a n i p u l a t i o n  i s  performed ve ry  r a p i d l y .  

I n  DAP F o r t r a n  s i m p l e  a r i t l ~ ~ o e t i c  o p e r a t i o n s  can  be 
w r i t t e n  such  a s ,  

which,  i f  A ,  B and C a r e  r e a l  m a t r i c e s ,  c a u s e s  a l l  
4096 e l e m e n t s  of B t o  be added t o  t h e  c o r r e s p o n d i n g  
e l e m e n t s  of C s i m u l t a n e o u s l y  and t h e  r e s u l t  s t o r e d  i n  
m a t r i x  A. Thus i n  a  2D model t h e r e  i s  a  l a r g e  
r e d u c t i o n  i n  t h e  number of DO l o o p s .  T h i s  makes some 
programs s i m p l e r  t o  u n d e r s t a n d  and more c o n c i s e  t h a n  
programs w r i t t e n  i n  s t a n d a r d  f o r t r a n .  L o g i c a l  masks 
a r e  i ~ n p o r t a n t  l a r g e l y  because  of a  t e c h n i q u e  c a l l e d  
l e f t  hand s i d e  i n d e x i n g .  Fo r  example i f  LAND i s  a  
l o g i c a l  mask, 

w i l l  s e t  t h e  v a l u e s  of m a t r i x  11 t o  t h o s e  of m a t r i x  B 
o n l y  i n  s e a  a r e a s  l e a v i n g  LAND a r e a s  unchanged.  Such 
a  t e c h n i q u e  is n e c e s s a r y  i f  a l l  of t h e  a s s i g n m e n t s  
a r e  c a r r i e d  o u t  s i m u l t a n e o u s l y ,  a s  i t  i s  i m p o s s i b l e  
t o  check  e a c h  p o i n t  i n  t u r n  f o r  whe the r  i t  i s  a  s e a  
o r  l a n d  p o i n t .  

The h o s t  s e c t i o n  i s  compiled a s  a  normal f o r t r a n  
module bu t  t h e  DAP s e c t i o n  h a s  a  t h r e e  s t a g e  
c o m p i l a t i o n  p r o c e s s .  A f t e r  s y n t a x  c h e c k i n g  t h e  f i r s L  
s t a g e  compi led  code d o e s  i n t o  an 'IMF l i b r a r y .  The 
second s t a g e  is t o  a  C I F  l i b r a r y  and t h e  l a s t  s t a g e  
is a c o l l e c t  s t a g e  when e x t e r n a l  s u b r o u t i n e s  a r e  
c o l l e c t e d  and a n  OMF f i l e  p roduced .  The second s t a g e  
of  t h i s  p r o c e s s  can  be v e r y  t ime consuming. 

3 NUMERICAL MODELS 
OF ESTUARIES 

The t y p e s  of  n u m e r i c a l  models  of e s t u a r i e s  used  a r e  
summarised i n  F i d  2 .  The f i r s t  t ype  i s  a  
c r o s s - s e c t i o n  ave raged  model. The e q u a t i o n s  a r e  
r educed  t o  one s p a c e  d imens ion  ( a l o n g  t h e  e s t u a r y  
a x i s )  a l t h o u g h  t h i s  may be c o m p l i c a t e d  by h a v i n g  more 
t h a n  one b ranch  (eg i n  d e l t a s ) .  T h i s  s i m p l e  k i n d  of  
model canno t  r e p r e s e n t  h o r i z o n t a l  c i r c u l a t i o n s  ( e g  
d i f f e r e n t  f l o o d  and ebb c h a n n e l s )  o r  v e r t i c a l  
c i r c u l a t i o n s  (which may be due  t o  wind o r  t o  s a l i n i t y  
v a r i a t i o n ) .  H o r i z o n t a l  c i r c u l a t i o n s  can  be 
r e p r e s e n t e d  i n  t h e  second t y p e  of model which i s  
d e p t h  i n t e g r a t e d .  T h i s  i s  a two d i m e n s i o n a l  X-y-t 
model. V e r t i c a l  c i r c u l a t i o n s  can  be model led  by t h e  
t h i r d  t y p e  which i s  wid th  i n t e g r a t e d .  T h i s  is a  two 



d i m e n s i o n a l  X-z-t  model .  F i n a l l y  t h e  3D model  c a n  
r e p r e s e n t ,  i n  p r i n c i p l e  a l l  of  t h e  p r o c e s s e s  t a k i n g  
p l a c e  i n  a n  e s t u a r y .  

The X-y-t model  is c u r r e n t l y  t h e  most  f r e q u e n t l y  u s e d  
a s  t h e  v e l o c i t y  p r o f i l e  t h r o u g h  t h e  d e p t h  o f t e n  h a s  
a s i m p l e  f o r m .  T h i s  model s o l v e s  t h e  " s h a l l o w  w a t e r "  
o r  l o n g  wave e q u a t i o n s .  I t  i s  o f t e n  p o s s i b l e  t o  
model  t h e  w a t e r  movements i n d e p e n d e n t l y  of t h e  
t r a n s p o r t  of h e a t  o r  s a l t  i n  s u c h  a model  as v e r t i c a l  
c i r c u l a t i o n s  are n o t  i n c l u d e d .  G iven  t h e  p a t t e r n  o f  
water movement i t  is t h e n  p o s s i b l e  t o  compute  t h e  
movement of h e a t ,  s a l t  o r  mud w i t h  a l a r g e r  t i m e s t e p .  
I n  t h i s  way i t  i s  p o s s i b l e  t o  s i m u l a t e  t h e  movement 
of  many p o l l u t a n t s  o r  o n e  c a n  s u p p o s e  t h e  f l o w  t o  be  
p e r i o d i c  and  s i m u l a t e  p e r i o d s  of  months o r  y e a r s .  

