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and h e l d  i n  B r a t i s l a v a ,  Czechoslovakia,  May 4-8,  1981 .  
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f o r e  o f  more g e n e r a l  i n t e r e s t .  The papers  reviewed a r e  l i s t e d  i n  
t h e  Appendix. 
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WATER QUALITY MODELING: A COMPARISON 
OF TRANSPORT ORIENTED AND BIOCHEMISTRY 
ORIENTED APPROACHES 

1. INTRODUCTION 

Water q u a l i t y  and t r a n s p o r t  a r e  c l o s e l y  r e l a t e d  i d e a s ;  

n e v e r t h e l e s s ,  t h e  d i f f e r e n c e  i s  obv ious ,  a s  w a t e r  q u a l i t y  i n  

g e n e r a l  r e s u l t s  from many i n t e r c o n n e c t e d  p r o c e s s e s ,  o n l y  one  of  

them b e i n g  t h e  t r a n s p o r t  phenomenon. A t r a n s p o r t  m o d e l  a l l o w s  

one t o  d e s c r i b e  t h e  b e h a v i o r  o f  a  c o n s e r v a t i v e  m a t e r i a l  which i s  

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

q u a l i t y  components p o s s e s s  such f e a t u r e s .  Thus, t h e  a p p r o p r i a t e -  

n e s s  o f  a  t r a n s p o r t  model depends ve ry  much on  how c r u c i a l  t h e  

d e v i a t i o n  caused  by b i o l o g i c a l ,  chemica l ,  and o t h e r  p h y s i c a l  

p r o c e s s e s  i s ,  compared t o  t h e  assumed c o n s e r v a t i v e  behav io r .  

I f  t h i s  i s  l a r g e ,  t h e  t r a n s p o r t  e q u a t i o n  shou ld  b e  ex tended  by 

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

i n c r e a s e  i n  t h e  number o f  v a r i a b l e s  and e q u a t i o n s ;  most o f  t h e  

r e a c t i o n s  s imply  depend on  o t h e r  components o f  t h e  ecosys tems,  

Assuming t h a t  t h i s  s t e p  i s  f u l f i l l e d ,  a  w a t e r  q u a l i t y  model r e s u l t s ,  

which accoun t s  f o r  t r a n s p o r t  phenomena ( t h e r e f o r e  o f t e n  c a l l e d  a  

c o u p l e d  w a t e r  q u a l i t y - t r a n s p o r t  m o d e l ) ,  c o n s i s t i n g  o f  a  se t  of  

n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  (PDEs). A t  t h i s  moment 

however, t h e  c o r r e c t n e s s  o f  t h e  development s t a r t i n g  from t h e  

t r a n s p o r t  e q u a t i o n  i s  n o t  n e c e s s a r i l y  obv ious ;  namely, it c a n  

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



t o t a l  changes i s  n e g l i g i b l e  ( e . g . ,  b i o l o g i c a l  r e a c t i o n s  dominate)  

and t h e  system can be desc r ibed  by a  s i m p l i f i e d  w a t e r  q u a l i t y  

model based on 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 s  ( O D E s ) .  N a t u r a l l y ,  

a  g e n e r a l  d e c i s i o n  i n  t h i s  r e s p e c t  can h a r d l y  be  made, s i n c e  it 

r e q u i r e s  t h e  a n a l y s i s  of  t h e  r e l a t i v e  importance of  d i f f e r e n t  

p r o c e s s e s ,  which i n  t u r n  depends on t h e  c h a r a c t e r i s t i c s  of t h e  

system cons ide red .  This  s t a t emen t  imp l i e s  t h a t  it i s  n o t  con- 

s i d e r e d  r e a l i s t i c  t o  work o u t  water  q u a l i t y  models of g e n e r a l  

v a l i d i t y  and t h i s  i s  suppor ted  by t h e  l a r g e  v a r i e t y  o f  models 

( o r d e r  o f  magnitude some hundred) p re sen ted  i n  t h e  l i t e r a t u r e .  

The c l a s s i f i c a t i o n  of wa te r  q u a l i t y  models i n  g e n e r a l  i s  a  

huqe t a s k  ( s e e  f o r  example, Cembrowicz e t  a l . ,  1978) .  However, 

when ana lyz ing  t h e  l i n k  between water  q u a l i t y  and t r a n s p o r t ,  o r  

t h e  r o l e  of t r a n s p o r t  i n  de te rmin ing  wate r  q u a l i t y  ( t h e  o b j e c t i v e  

h e r e ) ,  t h e  c l a s s i f i c a t i o n  i s  much e a s i e r .  E s s e n t i a l l y  two major 

model groups can be d i s t i n g u i s h e d  (no te  t h a t  h e r e  models i n  t h e  

r e s e a r c h  c o n t e x t  a r e  cons ide red )  i n  harmony wi th  t h e  prev ious  

e x p l a n a t i o n  ( a  t h i r d  group w i l l  be mentioned l a t e r ) :  

( i)  t r a n s p o r t  o r i e n t e d  wa te r  q u a l i t y  models b e i n g  over-  

s i m p l i f i e d  wi th  r e s p e c t  t o  b io logy  and chemis t ry ,  

and based on PDEs (Type 1 ) ;  

(ii) b i o c h e m i s t r y  o r i e n t e d  models which o f t e n  exclude t h e  

i n f l u e n c e  o f  t r a n s p o r t  and c o n s i s t  o f  a  s e t  of  O D E s  

(Type 2 )  . 
I n  t h e  f i r s t  c a s e ,  t h e  word t r a n s p o r t  i s  emphasized, wh i l e  i n  

t h e  second,  w a t e r  q u a l i t y .  When ana lyz ing  t h e  modeling procedure  

f o r  Types 1 and 2 ,  e s s e n t i a l  d i f f e r e n c e s  can be  found. These 

invo lve  t h e  b a s i c  modeling s t r a t e g y ,  t h e  methodologies a p p l i e d ,  

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

wi th  modeling. The d i f f e r e n c e s  can be s o  fundamental t h a t  

f r e q u e n t l y  a p r i o r i  assumptions a r e  made on t h e  r e l a t i v e  importance 

o f  t r a n s p o r t  and b iochemis t ry  r e s p e c t i v e l y ,  and t h u s  t h e r e  i s  no 

oppor tun i ty  t o  perform a  s e n s i t i v i t y  a n a l y s i s  by t h e  model 

i t s e l f .  I n  s h o r t ,  t h e r e  e x i s t s  a  c e r t a i n  gap between t r a n s p o r t  

and b iochemis t ry  o r i e n t e d  wate r  q u a l i t y  modeling which c a l l s  

f o r  an e f f o r t  t o  combine t h e  advantages  o f  t h e  two methods. 

The approaches developed i n  t h i s  manner can be used t o  c r e a t e  



t h e  t h i r d  t y p e  of  model,  which i s  d e s i r a b l e  b u t  s t i l l  r a r e l y  

found i n  t h e  l i t e r a t u r e .  Models o f  t h i s  k i n d  can  a l s o  be  c a l l e d ,  

f o r  example,  c o u p l e d  wa te r  q u a l i t y - t r a n s p o r t  models ,  b u t  i n  t h i s  

c a s e ,  t h e  emphasis  i s  d e r i v e d  p r i m a r i l y  from t h e  r e l a t i v e  r o l e  

o f  t h e  t r a n s p o r t .  One c a n  u s e ,  f o r  i n s t a n c e ,  t h e  t h r e e - d i m e n s i o n a l  

t r a n s p o r t  e q u a t i o n  i n  some a g g r e g a t e d  manner. Here m e t h o d o l o g i c a l  

q u e s t i o n s  p l a y  an  i m p o r t a n t  p a r t .  P r e f e r a b l y ,  a  model s t r u c t u r e  

s h o u l d  be  s o u g h t  which w i l l  n o t  a  p r i o r i  e x c l u d e  t h e  a p p l i c a b i l i t y  

of  s e v e r a l  d e s i r e d  t e c h n i q u e s ,  such a s  p a r a m e t e r  e s t i m a t i o n  o r  

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

I n  r e c o g n i t i o n  o f  t h e  c o n t r a d i c t i o n  between t h e  models of  

Types 1  and 2,  and t h e  r a r e l y  o c c u r r i n g  Type 3 ,  it was f e l t  t o  

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

d i s c r e p a n c y .  T h i s  r e p o r t  i s  o r g a n i z e d  a s  f o l l o w s :  F i r s t ,  t h e  

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

a p p l i e d  t o  Types 1  and 2 a r e  a n a l y z e d  and compared. The c o n c l u s i o n  

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

Type 3 .  Examples w i l l  be  p r e s e n t e d  t o  i l l u s t r a t e  t h i s .  

2. MODELING PROCEDURE 

2.1 B a s i c  S t e p s  o f  t h e  Modeling Procedure  

Some o f  t h e  b a s i c  s t e p s  o f  modeling w i l l  b e  s t r e s s e d  h e r e ,  

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

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

l i t e r a t u r e  (Eykhof f ,  1974, and Beck, 1981) and combined i n  

F i g u r e  1 .  

A t  t h e  b e g i n n i n g  o f  t h e  w a t e r  q u a l i t y  modeling p r o c e s s ,  t h e  

" r e a l i t y " :  t h e  s p e c i f i c  sys tem ( r i v e r ,  l a k e ,  o r  o t h e r s )  and 

problem ( e .  g .  , oxygen o r  t h e r m a l  househo ld ,  e u t r o p h i c a t i o n )  and 

f u r t h e r m o r e ,  t h e  o b j e c t i v e  o f  t h e  s t u d y  ( u n d e r s t a n d i n g ,  p r e d i c -  

t i o n ,  c o n t r o l ,  p l a n n i n g ,  management, e t c . )  i s  c o n s i d e r e d .  

S t a r t i n g  w i t h  t h i s  i n f o r m a t i o n ,  t h e  i n t e n t i o n  i s  t o  d e v i s e  a  

model conforming a s  a c c u r a t e l y  a s  p o s s i b l e  t o  t h e  s t a t e d  o b j e c t i v e .  

I n  d e v e l o p i n g  t h e  model ,  two d i f f e r e n t  f i e l d s  o f  knowledge can  be  

drawn upon (Eykhoff ,  1974) : t h e o r e t i c a l  and measurement,  and 

t h e i r  d u a l  n a t u r e  i s  c l e a r l y  e x p r e s s e d  i n  F i g u r e  l a .  The f i r s t ,  
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a s s o c i a t e d  w i t h  a  p r i o r i  s t r u c t u r a l  knowledge, i s  based  on n a t u r a l  

laws (such a s  mass and momentum c o n s e r v a t i o n )  and c a n  be  e x p r e s s e d  

by n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  These l a t t e r  w i l l  

t h e n  o f t e n  be s i m p l i f i e d  and s o l v e d  f o r  t h e  most p a r t ,  n u m e r i c a l l y .  

For  t h e  development  o f  models ,  some o b s e r v a t i o n s  s h o u l d  be 

a v a i l a b l e  b e f o r e h a n d  (a p r i o r i  measurement knowledge)  . T h i s  i s  

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

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

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

t h e  p h y s i c a l  s y s t e m  i n  t h e  model i n  a c c o r d a n c e  w i t h  them. A l l  

t h e s e  s t e p s ,  t o g e t h e r  w i t h  o t h e r s  n o t  l i s t e d ,  b e l o n g  t o  t h e  con- 

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

s e l e c t i o n  o f  model t y p e  (see F i g u r e  I b  and f o r  d e t a i l s ,  Beck, 

1 9 8 1 ) .  Any f u r t h e r  p r o g r e s s  needs  s y s t e m a t i c a l l y  p l a n n e d  e x p e r i -  

ments  and  d a t a  c o l l e c t i o n  o f  a n  i n t e r a c t i v e  c h a r a c t e r  w i t h  t h e  

model development .  The sum o f  t h e  i n f o r m a t i o n  g a i n e d  c a n  be  c a l l e d  

a  p o s t e r i o r i  (measurement)  know ledge  (see F i g u r e  1 )  , which t h e n  

a l l o w s  f o r  i d e n t i f i c a t i o n  o f  t h e  model s t r u c t u r e  ( o f t e n  t h o u g h t  

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

unknown p a r a m e t e r s  ( r a t e  c o n s t a n t s ,  d i s p e r s i o n  c o e f f i c i e n t s ,  

e t c . )  and f o r  t h e  model v a l i d a t i o n .  Note t h a t  t h e  meaning o f  

v a l i d a t i o n  i s  q u i t e  b r o a d :  it may mean t h e  s u c c e s s f u l  a p p l i c a -  

t i o n  o f  t h e  model a f t e r  c a l i b r a t i o n  f o r  a new se t  o f  d a t a ,  i t s  

u s e  under  changed c o n d i t i o n s  ( b o t h  are e x t e n s i o n s  i n  t i m e )  o r  

f o r  example ,  f o r  o t h e r  r e a c h e s  o f  t h e  same s y s t e m  ( s p a t i a l  

e x t e n s i o n ) .  

Thus, t h e  model r e s u l t s  f rom a p r o c e d u r e  which i n c o r p o r a t e s  

t h e  a p r i o r i  and  a  p o s t e r i o r i  knowledge, a c c o u n t s  f o r  t h e  p l e n t i -  

f u l  e r r o r s  i n d i c a t e d  i n  F i g u r e  1 ,  a n d  i n v o l v e s  s e v e r a l  l o o p s  and  

f e e d b a c k s .  The way o f  combining  t h e  t h e o r e t i c a l  and  measurement 

knowledge depends  e s s e n t i a l l y  on t h e  s u b j e c t  c o n s i d e r e d .  A s  two 

e x t r e m e s ,  model ing  i n  hydro logy  and hydrodynamics ,  c a n  b e  men t ioned .  

The f i r s t  way i s  c h a r a c t e r i z e d  by t h e  dominant  r o l e  o f  a  p o s t e r i o r i  

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

two g a u g e s ) ,  w h i l e  t h e  s e c o n d  is  c h a r a c t e r i z e d  by s t r u c t u r a l  

knowledge (e . g . ,  computa t ion  o f  t h e  same f l o o d  e v e n t s  b a s e d  on 



t h e  S a i n t - V e n a n t  e q u a t i o n s ,  i f  t h e  downstream boundary  c o n d i t i o n  

i s  known) . 
The ( a  p o s t e r i o r i )  model s t r u c t u r e  d e t e r m i n a t i o n  and  t h e  

i n t e r a c t i o n  w i t h  d a t a  ( F i g u r e  l a )  cac a l s o  b e  i m p o r t a n t  f o r  

s i t u a t i o n s  when t h e  t h e o r e t i c a l  knowledge i s  w e l l  e s t a b l i s h e d .  

I t  i s  s u f f i c i e n t  t o  men t ion  t h a t  i n  n a t u r e ,  t h e  c o n d i t i o n s  are 

n o t  " p u r e " ,  as c o n t r a s t e d  t o  t h e  a s s u m p t i o n s  u s e d  when t h e  

e q u a t i o n s  are  d e r i v e d .  Thus,  model ing  e r r o r s  ( F i g u r e  l a )  c a n n o t  

b e  a v o i d e d .  P rob lems  r e l a t e d  t o  boundary  c o n d i t i o n s  are e s p e c i a l l y  

i m p o r t a n t .  Here as a n  example ,  t h e  i n f l u e n c e  o f  d e a d  zones  n e a r  

t o  r i v e r  banks  a n d  i n  r i v e r  b e d s  on  d i s p e r s i o n  phenomena i s  

r e f e r r e d  t o  o n l y  i n  a s t u d y  by B e e r  a n d  Young ( 1 9 8 0 ) .  They 

a c h i e v e d  a b e t t e r  a g r e e m e n t  t o  measured  c o n c e n t r a t i o n s  w i t h  a  

dead  zone  t i m e  series model  t h a n  w i t h  t h e  c o n v e n t i o n a l  l o n g i t u d i n a l  

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

and  r e l e a s e  o f  d e a d  zones  e x e r t  a l a r g e r  c o n t r i b u t i o n  ( t o g e t h e r  

w i t h  t h e  t i m e  l a g  c a u s e d )  on  d i s p e r s i o n  t h a n  t h e  s p a t i a l  non- 

u n i f o r m i t i e s  i n  t h e  water body,  t h u s  b e i n g  t h e  dominan t  mechanism. 

T h i s  c a l l s  i n t o  q u e s t i o n  t h e  " s e l f - e v i d e n t "  u s e  o f  t h e  c lass ica l  

d i s p e r s i o n  e q u a t i o n .  