4 WHICH PROGRAMS 
SHOULD BE IMPLEMENTED 
ON THE DAP 

The main a d v a n t a g e  of t h e  DAP i s  t h a t  i t  i s  p o s s i b l e  
t o  e x e c u t e  c e r t a i n  p rog rams  much f a s t e r  t h a n  on  a 
s e r i a l  machine  as many o p e r a t i o n s  c a n  b e  pe r fo rmed  a t  
t h e  same t i m e .  l lowever n o t  e v e r y  program c a n  be  made 
t o  t a k e  a d v a n t a z e  of t h i s  f e a t u r e .  The times t a k e n  
on  t h e  DAP f o r  s i m p l e  a r i t h m e t i c  o p e r a t i o n  on  s c a l a r  
q u a n t i t i e s  t e n d  t o  be l o n g e r  t h a n  on  s e r i a l  mach ine s  
a s  s i m p l e  p r o c e s s o r s  a r e  u s e d ,  s o  i t  i s  n e c e s s a r y  t o  
f i n d  which  programs  c a n  t a k e  a d v a n t a g e  of t h i s  
o p p o r t u n i t y .  

I f  a program c a n  t a k e  a d v a n t a g e  of  t h e  DAP's p a r a l l e l  
a r c h i t e c t u r e  t h e n  i t  may be  s u b s t a n t i a l l y  c h e a p e r  
t h a n  on  a  c o n v e n t i o n a l  compu te r .  T t  a l s o  makes 
p o s s i b l e  r u n s  t h a t  would t a k e  t o o  l o n g  on  a  s e r i a l  
machine  t o  be  f e a s i b l e  ( p e r h a p s  2 0  h o u r s ) .  T h i s  
c o n s i d e r a t i o n  i s  v e r y  i m p o r t a n t  f o r  t h r e e - d i m e n s i o n a l  
mode l s .  

A n o t h e r  e c o n o ~ n i c  a s p e c t  i s  t h e  need  t o  u s e  a s  many 
p r o c e s s o r s  a s  p o s s i b l e .  So a model  w i t h  o n l y  400 
c e l l s  t a k e s  a s  l o n g  t o  r u n  a s  o n e  w i t h  4000  a n d  t h e  
g r e a t e s t  a d v a n t a g e  of t h e  DAP i s  i f  one  c a n  u s e  a l l  
4096 p r o c e s s i n g  e l e m e n t s .  

The p r i n c i p a l  p rog rams  of  i n t e r e s t  are t h e  f l o w  a n d  
t r a n s p o r t  p rog rams  i n  two and  t h r e e  d i m e n s i o n s .  The 
o t h e r  p rog rams  i n  t h e  HR s u i t e  of  e s t u a r y  p r o g r a m s  
t a k e  much l e s s  p r o c e s s o r  t i m e  and  l i t t l e  would be 
g a i n e d  by u s i n g  t h e  DAP. 

5 E X P L I C I T  OR 
I M P L I C I T  NUMERICAL 
SCHEMES 

E x i s t i n g  HR t r a n s p o r t  p rog rams  f o r  mud o r  h e a t  u s e  
e x p l i c i t  f i n i t e  d i f f e r e n c e s .  The f l o w  p rog rams  u s e  
i n  some c a s e s  e x p l i c i t  and i n  o t h e r  c a s e s  i m p l i c i t  
d i f f e r e n c e s .  The a d v a n t a g e  o f  a n  i m p l i c i t  scheme i s  



t h a t  a  l o n g e r  t i m e s t e p  is p o s s i b l e  b e f o r e  t h e  
c a l c u l a t i o n  becomes u n s t a b l e .  However t h e r e  i s  more 
c a l c u l a t i o n  t o  do a t  each t i m e s t e p  i n  an i m p l i c i t  
sclleme s o  a  t i ~ n e s t e p  perhaps  twice  t h e  e x p l i c i t  v a l u e  
i s  necessa ry  t o  make t h e  i m p l i c i t  sche~ae cheaper .  
Sometimes a  s h o r t  t i m e s t e p  i s  needed f o r  r easons  of  
accuracy  ( f o r  example i n  model l ing h a r b o u r s )  s o  t h e  
e x p l i c i t  scheme may be p r e f e r a b l e .  

For t h e  UAP an  e x p l i c i t  scheme has  t h e  advan tage  o f  
being s imple  t o  program and t a k i n g  very  l i t t l e  t i n s  
per  t i m e s t e p  a s  t h e  c a l c u l a t i o n  proceeds  
s imul taneo l l s ly  a t  each p o i n t  of a  two-dimensional 
g r i d .  

I m p l i c i t  t echn iques  on t h e  DAP a r e ,  however, q u i t e  
f e a s i b l e .  The i m p l i c i t  scheme c u r r e n t l y  used by HR 
on a s e r i a l  computer i s  a  " f r a c t i o n a l  s t e p "  scheme i n  
which t h e r e  a r e  two s t e p s .  F i r s t l y  i n  t h e  E-W 
d i r e c t i o n  an i m p l i c i t  c a l c u l a t i o n  i s  performed a l o n g  
each row i n v e r t i n g  a  t r i d i a g o n a l  m a t r i x  wi th  e x p l i c i t  
d i f f e r e n c i n g  i n  t h e  N-S d i r e c t i o n .  Then i m p l i c i t  
c a l c u l a t i o n s  a r e  performed a l o n g  t h e  N-S columns 
u s i n g  e x p l i c i t  d i f f e r e n c e s  i n  t h e  E-il d i r e c t i o n .  On 
t h e  DAP t h e r e  i s  a  program a v a i l a b l e  (F04 TKIDS 64 
SQ, s e e  Ref 2 )  t o  s o l v e  up t o  64 t r i d i a g o & l  m a t r i x  
i n v e r t i o n s  s i m u l t a n e o u s l y .  T h e r e f o r e  a  h i g h  degree  
of p a r a l l e l i s m  could  be i n c o r p o r a t e d  i n t o  an  i m p l i c i t  
model. 