Us ing  t h e  t h e o r e t i c a l  a n d  a c c r u e d  measurement  knowledge,  

o n e  c a n  d e v e l o p  d i f f e r e n t  models  f o r  t h e  same problem.  The 

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

s i n c e  a c c o m p l i s h i n g  t h e  n e c e s s a r y  s t e p s  i n  t h e  mode l ing  framework 

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

e t c . )  depends  e s s e n t i a l l y  on t h e  model s t r u c t u r e .  The c o n t r a s t  

among t e c h n i q u e s  a v a i l a b l e  f o r  p a r t i a l  a n d  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 s  ( o r  f o r  d i s t r i b u t e d -  and  lumped-parameter  mode l s )  i s  

e s p e c i a l l y  a p p a r e n t .  

I t  s h o u l d  a l s o  b e  n o t e d  t h a t  i f  t h e  number o f  s t a t e  v a r i a b l e s  

i s  t o o  l a r g e ,  t h e  r e a l i z a t i o n  o f  t h e  mode l ing  p r o c e d u r e  i l l u s -  

t r a t e d  i n  F i g u r e  1 i s  s i m p l y  u n r e a l i s t i c  (see a l s o  l a t e r ) ;  t h e  

d a t a  c o l l e c t i o n  would b e  t o o  e x p e n s i v e  ( t h i s  c a n  a l s o  b e  t h e  

case when o n l y  a  few s t a t e  v a r i a b l e s  are i n v o l v e d ,  b u t  s p e c i f i c  

measurement  t e c h n i q u e s  are r e q u i r e d )  . T h i s  s i t u a t i o n  may o c c u r  

i f  t h e  s p a t i a l  c h a n g e s  are  dominant  (many s p a t i a l  "boxes"  s h o u l d  

be  c o n s i d e r e d )  and /o r  t h e  number o f  w a t e r  q u a l i t y  components  



( e . g . ,  e c o l o g i c a l  "compartments")  t o  be i n c o r p o r a t e d  i s  h igh .  

Under such c o n d i t i o n s ,  some compromise s t r a t e g y  s h o u l d  be looked 

f o r .  

2.2 Procedure  f o r  T r a n s p o r t  O r i e n t e d  Modeling 

The s t r u c t u r e  o f  t h e  model i s  g iven  by t h e  t r a n s p o r t  e q u a t i o n ,  

which f u r t h e r  i n v o l v e s  some s imp le  b iochemica l  r e a c t i o n  t e rms  

(i .e. , a  f i r s t  o r d e r  decay form) . The t r a n s p o r t  e q u a t i o n  c a n ,  

i n  a  u s u a l  c a s e ,  be used  t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n  i n  t h e  

g iven  w a t e r  body, a s  a  f u n c t i o n  o f  t i m e  and t h r e e  s p a t i a l  

c o o r d i n a t e s .  F r e q u e n t l y ,  t h e  e q u a t i o n  i s  employed s i m u l t a n e o u s l y  

w i t h  t h e  co r r e spond ing  v e r s i o n  o f  t h e  e q u a t i o n s  of  c o n t i n u i t y  

and mot ion,  t h u s  r e s u l t i n g  i n  a  s e t  o f  h i g h l y  n o n l i n e a r  p a r t i a l  

d i f f e r e n t i a l  e q u a t i o n s  (see Watanabe e t  a l . ,  1980) . 
These can  t h e n  b e  s o l v e d  n u m e r i c a l l y ,  e . g . ,  by t h e  methods 

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

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

c o n d i t i o n s ,  t h e  assumpt ions  made on t h e  v a r i a t i o n  o f  d i f f e r e n t  

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

i n  t h e  e q u a t i o n s .  F u r t h e r  d i s t i n c t i o n  depends on whether  t h e  

number o f  independen t  v a r i a b l e s  can  be reduced  o r  n o t  and t h e  

d e s c r i p t i o n  o f  t u r b u l e n c e  (Watanabe e t  a l . ,  1980; Launder and 

Spa ld ing ,  1972) . Thus, t h e  modeling p rocedu re  i s  ve ry  much 

based  on t h e  t h e o r e t i c a l  knowledge and a s  s e e n  i n  F i g u r e  2 ,  t h e  

d e t e r m i n a t i o n  o r  t h e  a posteriori model s t r u c t u r e  i s  a b s e n t .  

Measurements a r e  c e r t a i n l y  i m p o r t a n t ,  b u t  mainly  used f o r  f i n d i n g  

some of  t h e  pa r ame te r  v a l u e s ,  such a s  roughness  and mixing 

c o e f f i c i e n t s ,  o r  f o r  check ing  t h e  v e l o c i t y  f i e l d  computed. The 

v a l i d a t i o n  a l s o  h a s  a  s l i g h t l y  d i f f e r e n t  meaning and a  s t u d y  on 

e r r o r  p ropaga t i on  o r  model s e n s i t i v i t y  i s  r a r e l y  done.  

These f e a t u r e s  have  a  s t r o n g  methodolog ica l  background;  t h e  

m a j o r i t y  o f  s t e p s  i n d i c a t e d  i n  F i g u r e  1 w e r e  c a r r i e d  o u t  f o 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 s ,  b u t  f o r  PDEs o n l y  some v e r y  

l i m i t e d  e f f o r t s  s u r f a c e  i n  t h e  l i t e r a t u r e  (Thau, 1969; Koivo and 

Koivo, 1977) . 
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G e n e r a l l y ,  t h e  numer ica l  s o l u t i o n  o f  a  PDE can  be  r e p l a c e d  

by t h e  s o l u t i o n  o f  N number o f  ODES,  b u t  t h e  me thodo log i ca l  

problem s t i l l  remains :  t h e  number o f  s t a t e  v a r i a b l e s  w i l l  be 

much l a r g e r  t h a n  t h a t  o f  t h e  o b v e r v a t i o n a l  v a r i a b l e s ,  t h u s  

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

2 . 3  Procedure  f o r  B iochemis t ry  O r i e n t e d  Modeling 

A t  f i r s t  g l a n c e ,  t h e  s t r a t e g y  i s  much more s i m i l a r  t o  t h e  

d e s i r e d  p rocedure  ( F i g u r e  3 )  t h a n  i n  t h e  p r e v i o u s  c a s e  and t h e r e  

i s  a  more ba l anced  u t i l i z a t i o n  o f  bo th  t h e  t h e o r e t i c a l  and measure- 

ment knowledge. Th i s  i s  however q u i t e  obv ious ,  s i n c e  t h e  

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

o c c u r r i n g  i n  r i v e r s  and l a k e s  i s  much less  e x p l o r e d  t h a n  f o r  

t r a n s p o r t  phenomena. Consequent ly ,  t h e  d a t a  i s  more impor t an t .  

I f  t h e  s p e c i f i c  s t e p s  o f  t h e  modeling p r o c e s s  a r e  s t u d i e d  

more c a r e f u l l y ,  t h e  impre s s ion  i s  n o t  s o  s a t i s f a c t o r y .  The 

f i r s t  a p p a r e n t  f e a t u r e  i s  t h e  n e a r l y  comple te  e x c l u s i o n  o f  t h e  

t r a n s p o r t  which - it shou ld  be  s t r e s s e d  - may i n f l u e n c e  n o t  

o n l y  t h e  s p a t i a l  changes ,  b u t  a l s o  t h e  dynamics o f  t h e  sys tem.  

Second,  i n  r e l a t i o n  t o  t h e  s t r u c t u r e  and complex i ty  o f  

models ,  q u i t e  o f t e n  t h e y  m a n i f e s t l y  i n t e n d  t o  d e s c r i b e  subproces-  

ses a s  d e t a i l e d  a s  p o s s i b l e ,  which l e a d s  t o  an  overabundance o f  

s t a t e  v a r i a b l e s  and pa r ame te r s  w i t h o u t  enough d a t a  t o  i d e n t i f y  

t h e  model s t r u c t u r e  and c a l i b r a t e  it. These l a t t e r  problems a r e  

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

model. I f  t h e  number o f  s t a t e  v a r i a b l e s  exceeds  some l i m i t  

(between 5 and l o ) ,  most o f  t h e  a n a l y t i c a l  t e c h n i q u e s  i n d i c a t e d  

i n  F i g u r e  1 c anno t  be a p p l i e d .  The p r e sence  o f  n o n l i n e a r i t i e s ,  

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

t i e s .  Thus, i n  many c a s e s  t h e  pa ramete r  e s t i m a t i o n  i s  down- 

g raded  t o  a  s imp le  t r i a l  and e r r o r  f i t t i n g  and t h e r e  i s  no 

a posteriori model s t r u c t u r e  d e t e r m i n a t i o n  i n  a  s t r i c t  s e n s e .  
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2.4 Conc lus ions  and Comments on t h e  Modeling P r o c e d u r e  

From t h e  p r e v i o u s  a rguments ,  a t  l e a s t  t h r e e  c o n c l u s i o n s  can  

be drawn: 

( 1 )  none o f  t h e  s t r a t e g i e s  d i s c u s s e d  can  have  a  g e n e r a l  

v a l i d i t y  (Types 1 and 2 )  ; 

( 2 )  e i t h e r  o f  t h e  two approaches  e x c l u d e s  t h e  p o s s i b i l i t y  o f  

model e x t e n s i o n  by a p r i o r i  assumpt ions  i n  t h e  c o u r s e  

o f  t h e  development  towards  t h e  invo lvement  o f  t h e  less 

emphasized  phenomena; i n  o t h e r  words ,  t h e  s t r u c t u r e s  

a r e  n o t  f l e x i b l e  enough; 

( 3 )  i f  t h e  number o f  e s s e n t i a l  s t a t e  v a r i a b l e s  i s  h i g h  

( r e g a r d l e s s  o f  whe the r  t h e  c a u s e  i s  a n  i n c r e a s e  i n  

t h e  number o f  s p a t i a l  boxes o r  e c o l o g i c a l  compar tments ) ,  

t h e  scheme i l l u s t r a t e d  i n  F i g u r e  1 c a n n o t  b e  r e a l i z e d  

i n  a  s t r i c t  s e n s e .  

Thus,  it does  n o t  s e e m  t o  be a  r e a l i s t i c  t a s k  t o  e l a b o r a t e  

a  g e n e r a l  w a t e r  q u a l i t y  model o r  a  w i d e l y  a p p l i c a b l e  modeling 

p r o c e d u r e .  S u b s e q u e n t l y ,  no o v e r a l l  r u l e s  a r e  p r e s e n t e d .  R a t h e r ,  

some p r i n c i p l e s  b e l i e v e d  t o  be  e s s e n t i a l  a r e  d i s c u s s e d .  

A s i t u a t i o n  c h a r a c t e r i z e d  by ( 3 )  i s  t h e r e f o r e  c o n s i d e r e d ,  

f o r  which t h e  model ing  a t  f i r s t  a p p e a r s  s o  d i f f i c u l t  t h a t  t h i s  

work may seem f r u i t l e s s .  The a u t h o r  r e j e c t s  t h i s  o u t l o o k ,  s i n c e  

modeling i s  b e l i e v e d  t o  b e  g e n e r a l l y  u s e f u l .  I t  i s  i n s t e a d  sug- 

g e s t e d  t h a t  F i g u r e  1  b e  c o n s i d e r e d  a s  a  framework f o r  model ing  

which d e p i c t s  t h e  i n t e r a c t i o n  between model ing ,  d a t a  c o l l e c t i o n ,  

and  e x p e r i m e n t s ,  and moreover ,  many o f  t h e  r e q u i r e d  s t e p s .  These 

need  n o t  n e c e s s a r i l y  b e  i n v o l v e d  i n  a  c l o s e d  form o f  t h e  model 

a s  one  l a r g e  u n i t .  The way p roposed  i s  o f f - l i n e  i n  c h a r a c t e r ,  

t h e  i d e a  b e i n g  t o  s e p a r a t e  a s  many s u b p r o c e s s e s  and model ing  

s t e p s  a s  p o s s i b l e  (it i s  s t r e s s e d  h e r e  t h a t  t h e  i s o l a t i o n  can 

n e v e r  b e  comple te ;  t h e r e f o r e  t h e  a im i s  t o  apprehend t h e  dominant  

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

knowledge a c c o r d i n g  t o  F i g u r e  1 .  For  example,  q u i t e  o f t e n  t h e  

s y s t e m  can b e  approached  w i t h  a  s e t  o f  c o m p l e t e l y  mixed r e a c t o r s  

(Beck and Young, 1976; and  E z b ' l l 6 s i - ~ a g y ,  1 9 7 7 ) ,  t o  which t h e  

combined i n f o r m a t i o n  from a  t r a n s p o r t  model can  be  l i n k e d  



(van  S t r a t e n  and Somly6dy, 1980; and Shanahan e t  a l . ,  1 9 8 1 ) .  

I n  o t h e r  c a s e s ,  some o f  t h e  b i o l o g i c a l  o r  c h e m i c a l  phenomena 

can  be  t r e a t e d  s e p a r a t e l y .  A s  a n  example ,  t h e  e s t i m a t i o n  o f  

a l g a l  growth  p a r a m e t e r s  f rom v e r t i c a l  p r i m a r y  p r o d u c t i o n  measure-  

men t s  c a n  b e  men t ioned  ( v a n  S t r a t e n  and  Herodek,  1981;  see a l s o  

Example 2 f o r  a n o t h e r  p r o b l e m ) .  

When work ing  o u t  t h e  model ,  some p r o p e r t i e s  t o  s e e k  i n c l u d e  

a  harmony i n  t h e  d e s c r i p t i v e  p r o c e s s ,  as s t r e s s e d  b e f o r e ,  

f l e x i b i l i t y ,  a n d  s i m p l i c i t y .  The a n a l y s i s  o f  t i m e  a n d  l e n g t h  

s c a l e s ,  and  t h e  o r d e r  o f  m a g n i t u d e s  are e x t r e m e l y  u s e f u l  i n  

o b t a i n i n g  harmony (Verboom and V r e u g d e n h i l ,  1975; Harleman and  

Shanahan ,  1 9 8 0 ) .  F l e x i b i l i t y  w i l l  a l l o w  f o r  t h e  t e s t i n g  o f  

h y p o t h e s e s  s i m u l t a n e o u s l y  ( S p e a r  and  H o r n b e r g e r ,  1980;  Hornbe rge r  

and  S p e a r ,  1980; and  F e d r a  e t  a l . ,  1 9 8 1 ) ,  a n d  t h e  e x t e n s i o n  o f  

m o d i f i c a t i o n  o f  t h e  model a t  e a c h  s t a g e  i n  t h e  deve lopment  

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

t h e  s t r u c t u r e  o f  F i g u r e  1 i s  k e p t  i n  mind. T h i s  a l s o  e x t e n d s  t o  

t h e  n u m e r i c a l  t e c h n i q u e s  a p p l i e d ,  e s p e c i a l l y  i f  PDEs are i n v o l v e d .  

F a s t  methods o n  t h e  computer  e n a b l e  o n e  t o  p e r f o r m  a  n u m e r i c a l  

u n c e r t a i n t y  and  s e n s i t i v i t y  a n a l y s i s  (see a n  example  f o r  a  

one -d imens iona l  l a k e  s e i c h e  model i n  Somly6dy a n d  V i r t a n e n ,  19 8  1 ) , 
and t o  e s t i m a t e  p a r a m e t e r  v a l u e s .  

I n  summary, a l l  t h i s  means n o t h i n g  more t h a n  a s p i r a l l i n g  

c i r c u l a t i o n  f o c u s i n g  o n  t h e  c o r e  o f  t h e  p rob lem t h r o u g h  u t i l i z a t i o n  

and  c o n s t a n t  improvement  o f  t h e o r e t i c a l  and  measurement  knowledge,  

and  a c o m b i n a t i o n  o f  t h e  most  a p p r o p r i a t e  m e t h o d o l o g i e s .  One 

would hope t h a t  i n  t h i s  way, t h e  s t u d y  i s  p r o p e r l y  c o m p l e t e d  by  

a r e a s o n a b l e  model  a p p r o a c h  t o  t h e  r e a l i t y .  From t i m e  t o  t i m e ,  

and  p r o v i s i o n a l l y ,  t h e  c o n c l u s i o n s  c o u l d  e v e n  be  n e g a t i v e .  I n  a  

f i e l d  s u c h  a s  w a t e r  q u a l i t y  mode l ing ,  which h a s  a r e l a t i v e l y  s h o r t  

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

s e l f  - e v i d e n t .  