Such a  model h a s  no t  been w r i t t e n  f o r  t h e  D A P  due t o  
l a c k  of t ime b u t  i t  should  be s t r a i g h t f o r w a r d  t o  do. 
However, t h e  computing t ime per  t i m e s t e p  would be 
much g r e a t e r  than  t h a t  i n  t h e  e x p l i c i t  program and a  
ve ry  long  t i m e s t e p  would be needed t o  make such a  
program f i n a n c i a l l y  advantageous .  

Another  p o s s i b l e  advan tage  of t h e  i m p l i c i t  scheme 
w i l l  appear  below. The e x p l i c i t  f low model r e q u i r e s  
d i f f u s i o n  t o  s t a b i l i s e  i t  a s  a  comple te ly  s t a b l e  
e x p l i c i t  r e p r e s e n t a t i o n  of tile n o n l i n e a r  a d v e c t i o n  
terms h a s  n o t  s o  f a r  been Found. 

6 THE DAP PROGRAMS 
The v a r i o u s  programs d i s c u s s e d  h e r e  s h a r e  c e r t a i n  
f e a t u r e s .  I n  o r d e r  t o  f i t  i n t o  t h e  a l r e a d y  e x i s t i n g  
HR program system t h e  i n p u t  and o u t p u t  a r e ,  s o  f a r  a s  
p o s s i b l e ,  t h e  s a n e  a s  i n  a  s e r i a l  program. The 
d a t a b a s e  F i l e  s t r u c t u r e  f o r  t h e  HR model l ing sys tem 
i s  d e s c r i b e d  i n  Ref 3. The most n o t i c e a b l e  f e a t u r e  
i s  t h a t  t h e  a r r a y s  a r e  s t o r e d  i n  compressed form 
u s i n g  an i n t e g e r  a r r a y  of p o i n t e r s  c a l l e d  KARRAY. 
T h i s  may g r e a t l y  reduce t h e  s t o r a g e  requirement  of a  
program and a s  a l l  q u a n t i t i e s  a r e  h e l d  i n  s i n g l e  
dimensioned a r r a y s  i t  a l s o  keeps  down CPU t ime. 
KARRAY s imply numbers t h e  ( p o t e n t i a l l y )  a c t i v e  c e l l s  
i n  t h e  model s t a r t i n g  top  l e f t  and moving t o  t h e  



r i g h t  a l o n g  each row. A l l  land c e l l s  a r e  numbered 
1. 

The s t r u c t u r e  of the  h o s t  program i s  e s s e n t i a l l y  t h e  
same a s  a  s e r i a l  f low program up t o  t h e  p o i n t  t h a t  
t h e  a c t u a l  f low c a l c u l a t i o n  b e g i n s .  

:.lost of t h e  i n p u t / o u t p u t  is  t h e  same a s  i n  a 
c o n v e n ~ i o n a l  program (however boundary c o n d i t i o n s  a r e  
t r e a t e d  d i f f e r e n t l y ,  s e e  S e c t i o n  9 ) .  Before  e n t e r i n g  
tile DAP program s e c t i o n  a  s u b r o u t i n e  EXPAND is  c a l l e d  
f o r  each v a r i a b l e  he ld  i n  compressed form. T h i s  
s imply produces  a  64 s q u a r e  f o r t r a n  a r r a y  which i s  
passed t o  t h e  DAP program v i a  a  common b lock .  When 
t h e  c a l c u l a t i o n  has  been done i t  is  n e c e s s a r y  t o  c a l l  
a  COMPKESS s u b r o u t i n e  b e f o r e  t h e  r e s u l t s  can be made 
u s e  o f .  T h i s  p r o c e s s  i s  i n  a d d i t i o n  t o  t h e  f o r t r a n  
t o  m a t r i x  mode convers ion  d e s c r i b e d  b r i e f l y  above i n  
S e c t i o n  2. Any v a r i a b l e s ,  such a s  geometry d a t a ,  
which a r e  no t  needed a g a i n  do n o t  need t o  be 
compressed bu t  j u s t  remain i n  t h e  DAP s t o r e .  The 
EXPAND and COMPRESS s u b r o u t i n e s  become compl ica ted  i n  
t h e  c a s e s  of patched models o r  models w i t h  g r i d s  of 
dimension g r e a t e r  than 64. I n  t h i s  c a s e  t h e  expanded 
form becomes a n  a r r a y  of m a t r i c e s .  

Because h o s t  t o  DAP convers ion  i s  c l e a r l y  expens ive  
i t  is  b e s t  not  t o  under take  i t  more o f t e n  than  i s  
e s s e n t i a l .  For t h i s  r eason  t h e  DAP program has  been 
s e t  up t o  c o n t i n u e  t i m e s t e p p i n g  u n t i l  t h e  f i r s t  dump 
e i t h e r  t o  d i s c  o r  t o  a  l i n e  p r i n t e r  f i l e  i s  r e q u i r e d .  
A f t e r  l e a v i n g  t h e  DAP a t  t h e  end of t h e  r u n  t h e  
e n d f i l e  i s  w r i t t e n  i n  t h e  same way a s  i n  a  s e r i a l  
f low program. 