2 . 5  Examples I l l u s t r a t i n g  t h e  Model ing  P r o c e d u r e  

The f i r s t  example  i s  r e l a t e d  t o  a  r i v e r  problem where much 

emphas i s  was l a i d  on d e t e r m i n i n g  t h e  r e l a t i v e  i m p o r t a n c e  o f  

v a r i o u s  p r o c e s s e s .  The r e s u l t s  w e r e  q u i t e  s a t i s f a c t o r y  on a n  



e x p e r i m e n t a l  b a s i s ,  a l t h o u g h  t h e  model remained t r a n s p o r t  o r i e n t e d .  

The second s t u d y  c o n c e r n i n g  a  l a k e  problem i l l u s t r a t e s  a  n e a r l y  

i d e a l  c a s e .  When b e g i n n i n g  w i t h  a  PDE and a g g r e g a t i n g  it t o  an  

ODE, t h e  m a j o r i t y  o f  s t e p s  i n  F i g u r e  1 c o u l d  be  r e a l i z e d .  

Example 1 .  S tudy o f  t h e  Cadmium P o l l u t i o n  o f  t h e  R i v e r  S a j 6 ,  Hungary. 

The r i v e r  i s  one o f  t h e  t r i b u t a r i e s  o f  t h e  T i s z a  R i v e r  

( F i g u r e  4a)  l o c a t e d  i n  t h e  n o r t h e r n  p a r t  o f  Hungary. I t  i s  of  

medium s i z e  w i t h  a  mean s t r eamf low o f  a round  30 m 3 / s  and a  l a r g e  
3  f l u c t u a t i o n  between 5  and 500 m /s. The r i v e r  i s  c h a r a c t e r i z e d  

by a  h i g h  d e g r e e  o f  s i n u o s i t y  and c o n s e q u e n t l y  a n  e f f e c t i v e  mixing.  

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

among which Cadmium i s  p e r h a p s  t h e  most i m p o r t a n t  o f  t h o s e  

r e l e a s e d  b a s i c a l l y  from a  s i n g l e  p o i n t  s o u r c e  ( F i g u r e  4 a ) .  The 

Cd p o l l u t i o n  was s t u d i e d  i n t e n s i v e l y  between 1973-78 (see 

L i t e r A t h y  and L s s z l d ,  1978) ; d i s s o l v e d  and p a r t i c u l a t e  forms,  

s p a t i a l  and t empora l  changes ,  and t h e  bo t tom sed iment  w e r e  

o b s e r v e d .  The a v e r a g e  l o a d  was e s t i m a t e d  a t  a p p r o x i m a t e l y  

15,000 k g / y e a r ,  60-70% o f  which i s  d e p o s i t e d  t o  t h e  s e d i m e n t .  

On a  long- te rm b a s i s ,  t h e  m e t a l  c o n t e n t  o f  t h e  sed iment  d e c r e a s e d  

e x p o n e n t i a l l y  downstream from t h e  s o u r c e ,  c l e a r l y  showing t h e  

i n f l u e n c e  o f  a c c u m u l a t i o n .  The m a j o r i t y  o f  Cd was bound t o  t h e  

25-50 pm f r a c t i o n .  Under low f low c o n d i t i o n s ,  t h e  l o n g i t u d i n a l  

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

sed iment  p o l l u t i o n .  A t  h i g h e r  s t r eamf low r a t e s ,  however,  t h e  

r o l e  o f  r e s u s p e n s i o n  became a p p a r e n t ,  a l s o  c a u s i n g  a t  t i m e s  

i n c r e a s e s  i n  t h e  c o n c e n t r a t i o n  i n  t h e  f low d i r e c t i o n .  The i n f l u e n c e  

o f  f l o o d s  was a l s o  s t u d i e d .  They smoothed o u t  t h e  p o l l u t i o n  

p a t t e r n  o f  t h e  sed iment  th rough  r e - e n t r a i n m e n t ,  c o n v e c t i o n ,  and 

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

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

a l s o  meant t h a t  t h e r e  was no d i r e c t  t o x i c  d a n g e r  t o  t h e  r i v e r  

i t s e l f  ( it  now h a s  a  v e r y  poor  ecosys tem a s  a  r e s u l t  o f  many 

d i f f e r e n t  t y p e s  o f  p o l l u t i o n  d u r i n g  t h e  l a s t  30-50 y e a r s ) ,  b u t  

t h e  downstream r i v e r  s y s t e m  i s  c e r t a i n l y  endangered  ( i . e . ,  Cd 

i s  s t i r r e d  up and t r a n s p o r t e d  under  f l o o d  c o n d i t i o n s ,  t h e n  

d e p o s i t e d  and r e - m o b i l i z e d  i n  r e s e r v o i r s )  . 



With t h i s  p r e l i m i n a r y  knowledge a b o u t  t h e  sys tem,  it was 

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

s i m u l t a n e o u s l y  w i t h  a p p r o p r i a t e  i n  s i t u  and l a b o r a t o r y  measure- 

ments .  The o b j e c t i v e s  o f  t h e  a n a l y s i s  were t o  g a i n  a n  under-  

s t a n d i n g  o f  t h e  p r o c e s s  and t o  pe r fo rm some e x t r a p o l a t i o n  on 

t h e  p a s t  (no  h i s t o r i c a l  d a t a  w e r e  a v a i l a b l e )  and f u t u r e  ( t h e  

l o a d  was reduced  i n  1979 t o  1/10 i t s  s i z e ) .  The r e s u l t s  a r e  

b e i n g  r e p o r t e d  i n  d e t a i l  by Somly6dy e t  a l . ,  (1981) . 
The i n  s i t u  measurements showed t h a t  t h e  r i v e r  r e a c h  

s t u d i e d  ( F i g u r e  4a )  had a  r a t h e r  un i fo rm chemica l  envi ronment .  

Two dominant  mechanisms w e r e  found t o  r e l a t e  t o  t h e  changes  i n  

d i s s o l v e d  and p a r t i c u l a t e  forms (CD and C p )  i n  t h e  w a t e r :  

c o p r e c i p i t a t i o n  and a d s o r p t i o n  on t h e  suspended s o l i d s  ( S S ) .  

The f i r s t  depended on t h e  d i l u t i o n  i n  t h e  plume, t h e  second  on 

SS c o n c e n t r a t i o n - - b o t h  p r o c e s s e s  hav ing  t h e  same t i m e  s c a l e  

(some h o u r s )  a s  t h e  mixing o f  p o l l u t a n t s  i n  t h e  c r o s s - s e c t i o n  

f o r  a  r e l a t i v e l y  s h o r t  r i v e r  l e n g t h  (some km).  Accord ing ly ,  

a l l  t h r e e  p r o c e s s e s  w e r e  assumed l a t e r  i n  t h e  modeling work t o  

t a k e  p l a c e  i n s t a n t a n e o u s l y .  On t h e  b a s i s  o f  f r e q u e n t  e f f l u e n t  

w a t e r  q u a l i t y  measurements ,  t h e  pH and t h u s  t h e  CD/Cp r a t i o  

were found t o  f l u c t u a t e  d r a s t i c a l l y .  However, due t o  c o p r e c i p i t a -  

t i o n  and a d s o r p t i o n  i n  t h e  r i v e r ,  t h e  p a r t i c u l a t e  Cd was dominant ,  

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

The d e p o s i t i o n  and r e - e n t r a i n m e n t  o f  f i n e  s a n d  (-120 u m )  and 

n a t u r a l  r i v e r  sed iment  ( i 3 0  urn) were s t u d i e d  i n  a  l a b o r a t o r y  open 

c h a n n e l  and h y p o t h e s e s  were made on t h e  p r o b a b i l i t y  c o e f f i c i e n t s  

o f  b o t h  p r o c e s s e s  ( S a y r e ,  1969; G r a f ,  1971; and P a r t h e n i a d e s ,  

19771, depending on t h e  s t r eamf low ( t h e y  were assumed t o  b e  

p r o p o r t i o n a l  t o  ( l + Q )  and Q ,  r e s p e c t i v e l y )  . 
The model deve loped  i n t e r a c t i v e l y  w i t h  e x p e r i m e n t s  i n v o l v e d  

t h r e e  s t a t e  v a r i a b l e s  f o r  Cadmium ( F i g u r e  4 b ) :  c o n c e n t r a t i o n s  CD,  