The DAP programs s o  f a r  w r i t t e n  a r e  a l l  based on t h i s  
way of working.  The i n d i v i d u a l  programs w i l l  now be 
cons ide red  i n  more d e t a i l .  

6 .1  E x p l i c i t  Two 
Dimensional Flow 
Mode l 

The two-dimensional  (X-y-t) e x p l i c i t  f low model has  
been developed from a n  HK benchmark model t r a n s l a t e d  
by ICL i n t o  DAP f o r t r a n .  The model uses  a  s p a c e  and 
t ime s t a g g e r e d  g r i d  e x a c t l y  a s  on a  s e r i a l  computer.  
The f i n i t e  d i f f e r e n c e  scheme is a l s o  t h e  same excep t  
t h a t  a s  t h e r e  is  no d i r e c t i o n  of sweep t h e  p a r t i a l l y  
i m p l i c i t  "angled d e r i v a t i v e "  scheme f o r  computing t h e  
n o n l i n e a r  a d v e c t i o n  terms,  uux, vu e t c  cannot  be Y 
used. T h i s  scheme h a s  been r e p l a c e d  by backwards 
t ime l e v e l  r e p r e s e n t a t i o n  which would g i v e  e x a c t l y  
t h e  same r e s u l t  f o r  a  s t e a d y  f low.  U n f o r t u n a t e l y  
t h i s  scheme is  p o t e n t i a l l y  u n s t a b l e  and t o  p r e v e n t  
t h e  model blowing up a  c e r t a i n  amount of d i f f u s i o n  
must be i n c l u d e d  i n  t h e  model. The amount needed t o  
s t a b i l i s e  t h e  scheme i s  approx imate ly  



which i n  most c a s e s  i s  l e s s  t h a n  t h e  p h y s i c a l  
d i f f u s i o n  (of  t h e  o r d e r  of v e l o c i t y  X d e p t h )  s o  t h e  
program can  be used  f o r  p r a c t i c a l  a p p l i c a t i o n s .  

I n  t h i s  model i t  i s  s t r a i g h t f o r w a r d  t o  i n c l u d e  t h e  
e f f e c t  of a  s t e a d y  w i n d s t r e s s  on t h e  w a t e r  s u r f a c e .  

S e v e r a l  s t u d i e s  have been c a r r i e d  o u t  u s i n g  t h e  X-y-t 
f l o w  model. I n  some of t h e s e  c a s e s  e i t h e r  t h e  domain 
h a s  been l a r g e r  t han  64 s q u a r e  o r  a  r e g i o n  w i t h  
d i f f e r e n t  g r i d  s i z e  h a s  been pa t ched  i n  d y n a m i c a l l y  
( o r  i n  one c a s e  b o t h ) .  These  e x t e n s i o n s  of t h e  b a s i c  
scheme a r e  d e s c r i b e d  below i n  S e c t i o n s  7 and 8. 

The n u m e r i c a l  scheme h a s  been t e s t e d  by r u n n i n g  t h e  
same model u s i n g  t h e  DAP f o r m u l a t i o n ,  an e x p l i c i t  
( s e r i a l )  scheme and a n  i m p l i c i t  ( s e r i a l )  scheme.  The 
model was a  1500m g r i d  r e p r e s e n t a t i o n  of t h e  S e v e r n  
E s t u a r y .  A l l  of t h e  models gave  ve ry  s i m i l a r  r e s u l t s  
when a  t i m e s t e p  l e s s  t h a n  t h e  e x p l i c i t  l i m i t  ( a b o u t  
43 s e c )  was used  bu t  t h e  i m p l i c i t  model gave  r a t h e r  
d i f f e r e n t  r e s u l t s  i f  a  Couran t  number of a b o u t  10 
were used .  At one  s t a t i o n  t h e r e  was a t  one  t ime  a n  
e l e v a t i o n  d i f f e r e n c e  of f m  and a t  a n o t h e r  t h e  
v e l o c i t y l t i m e  c u r v e  showed a  d e l a y  of Shr  ( F i g  3 ) .  
Thus i t  seems t h a t  t h e  DAP f o r m u l a t i o n  is a c c e p t a b l e  
b u t  c a r e  is needed when u s i n g  t h e  i m p l i c i t  scheme 
w i t h  a l a r g e  t i m e s t e p .  The DAP scheme may run  up t o  
110 t i m e s  f a s t e r  t h a n  t h e  e x p l i c i t  scheme. For  a  
l a r g e  t i m e s t e p  t h e  i n p l i c i t  scheme may be  c h e a p e r  
t h a n  t h e  e x p l i c i t  scheme b u t  i t  a l s o  t e n d s  t o  become 
i n a c c u r a t e .  

6 . 2  Two D i o e n s i o n a l  
T r a n s p o r t  Model 

T r a n s p o r t  ~ n o d e l s  a r e  used  t o  c a l c u l a t e  t h e  movelnent 
of some m a t e r i a l  moving w i t h  t h e  w a t e r  (e .g .  h e a t  o r  
s e d i m e n t )  based  on a  g i v e n  f l o w  f i e l d .  The e q u a t i o n s  
r e p r e s e n t  t h e  c o n s e r v a t i o n  of t h i s  m a t e r i a l  b u t  a l s o  
i n c l u d e  s o u r c e  and s i n k  t e rms  due  t o  h e a t  l o s s ,  
s ed imen t  e r o s i o n  and s o  f o r t h .  The most commonly 
used  t r a n s p o r t  model i s  a  two-dimensional  X-y-t model 
which u s e s  t h e  r e s u l t s  from a  2-D X-y-t f l o w  model  a s  
d e s c r i b e d  above .  

The HR two d i m e n s i o n a l  t r a n s p o r t  programs f o r  h e a t ,  
mud o r  p o l l u t a n t  a r e  based on t h e  u s e  of u p s t r e a m  
d i f f e r e n c e s .  T h i s  is a  v e r y  s t a b l e  n u m e r i c a l  scheme 
which h a s  t h e  d i s a d v a n t a g e  of i n t r o d u c i n g  n u m e r i c a l  
d i f f u s i o n  of  t h e  o r d e r  

T h i s  te rm t e n d s  t o  smear v a r i a t i o n s  and c e r t a i n  
improvements t o  t h e  program c a n  be made t o  d e c r e a s e  
t h i s  unwanted e f f e c t  when t h e  p r e s e r v a t i o n  of  s t r o n g  



c o n c e n t r a t i o n  g r a d i e n t s  o r  peak c o n c e n t r a t i o n s  i s  
i m p o r t a n t .  

The a l g o r i t h m  used f o r  s e r i a l  computers  is v e r y  
s u i t a b l e  f o r  u s e  on t h e  DAP a s  t h e  scheme i s  
c o m p l e t e l y  e x p l i c i t .  The ups t r eam d i f f e r e n c i n g  
scheme can  be ilnplemented u s i n g  a  l o g i c a l  mask. T h i s  
a l l o w s  a l l  t h e  c a l c u l a t i o n s  where U i s  p o s i t i v e  t o  
p roceed  i n  one s t e p  and a l l  t h o s e  where U i s  n e g a t i v e  
i n  a n o t l ~ e r  s t e p .  The program i s  r a t h e r  q u i c k  and 
s i m p l e .  A mud t r a n s p o r t  :nodel h a s  been ilnplemented 
i n c l u d i n g  a  v e r y  s i m p l e  r e p r e s e n t a t i o n  o f  t h e  
p r o c e s s e s  of s e t t l i n g  and e r o s i o n  of !mud beds.  

To r educe  d i f f u s i o n  one can  u s e  a " f l u x - c o r r e c t e d  
t r a n s p o r t "  a l g o r i t h m  (Kef 4 ) .  T h i s  i s  based  on 
removing t h e  n u m e r i c a l  d i f f u s i o n  e r r o r  i n  t h e  
u p s t r e a m  d i f f e r e n c i n s  scheme ( t h e r e b y  g i v i n g  t h e  
c e n t r e d  scheme. )  However, t h e  c e n t r e d  scheme i s  
n o t o r i o u s  f o r  g i v i n g  r i s e  t o  s p u r i o u s  s p a t i a l  
o s c i l l a t i o n s  s o  t h e  e r r o r  f l u x  i s  i n c l u d e d  o n l y  t o  
t h e  e x t e n t  t h a t  w i g g l e s  do n o t  a r i s e .  T h i s  h a s  t h e  
a d v a n t a g e  of r e t a i n i n g  some n u m e r i c a l  d i f f u s i o n  where  
i t  i s  needed h u t  o t h e r w i s e  u s i n g  second o r d e r  
a c c u r a t e  d i f f e r e n c e s .  The programming of t h i s  scheme 
on a  s e r i a l  conlputer was n o t  c o m p l e t e l y  e x p l i c i t  s o  
t h e  DAP v e r s i o n  g i v e s  r e s u l t s  which a r e  n o t  i d e n t i c a l  
t o  i t ,  however t h e  r e s u l t  of a h e a t  t r a n s p o r t  model 
w i t h  f l u x - c o r r e c t e d  t r a n s p o r t  h a s  been found t o  be 
a c c e p t a b l e .  

Alan Owen (Ref 5 )  h a s  p o i n t e d  o u t  how u p s t r e a m  
d i E f e r e n c e s  c a n  be  computed v e r y  e f f i c i e n t l y  i f  t h e  
l o g i c a l  mask d e f i n i n g  t h e  u p s t r e a m  d i r e c t i o n  is 
o b t a i n e d  by e q u i v a l e n c i n g  w i t h  t h e  s i ~ n  b i t  of t h e  
v e l o c i t y  m a t r i x .  

C u r r e n t l y  t h e  HR program j u s t  s e t s  

MASK = U.GE.O.0 

which i s  e a s i e r  t o  u n d e r s t a n d  and r e a s o n a b l y  q u i c k .  

6 . 3  Three  Dimens iona l  
Flow Model 

The a d v a n t a g e  of u s i n g  t h e  DAP i s  f e l t  a t  i t s  
g r e a t e s t  w i t h  t h e  30 f low model. I n  t h i s  c a s e  i t  i s  
p o s s i b l e  t o  run s i ~ o u l a t i o n s  w i t h  t h e  DAP which c o u l d  
n o t  be c o n s i d e r e d  on  a n  o r d i n a r y  s e r i a l  machine as 
che comput ing  t ime  would be q u i t e  u n r e a s o n a b l e .  With 
t h e  u s e  of t h e  DAP such  models may t a k e  a  p e r i o d  of 
h o u r s  t o  run ;  on t h e  ICL 2972 t h e  e q u i v a l e n t  would be 
s e v e r a l  d a y s  of c o n t i n u o u s  runn ing .  