C p r  and CS ( t h e  l a t t e r  e x p r e s s i n g  t h e  p o l l u t a n t  c o n t e n t  o f  t h e  

sed iment  r e l a t e d  t o  u n i t  r i v e r  l e n g t h ) ,  among which SS p l a y e d  a  

c o n t r o l l i n g  r o l e  ( t h i s  was s imply  d e s c r i b e d  by a n  S S ( Q )  r a t i n g  

c u r v e ) .  The a d s o r p t i o n  was c h a r a c t e r i z e d  by a  Langmuir i s o t h e r m  

and t h e  c o p r e c i p i t a t i o n  a s  a  f u n c t i o n  o f  d i l u t i o n - - b o t h  based  on 

l a b o r a t o r y  measurements .  I t  i s  n o t e d  t h a t  b i o a c c u m u l a t i o n  was 



a l s o  s t u d i e d ,  b u t  n o t  i n v o l v e d  i n  t h e  model ( u n d e r  t h e  p r e s e n t  

c o n d i t i o n s  it does  n o t  exceed 1 k g ) .  For  t h e  i n t e r a c t i o n  between 

w a t e r  and s e d i m e n t ,  a  m o d i f i e d ,  n o n l i n e a r  v e r s i o n  o f  S a y r e ' s  

approach  was used ( S a y r e ,  1 9 6 9 ) ,  which d i s t i n g u i s h e d  between t h e  

t o t a l  p o l l u t e d  sed iment  and t h e  u p p e r ,  a v a i l a b l e  l a y e r .  For  a l l  

t h e  s t a t e  v a r i a b l e s  a  t r a n s i e n t ,  one-dimensional  t r a n s p o r t  

e q u a t i o n  was e s t a b l i s h e d  ( a c c o u n t i n g  f o r  c o n v e c t i o n  and d i s p e r -  

s i o n  i n  a d d i t i o n  t o  t h e  p r o c e s s e s  l i s t e d  above)  t o  which t h e  

e q u a t i o n s  o f  u n s t e a d y  f low (Mahmood and Yev jev ich ,  1975 and 

KozAk, 1977) were c o u p l e d .  The f i v e  PDEs w e r e  s o l v e d  s imul-  

t a n e o u s l y  by u s i n g  t h e  method o f  f i n i t e  d i f f e r e n c e s .  F o r  t h e  

t r a n s p o r t  e q u a t i o n s ,  t h e  f r a c t i o n a l  s t e p  method (Verboom and 

Vreugdenh i l ,  1975) was employed w i t h  e x p l i c i t  schemes,  w h i l e  

f o r  t h e  f low problem a n  i m p l i c i t  scheme, f o l l o w e d  by t h e  economic 

doub le  sweep t e c h n i q u e  f o r  t h e  s o l u t i o n  o f  t h e  l i n e a r i z e d  

a l g e b r a i c  sys tem o f  e q u a t i o n s  (Mahmood and  Yev jev ich ,  1975; 

n o t e  t h a t  i t s  s t a b i l i t y  s h o u l d  b e  checked c a r e f u l l y .  For  a  

s i m i l a r  m a t r i x  method where s t a b i l i t y  can  be  p roved ,  see ~ o m l y 6 d y  

and V i r t a n e n ,  1 9 8 1 ) .  To make t h e  s o l u t i o n  more economica l ,  models 

f o r  s t e a d y  f low and quas i -permanent  t r a n s p o r t  w e r e  a l s o  e l a b o r a t e d ;  

t h e  combina t ion  o f  them depended on t h e  boundary c o n d i t i o n s  and 

w e r e  c o n t r o l l e d  i n s i d e  t h e  model.  For  t h e  q u a s i - s t e a d y  c o n d i t i o n s ,  

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

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

t h e  problem f o r  s u b r e a c h e s  o f  l e n g t h  Axi. 

F i g u r e  4c shows t h e  a p p r o p r i a t e n e s s  o f  t h e  u n s t e a d y  f low 

model. I n  t h i s  example,  t h e  ups t ream and  downstream w a t e r  l e v e l s  

( l o c a t i o n s  1  and 3  o n  F i g u r e  4a )  were u s e d  a s  boundary c o n d i t i o n s ,  

w h i l e  t h e  Manning roughness  c o e f f i c i e n t  was c a l i b r a t e d  (k=36) 

i n d e p e n d e n t l y  w i t h  t h e  h e l p  o f  t h e  s t e a d y  f low model and a n  

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

F o r  t h e  t r a n s p o r t  model,  t h e  s e t t l i n g  v e l o c i t y  and p r o b a b i l i t y  

c o e f f i c i e n t  o f  d e p o s i t i o n  were d e t e r m i n e d  from e x p e r i m e n t s  and 

l i t e r a t u r e  r e s p e c t i v e l y ,  w h i l e  t h e  r e - e n t r a i n m e n t  was d e t e r m i n e d  

t h r o u g h  model c a l i b r a t i o n .  A s  a  s u b s e q u e n t  s t e p ,  t h e  p o l l u t a n t  

c o n t e n t  o f  t h e  sed iment  was c a l c u l a t e d  assuming 20  y e a r s  permanent  

d i s c h a r g e  and a v e r a g e  s t r e a m f l o w  r a t e s  f o r  e a c h  month. The 





p a t t e r n  g a i n e d  ( F i g u r e s  5a and 1 )  i s  i n  r e a s o n a b l e  agreement  w i t h  

o b s e r v a t i o n s  (somlyddy e t  a l . ,  1 9 8 1 ) .  Next ,  a  s p e c i f i c  y e a r  was 
3  c o n s i d e r e d ,  c o n s i s t i n g  of  a  six-month low f low p e r i o d  (Q = 20 m / s)  

f o l l o w e d  by a  30 day l o n g  f l o o d  ( h i s t o r i c a l  s c e n a r i o ,  Qmax = 150) 

and a n  a v e r a g e  regime.  F i g u r e  5a i n v o l v e s  t h e  p a r t i c u l a t e  

c o n c e n t r a t i o n  d i s t r i b u t i o n s  a t  t h e  end o f  each  p e r i o d  ( 2 ,  3 ,  and 

4 i n  t h e  s a n e  sequence  a s  b e f o r e ) .  A s  can  b e  s e e n ,  d u r i n g  t h e  

f i r s t  and t h i r d  p e r i o d s ,  d e p o s i t i o n  dominated and more t h a n  1 0 t  Cd 

reached  t h e  bot tom;  however,  it was s t r i k i n g  t o  n o t e  t h a t  

a p p r o x i m a t e l y  30% o f  t h i s  amount was s t i r r e d  up by t h e  f l o o d .  

The c o r r e s p o n d i n g  C ( x )  d i s t r i b u t i o n  i s  a l s o  e s s e n t i a l l y  d i f f e r e n t  P 
from t h e  two o t h e r s ,  a s  it i s  much more un i fo rm a l o n g  t h e  r i v e r .  

With r e g a r d  t o  t h e  d i s s o l v e d  Cd, it i s  wor thwhi le  men t ion ing  t h a t  

on  a v e r a g e ,  6 0 %  i s  t r a n s f o r m e d  u l t i m a t e l y  t o  p a r t i c u l a t e  form, 

which i s  t h e n  removed e s s e n t i a l l y  by s e d i m e n t a t i o n .  However, 

t h e  rest o f  t h e  Cd behaves  l i k e  a  c o n s e r v a t i v e  m a t e r i a l  ( a f f e c t e d  

o n l y  by t h e  d i l u t i o n  a t  t h e  mouth o f  R ive r  ~ e r n s d ,  a s  t h e  c h e m i c a l  

envi ronment  d i d  n o t  change n o t a b l y  a l o n g  t h e  r i v e r ) .  A c c o r d i n g l y ,  

a t  t h e  j u n c t i o n  o f  t h e  R i v e r  T i s z a ,  CD i s  more p l e n t i f u l  t h a n  Cp 

and t h e  background c o n c e n t r a t i o n  ups t ream o f  t h e  s o u r c e ,  i f  Q 

i s  low, b u t  Cp g e n e r a l l y  exceeds  CD under  f l o o d s .  The t o t a l  Cd 

l o a d  r e a c h i n g  t h e  T i s z a  R i v e r  may range  between 100-3000 kg/month 

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

F i g u r e  5b shows t h e  e f f e c t i v e n e s s  o f  t h e  l o a d i n g  r e d u c t i o n  

a l r e a d y  comple ted .  I f  however,  t h e  l o a d  o f  R ive r  T i s z a  i s  con- 

s i d e r e d ,  t h i s  management i s  much less e f f i c i e n t ;  i n  f a c t ,  1/10 

d e c r e a s e  a t  t h e  s o u r c e  c a u s e s  a  r e d u c t i o n  a t  t h e  mouth o f  R ive r  

~ a j 6  between 1/2-1/5, depending on t h e  h y d r o l o g i c  regime.  The 

r e a s o n  i s  q u i t e  o b v i o u s .  The r a t h e r  t h i c k  p o l l u t e d  sed iment  

l a y e r  i s  n o t  a f f e c t e d  by t h e  change i n  t h e  sys tem and may a c t  a s  

a  secondary  s o u r c e  f o r  t h e  f u t u r e .  T h i s  a l s o  means t h a t  t h e  

p o l l u t i o n  problem i s  n o t  s o l v e d  unambiguously f o r  t h e  downstream 

w a t e r  sys tem.  