The DAP v e r s i o n  of t h e  3D f low model i s  d e v e l o p e d  
f rom t h e  s e r i a l  form d e s c r i b e d  i n  Kef 6. C e r t a i n  
changes  have  been made f o r  u s e  on t h e  DAP. The 
h o r i z o n t a l  te rms a r e  model led  a s  i n  t h e  20 f low 



model .  The v e r t i c a l  t e r m s  a r e  computed by i m p l i c i t  
d i f f e r e n c i n g ,  t h i s  i n v o l v e s  a n  i m p l i c i t  sweep f r o m  
t h e  s u r f a c e  t o  t h e  bed and back  a g a i n  ( f o r  
v e l o c i t i e s )  and i n  t h e  r e v e r s e  d i r e c t i o n  f o r  
c o n c e n t r a i o n s  ( h e a t ,  s a l t  o r  mud). I n  t h i s  p r o c e s s  
s e v e r a l  a r r a y s  of m a t r i c e s  a r e  set  up c o n t a i n i n g  t h e  
q u a n t i t i e s  needed  f o r  t h e  G a u s s i a n  e l i m i n a t i o n  
p r o c e s s .  

T h i s  means t h a t  t h e  program h a s  a  r a t h e r  l a r g e  
s t o r a g e  r e q u i r e m e n t .  The t o t a l  DAP s t o r e  u n d e r  e a c h  
p r o c e s s i n g  e l e m e n t  i s  4K b i t s  o r  a b o u t  120 real  
numbers  ( o f  a b o u t  6 s i g n i f i c a n t  f i g u r e  a c c u r a c y ) .  
Wi th  t h i s  amount of  s t o r a g e  t h e  maximum p r a c t i c a b l e  
number o f  l a y e r s  i n  t h e  3 D  model  seems t o  b e  a b o u t  
10 .  The  3-D model w i l l  b e  f u l l y  d e s c r i b e d  i n  a 
s u b s e q u e n t  r e p o r t .  

7 EXTENSION TO 
DOMAINS LARGER 
THAN 64 SQUARE 

The DAP p r o c e s s o r s  f o rm  a 6 4  s q u a r e  a r r a y .  I f  a  f l o w  
o r  t r a n s p o r t  model  r e q u i r e s  a  l a r g e r  mesh t h a n  t h i s  
t h e n  i t  is q u i t e  p o s s i b l e  t o  d i v i d e  t h e  r e g i o n  of  
i n t e r e s t  i n t o  chunks  e a c h  of  s i z e  6 4  s q u a r e  i f  a n  
e x p l i c i t  n u m e r i c a l  t e c h n i q u e  i s  u sed .  The 
c a l c u l a t i o n  p r o c e e d s  on  e a c h  chunk  i n  t u r n  and t h e y  
a r e  t h e n  matched  up a l o n g  t h e  e d g e s  p r i o r  t o  t h e  n e x t  
t i m e s t e p .  Of c o u r s e  i f  two 6 4  s q u a r e  chunks  a r e  u s e d  
t h e n  t h e  e x e c u t i o n  t i m e  of  t h e  program w i l l  b e  
d o u b l e d .  

T h i s  t e c h n i q u e  h a s  been used  s u c c e s s f u l l y  on s e v e r a l  
p r o j e c t s .  I t  h a s  t h e  a d v a n t a g e s  of  a  v e r y  low c o s t  
p e n a l t y  ( j u s t  m a t c h i n g  t h e  e d g e s  t a k e s  v e r y  l i t t l e  
t i m e )  and t h e  r e s u l t  i s  e x a c t l y  t h e  same as i f  a  
l a r g e r  DAP a r r a y  had been  u s e d .  

A n  example  of  t h e  u s e  of  t h i s  t e c h n i q u e  i n  p r a c t i c e  
i s  shown i n  F i g  4 .  

I t  c a n  be s e e n  h e r e  t h a t  t h e  l a s t  two rows o r  co lumns  
i n  e a c h  chunk a r e  i d e n t i f i e d  w i t h  t h e  f i r s t  two i n  
t h e  n e x t  chunk .  The e f f e c t i v e  s i z e  of e a c h  chunk  i s  
t h e r e f o r e  6 2  i f  matched a t  b o t h  e n d s  and 6 3  i f  o n l y  
matched  a t  o n e  e n d .  

I t  may a l s o  be  p o s s i b l e  i f  a model h a s  d i m e n s i o n s  
s u c h  as 100 x 30  c e l l s  t o  f i t  i t  o n t o  one DAP i n  t h e  
same way by s p l i t t i n g  down t h e  m i d d l e  i n t o  two 5 1  X 

30 chunks .  T h i s ,  of  c o u r s e ,  does  n o t  i n c u r  a c o s t  
p e n a l t y .  

T h i s  t e c h n i q u e  of  d i v i d i n g  up a model  w i t h  d i m e n s i o n s  
l a r g e r  t h e n  6 4  h a s  o n l y  been  used  s o  f a r  f u r  d e p t h  
i n t e g r a t e d  f l o w  models  and f o r  a  two l a y e r  Flow 
model.  However i t  s h o u l d  be e q u a l l y  v a l u a b l e  f o r  
t r a n s p o r t  and 3D models .  