I n  a d d r e s s i n g  t h e  problem, t h e  r e s e a r c h e r s  a r r i v e d  a t  many 

u s e f u l  answers ,  b u t  a d m i t t e d l y  t h e y  had weak p o i n t s .  R e c a l l i n g  

F i g u r e  1 ,  it s h o u l d  b e  s t r e s s e d  t h a t  a n  i n  s i t u  d a t a  c o l l e c t i o n  

o f  a  s u f f i c i e n t l y  d e n s e  sampl ing  f requency  i s  u n r e a l i s t i c  i n  t h i s  





c a s e  and pe rhaps  t h e  s t r a t e g y  p r e s e n t e d  i s  t h e  most r e a s o n a b l e .  

T h i s  u l t i m a t e l y  means t h a t  a n  a p o s t e r i o r i  model s t r u c t u r e  

i d e n t i f i c a t i o n  c a n n o t  b e  performed and t h e  q u a l i t y  o f  t h e  model 

depends e s s e n t i a l l y  o n  t h e  t h e o r e t i c a l  knowledge o f  t h e  problem. 

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

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

knowledge improved; however,  t h e  same c a n n o t  be  s a i d  f o r  t h e  

i n t e r a c t i o n  phenomenon. T h i s  is  a  problem where n o t  o n l y  i s  it 

a t t e m p t e d  t o  p i n p o i n t  t h e  b e h a v i o r  o f  t h e  f i n e  s e d i m e n t  (a  

r a t h e r  unexp lo red  f i l e d ) ,  b u t  a l s o  t h a t  o f  t h e  m e t a l  p o l l u t i o n  

a s s o c i a t e d  w i t h  t h e  sed iment  l a y e r .  Thus, t h e  d e s c r i p t i o n  o f  

one o f  t h e  s u b p r o c e s s e s  l e a v e s  much t o  be  d e s i r e d ,  which i n  t u r n  

l e a v e s  open t h e  q u e s t i o n  o f  whe the r  t h e  involvement  of  a  c o u p l e d  

uns teady  f l o w - t r a n s p o r t  model i s  r e a l l y  r e q u i r e d  o r  a  s i m p l e r ,  

lumped model c a n  b e  e q u a l l y  u s e f u l .  

Example 2 .  Wind Induced Sediment-Water I n t e r a c t i o n  i n  Lake B a l a t o n ,  

Hungary 

T h i s  l a k e  i s  t h e  l a r g e s t  s h a l l o w  l a k e  i n  Europe;  a  t y p i c a l  

wind a f f e c t e d  w a t e r  body. During t h e  p a s t  few y e a r s ,  t h e  

e u t r o p h i c a t i o n  o f  t h e  l a k e  h a s  been s t u d i e d  i n  d e t a i l .  Through 

bo th  e x p e r i m e n t a l  and model ing  work, t h e  n u t r i e n t  c y c l i n g  i n  t h e  

l a k e  and w a t e r s h e d ,  and f u r t h e r m o r e ,  t h e  problem o f  w a t e r  q u a l i t y  

management ( f o r  d e t a i l s ,  s e e  van S t r a t e n  and Somly6dy, 1980) have 

been r e s e a r c h e d .  One o f  t h e  p r o c e s s e s  o f  p r imary  impor tance  i n  

t h e  l a k e  is  t h e  i n t e r a c t i o n  between w a t e r  and t h e  sed iment  l a y e r  

(and t h i s  i s  t h e  common f e a t u r e  w i t h  t h e  p r e v i o u s  example)  

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

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

and n o n - l i v i n g  m a t e r i a l s .  

For  s t u d y i n g  t h e  sed iment -wa te r  i n t e r a c t i o n  i n  l a k e s ,  s e v e r a l  

approaches  a r e  p o s s i b l e  (see, f o r  example,  Lam and J a q u e t ,  1976; 

Sheng and L i c k ,  1979; and Fukuda and L i c k ,  1 9 8 0 ) .  I n  t h i s  s t u d y ,  

s t i l l  a  d i f f e r e n t  method was chosen (Somly6dy, 19801, i n  t h e  

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

p h y s i c a l  p r o c e s s e s  s h o u l d  b e  examined. D a i l y  measurements  w e r e  

per formed f o r  6  months a t  t h e  midpo in t  ( d e p t h  H = 4 . 3  m )  o f  t h e  
2 Szemes b a s i n  ( w i d t h  7  km, s u r f a c e  a r e a  186 km ) which can  be 



c o n s i d e r e d  more o r  less a s  one  o f  t h e  un i fo rm a r e a s  o f  t h e  l a k e  

i n  t e r m s  o f  w a t e r  q u a l i t y .  The measurements i n v o l v e d  S e c c h i  

d e p t h ,  t e m p e r a t u r e ,  SS, Chl-a ,  and phosphorus  f r a c t i o n s  a t  

d i f f e r e n t  v e r t i c a l  l o c a t i o n s .  Wind v e l o c i t y  and d i r e c t i o n  were 

r e c o r d e d  c o n t i n u o u s l y ,  from which h o u r l y  a v e r a g e s  were c a l c u l a t e d .  

The o b j e c t i v e  of t h e  f i r s t  p a r t  of  t h e  a n a l y s i s  w a s  t o  d e s c r i b e  

t h e  dynamics o f  t h e  suspended  s o l i d s  a s  a f u n c t i o n  o f  wind.  T h i s  

t h e n  a l l o w s  f o r  a c h a r a c t e r i z a t i o n  o f  t h e  t e m p o r a l  changes  i n  

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

t h e  s e d i m e n t a t i o n .  L a s t l y ,  a l l  t h e s e  p r o c e s s e s  c a n  be i n c o r -  

p o r a t e d  i n t o  a n  e c o l o g i c a l  model. Only t h e  b e h a v i o r  o f  SS i s  

r e p o r t e d  i n  t h i s  p a p e r .  

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

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

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

( t h e  p r e v a i l i n g  wind d i r e c t i o n  i s  a p p r o x i m a t e l y  p e r p e n d i c u l a r  

t o  t h e  a x i s  o f  t h e  l a k e  and t h e  b a s i n ) .  I t  was r e c o g n i z e d  

however,  t h a t  t h e  problem had a n  u n d e f i n e d  boundary c o n d i t i o n  

a t  t h e  bot tom,  z  = H ( ~ o m l ~ 6 d ~ ,  1980) . 

where c  i s  c o n c e n t r a t i o n ,  w i s  s e t t l i n g  v e l o c i t y ,  E i s  v e r t i c a l  

eddy v i s c o s i t y ,  and m d  and  O e  are t h e  f l u x e s  o f  d e p o s i t i o n  and re- 

s u s p e n s i o n ,  r e s p e c t i v e l y .  I n  f a c t ,  o n e  o f  t h e  o b j e c t i v e s  o f  t h e  

measurements  w a s  t o  f o r m u l a t e  t h e  boundary c o n d i t i o n .  From t h e  

o b s e r v a t i o n s  made, it a p p e a r e d  t h a t  t h e  t e m p o r a l  changes  governed 

t h e  sys tem (see F i g u r e  6 f o r  t h e  d e p t h  i n t e g r a t e d  v a l u e s  and d a i l y  

a v e r a g e  wind s p e e d ) .  The c ( z )  p r o f i l e s  were q u i t e  u n i f o r m ,  e x c e p t  

f o r  t h e  v i c i n i t y  c l o s e  t o  t h e  bot tom,  where t h e  e x p e c t e d  sudden i n -  

crease c o u l d  be  o b s e r v e d .  A c c o r d i n g l y ,  it w a s  d e c i d e d  n o t  t o  de-  

t e r m i n e  t h e  unknown boundary c o n d i t i o n  from t h e  PDE f o r m u l a t i o n  

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

f u s i o n  e q u a t i o n  a l o n g  t h e  d e p t h ,  and u s e  t h e  ODE d e r i v e d ,  which 

t h u s  d i r e c t l y  i n v o l v e s  t h e  boundary c o n d i t i o n  i t s e l f .  