8 PATCHING 
Flow and t r a n s p o r t  models  become more a c c u r a t e  a s  t h e  
z r i d  s i z e  i s  d e c r e a s e d  i . e .  t h e  r e s o l u t i o n  i n c r e a s e d .  
On t h e  o t h e r  hand i t  i s  u s u a l l y  a d v a n t a g e o u s  t o  h a v e  
t h e  bounda ry  c o n d i t i o n s  of  a  loodel a s  f a r  f r o m  t h e  
r e g i o n  of i n t e r e s t  a s  p o s s i b l e  i . e .  beyond t h e  r a n g e  
o f  i n f l u e n c e  of  t h e  works  b e i n g  s t u d i e d .  A  u n i f o r m  
g r i d  o v e r  t h e  who le  a r e a ,  f i n e  enough t o  g i v e  t h e  
r e q u i r e d  r e s o l u t i o n  i n  t h e  a r e a  of i n t e r e s t ,  would 
l e a d  t o  u n a c c e p t a b l e  compu t ing  r e q u i r e m e n t s  i n  many 
c a s e s  and s o  models  have  been  d e v e l o p e d  i n  which t h e  
g r i d  s i z e  c h a n g e s  f rom one  a r e a  t o  a n o t h e r .  

HR h a s  u s e d  s u c h  p a t c h e d  mode l s  f r e q u e n t l y  on  s e r i a l  
m a c h i n e s  (Ref 7 ) .  T h e s e  models  have  two o r  more 
r e g i o n s  of d i f f e r e n t  g r i d  s i z e  d i f f e r i n g  i n  e a c h  c a s e  
by a  f a c t o r  of  t h r e e .  Flow models  w i t h  p a t c h i n g  h a v e  
been  imp lemen ted  on  t h e  DAP. The p r i n c i p l e  of  
j o i n i n g  t h e  two g r i d s ,  t a k i n g  a d v a n t a g e  of t h e  DAP 
a r c h i t e c t u r e ,  was i n v e n t e d  by K G o s t i c k  of  CCTA. The 
t e c h n i q u e  i n v o l v e s  s e t t : i n g  up  a  l o g i c a l  mask wh ich  i s  
u sed  t o  d e f i n e  a o n e  t o  one  map f rom t h e  p a t c h  
b o u n d a r y  c e l l s  of t h e  c o a r s e  g r i d  t o  t h e  
c o r r e s p o n d i n g  p a t c h  bounda ry  c e l l s  of  t h e  f i n e  g r i d  
( s e e  F i g  5) .  The m a t c h i n g  of  t h e  p a t c h  b o u n d a r i e s  
c a n  t h e n  be  c a r r i e d  o u t  v e r y  r a p i d l y  u s i n g  m a i n l y  
l o g i c a l  m a n i p u l a t i o n  which  i s  e x t r e m e l y  r a p i d  on t h e  
DAP. An example  of v e l o c i t y  v e c t o r s  computed f r o m  a  
p a t c h e d  f l o w  model  i s  shown i n  F i g  6. 

I t  s h o u l d  be  n o t e d  t h a t  t h e  method u s e d  f o r  p a t c h i n g  
i n v o l v e s  t a k i n g  t h e  p a t c h  bounda ry  d a t a  f rom o n e  g r i d  
and p u t t i n g  i t  i n t o  t h e  row o r  column beyond t h e  e d g e  
of  t h e  o t h e r  g r i d .  So  a n  i n n e r  g r i d  i n  a  p a t c h e d  
model  n e e d s  room a l l  a r o u n d  and s h o u l d  have  no more 
t h a n  62 a c t i v e  c e l l s  i n  a  d i r e c t i o n  w i t h  a  p a t c h  a t  
e i t h e r  e n d ,  ( i n  f a c t  no more t h a n  60  b e c a u s e  t h e  
number mus t  be  d i v i s i b l e  by 3 )  s e e  F i g  7. Work h a s  
s t i l l  t o  b e  done  t o  d e v e l o p  a  g e n e r a l  p a t c h e d  
t r a n s p o r t  model .  

9 HANDLING BOUNDARY 
CONDITIONS 

V d r i o u s  ways of h a n d l i n g  t h e  bounda ry  c o n d i t i o n s  f o r  
a  Flow model a r e  p o s s i b l e .  I t  was f e l t  i m p o r t a n t  n o t  
t o  l e a v e  t h e  DAP t o o  f r e q u e n t l y  d u r i n g  t h e  
c o m p u t a t i o n  s o  a l l  of  t h e  bounda ry  c o n d i t i o n s  f o r  a  
whole  t i d e  a r e  u s u a l l y  r e a d  i n  a t  o n c e  a t  t h e  s t a r t  
of  t h e  r u n  and s t o r e d  i n  a n  a r r a y  of r e a l  m a t r i c e s .  
The way of  a s s i g n i n g  t h e  bounda ry  v a l u e s  f r o m  s u c h  a n  
a r r a y  was i n v e n t e d  by S MacQueen ( p r i v a t e  
commun ica t i on ) .  The n e c e s s a r y  v a l u e s  a r e  b r o u g h t  t o  
t h e  s t a r t  of  t h e  a r r a y  of  m a t r i c e s  by s h i f t i n g  a l o n g  
a l l  t h e  v a l u e s  t o  t h e  l e f t  by NOPENT p l a c e s ,  whe re  
NOPENT i s  t h e  t o t a l  number of bounda ry  v a l u e s .  The  
v a l u e s  a r e  t h e n  s c a t t e r e d  i n  a  bounda ry  v a l u e  m a t r i x  
u s i n g  t h e  known p o s i t i o n s  of  t h e  boundary  p o i n t s .  A  
s p e c i a l  s u b r o u t i n e  was w r i t t e n  t o  do  t h i s .  The 



1 0  CONCLUSIONS 

e l e v a t i o n  ( 2 )  and  U and  v  v e l o c i t y  boundary  v a l u e s  
are t r e a t e d  i n d i s c r i m i n a t e l y  s o  t h e r e  i s  a  l i m i c a t i o n  
t h a t  a  p a r c i c u l a r  c e l l  s h o u l d  noc h a v e  bounda ry  
v a l u e s  on more t h a n  one  of  
z, U and v. T h i s  h a s  n o t  y e t  o c c u r r e d  i n  any  a c c u a l  
applications of  che  t e c h n i q u e .  The method h a s  n o t  
y e t  been  f u l l y  e x t e n d e d  t o  m u l t i p l e  g r i d  mode l s ,  a t  
p r e s e n t  a d j u s t m e n t s  must  be  made t o  t h e  i n d i v i d u a l  
model  i n  t h e  e v e n t  t h a t  n o t  a l l  of t h e  bounda ry  
p o i n t s  are i n  t h e  c o a r s e s t  g r i d .  

L i n e a r  i n t e r p o l a t i o n  i n  t i m e  be tween  t h e  t i m e s  a t  
wh ich  boundd ry  v a l u e s  a r e  s t o r e d  i s  u sed  t o  o b t a i n  a 
r e s u l t  wh ich  i s  c o m p l e t e l y  c o n s i s t e n t  w i t h  t h e  method 
IiR a p p l y  on  s e r i a l  c o m p u t e r s .  

I f  r e q u i r e d  i t  i s  a l s o  p o s s i b l e  t o  c a l c u l a t e  v e l o c i t y  
bounda ry  v a l u e s  on t h e  b a s i s  c h a t  v e l o c i t y  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  d e p t h .  T h i s  
h a s  been  u s e d  i n  s e v e r a l  s t u d i e s .  I t  may be  needed  
i f  t h e  v e l o c i t y  a t  o n l y  o n e  p o i n t  i s  known o r  i f  c h e  
d i s c h a r g e  is r e q u i r e d  t o  h a v e  a g i v e n  v a l u e .  The  
proportionality t o  t h e  s q u a r e  r o o t  o f  t h e  d e p t h s  i s  
p a r e  of  t h e  "no rma l "  f l o w  a p p r o x i m a t i o n  of open  
c h a n n e l  f l o w .  However i f  t h i s  c e c h n i q u e  i s  u s e d  i c  
i s  v i t a l  t o  t a k e  c a r e  a b o u t  t h e  c a l c u l a t i o n  o f  t h e  
d e p t h .  I f  l o c a l  d e p t h  v a l u e s  are u s e d  a t  a l l  of  t h e  
b o u n d a r y  p o i n t s  a p o s i t i v e  f e e d b a c k  mechanism 
o p e r a t e s .  F o r  example  o n  i n f l o w  t h e  g r e a t e s t  
v e l o c i t y  w i l l  b e  where  t h e  g r e a t e s t  d e p t h  of w a t e r  
o c c u r s .  The i n f l o w  makes t h e  d e p t h  of w a t e r  g r e a t e r  
t h e r e b y  i n c r e a s i n g  t h e  i n f l o w  e tc .  I t  i s  b e s t  t o  u s e  
t h e  same e l e v a t i o n  v a l u e  a t  a l l  of  t h e  bounda ry  
p o i n t s  ( u s u a l l y  a  good a p p r o x i m a t i o n )  and  add  i t  t o  
t h e  d e p t h s  of  t h e  bed be low da tum t o  o b t a i n  t h e  
v a l u e s  o f  t o t a l  w a t e r  d e p t h  u s e d  t h e r e b y  e l i m i n a t i n g  
t h e  i n s t a b i l i t y .  

DAP models  h a v e  been  u s e d  s u c c e s s f u l l y  by HX f o r  a  
number of  s t u d i e s .  I t  h a s  been  found  v e r y  i m p o r t a n t  
t o  map t h e  model i n t o  t h e  UAP c a r e f u l l y  s o  as t o  make 
t h e  most  of  t h e  p a r a l l e l  p r o c e s s i n g  c a p a b i l i t y .  I f  
t h i s  i s  done  i t  i s  p o s s i b l e  t o  r u n  mode l s  
c o n v e n i e n t l y  which  would o t h e r w i s e  t a k e  t o o  l o n g  on  a 
s e r i a l  compu te r  t o  be c o n s i d e r e d .  However c e r t a i n  
s i m p l i f i c a t i o n s  have  been  made compared t o  t h e  
s t a n d a r d  s e r i a l  p rograms  i n  o r d e r  t o  make u s e  o f  
p a r a l l e l  p r o c e s s i n g .  I t  may be  p o s s i b l e  t o  d e v e l o p  
b e t t e r  p rog rams  w i t h  more a d e q u a t e  f o r m u l a t i o n s  o f  
n o n l i n e a r  terms and g r i d  p a t c h i n g  t h a n  t h o s e  
p r e s e n t l y  i n  u s e .  

A s  a n  example  of  t h e s p e e d  of t h e  UAP a  s i n g l e  
t i m e s t e p  of  a 2D f l o w  (X-y-t)  p rogram w i t h  d i m e n s i o n s  
no l a r g e r  t h a n  64  s q u a r e  t a k e s  a b o u t  25 m i l l i s e c o n d s .  
The e q u i v a l e n t  t i m e  p e r  c e l l  i f  a l l  4096 ce l l s  
a v a i l a b l e  are b e i n g  u sed  i s  a b o u t  6  m i c r o s e c o n d s .  



T h i s  compares  w i t h  a b o u t  700 m i c r o s e c o n d s  f o r  a n  
e x p l i c i t  t i m e s t e p  u s i n g  t h e  ICL 2972 compu te r .  
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Fig 2 Types o f  numerical model of  estuaries 
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