In order to carry out this step, h y ~ o t h e s e a  were needed for 

the fluxes pd and 9,. The deposition was characterized by its P 

probability as in the previous example. 

(here, the waved line indicates depth averaged value), while Oe 
by an empirical relationship (Lam and Jaquet, 1976 ) .  

where Ds and ow are sediment and water densities, and we is en- 

trainment velocity. To find we, the concept of energy transfor- 

mulation between potential and turbulent kinetic energies often 

employed for stratified lakes was adopted (Stefan and Ford, 1975; 

Bloss and Harleman, 1979). Accordingly, under simplified condi- 

tions : 

where the power depends on the Richardson number. 

Using these h y p o t h e s e s ,  the depth integrated transport equa- 

tion takes the following form: 

d2 - -K1e + K2W n dt- I 

where K1 and K2 comprise on the one hand parameters listed in part 

before, being approximately constant for a given situation, and 

unknown coefficients on the other hand, derived from the hypotheses 

(Equations 2 to 4). Consequently, the structure of the model should 

be identified and the parameter values, K1 and K2, estimated from 

measurements. The feasibility of Equation (5) can be appreciated 

from Figure 6, which clearly shows the influence of the wind 

velocity on the concentration. However, a simple regression be- 

tween the W and SS is not precise enough; the involvement of SS in 

a time series fashion improves it, thus suggesting the influence 

of settling and deposition. 



The values of K1 and K2 were estimated (based on the obser- 

vations of the first 50 days, see Figure 6) first by using a linear 

deterministic least square fitting technique by changing n system- 

atically. Then, solutions: 

2 2 m d =  5-57 kg/md and $e = 0.034 w kg/md 

were arrived at, both serving realistic order of magnitudes, for 

example 5.57 m/d for the sedimentation velocity and P20.2 if 0.3 mm/s 

settling velocity is assumed to belong to 20 pmrn average particle 
3 size (Gyorke, 1978) : furthermore E =0.6 lo-% [kg/m 1 for the e 

equilibrium concentration (W is expressed in m/s) . The value 

n:l coincides with the small Richardson number. Although the re- 

sults were in harmony with the expectations, the 2 posteriori model 

structure determination was obviously not done. 

For this purpose, as a second step, the Extended Kalman Filter 

(EKF) method was applied, (see, for example, Young, 1974; Beck 

and Young, 1976; and Beck and ~ o m l ~ 6 d ~ ,  1981, for this problem) 

which estimates among other things, the parameter values recur- 

sively for each time step. Thus, it can be used for the identi- 

fication of model structure: it is accepted if the parameters are 

practically time invariant. 

Figures 6 and 7 involve results gained with EKE when the value 

of n was also estimated. As can be seen from Figure 7, the para- 

meters become approximately constant after the first 40-50 days 

(as initial parameter values, the estimates of the previous anal- 

ysis were applied), resulting in essential information beyond that 

gained in the preliminary study: the structure of the model is 

satisfactorily correct. For K1, the same value was given as before, 

while K2 changed in harmony with the increase in the power n. Some 

slight parameter changes can be observed at the end of the period; 

this may be caused, e.g., by the exclusion of inflow-outflow pro- 

cesses (or by other phenomena such as algae blooms). This suggests 

that the isolation of subprocesses can only be partial as was 

stressed before. It should be noted that as input, the absolute 

value of the wind speed was employed and the inclusion of a per- 

pendicular component did not cause any refinement (the fetch is 
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Figure 7. Recursive parameter estimates for the sediment-water 
interaction model 



"large" independently of the wind direction). Some other phenom- 

ena (such as wave motion ifW>50 km/h, or pronounced longitudinal 

seiche) may modify the mechanism of interaction, but these rarely 

occur in this particular case. 

Returning to Figures 6 and 7, the author stresses that for 

one month the middle of the total period, the model was used for 

prediction, since no SS measurements were available. The appro- 

priateness of the model is also illustrated by the fact that after 

getting new data, the parameter values did not change. This second 

period served for validation, following the identification and 

calibration procedure (see Section 1). Figure 6 presents the 

reasonable agreement between observations and model calculation. 

Note that the plot involves the corrected value of the prediction 

in possession of the new measurement (except between days 50-80); 

a deterministic prediction has slightly higher deviations from the 

observed values. 

After determining the boundary condition as described above, 

the original PDE can be solved easily. In fact, this was done by 

using an implicit finite difference method. Furthermore, having 

measurements for different layers, an effort has been made to es- 

timate the vertical distribution of eddy diffusivity. This poses 

a slightly different problem of primary importance when the cal- 

culation of lake circulation is considered (Shanahan et al., 1981). 

To summarize, the major steps of the analysis are repeated 

in the light of Figure 1: 

(1) a problem governed by a PDE with an unknown boundary condi- 

tion was considered (no a p r i o r i  knowledge was available on 

the boundary condition); 

( 2 ) measurements of regular sampling freauency were performed ; 

(3) concluding from the observations, the PDE was simplified to 

ODE and hypotheses were made on the boundary condition leading 

to the a p r i o r i  model structure; 

(4) by combining the theoretical and measurement knowledge, the 

model structure was identified and the parameters estimated 

with the help of the EKF method; finally the model was vali- 

dated. 



3 .  CONCLUSIONS 

I n  t h e  r e p o r t ,  t r a n s p o r t  and w a t e r  q u a l i t y  r e l a t e d  problems 

w e r e  d i s c u s s e d ,  i n v o l v i n g  b o t h  t h e  connec t i on  between t h e  two and 

t h e  modeling p rocedu re s .  To add one impor t an t  c o n c l u s i o n  t o  t h e  

o t h e r s  summarized i n  S e c t i o n  2 . 4 ,  it is  f e l t  t h a t  h y d r a u l i c s  ha s  

i t s  w e l l  e s t a b l i s h e d  t o o l s  f o r  s o l v i n g  many f low r e l a t e d  t a s k s .  

The same i s  t r u e  f o r  b io logy  o r  chemis t ry .  The s i t u a t i o n  i s ,  

however, s l i g h t l y  d i f f e r e n t  when c o n s i d e r i n g  w a t e r  q u a l i t y ,  

which i s  n o t  a  r e s u l t  o f  t h e  sum o f  s e v e r a l  p r o c e s s e s  be long ing  

t o  d i f f e r e n t  d i s c i p l i n e s ,  b u t  r a t h e r ,  t h e i r  compl ica ted  i n t e r -  

a c t i o n s .  The methods employed, f u r t he rmore ,  have t o  e x p r e s s  

t h i s  fundamental  behav ior :  w a t e r  q u a l i t y  models shou ld  b e  based 

on t h e  d e s c r i p t i o n  o f  subp roces se s  acco rd ing  t o  t h e i r  r e l a t i v e  

importance .  Th i s  can  b e  r e a l i z e d  i n  most o f  t h e  c a s e s ,  b u t  it 

is  n o t  a  s imple  m a t t e r  o f  add ing  t h e  p a r t i c u l a r  methodologies  o f  

p h y s i c s ,  b io logy  and chemis t ry ,  b u t  o f  development o f  new 

methodologies  on a  h i g h e r  l e v e l  which somehow comprise  t h e  t o o l s  

o f  t h e  i n d i v i d u a l  d i s c i p l i n e s :  a  language which should  perhaps  

be e s t a b l i s h e d  i n  t h e  f u t u r e  f o r  w a t e r  q u a l i t y  modeling.  



APPENDIX: LIST OF PAPERS REVIEWED 

1. Baumert, H., Luckner, L., Mtlller, W.D., and Stoyan, G.: 

A generalized programme package for the simultaneous simulation 

of transient flow and matter transport problems in river net- 

works. 

2. G~os, E., Frotscher, D., Baumert, H., and Schmidt, H.: 

Analysis and simultaneous simulation of transient flow and 

matter transport scenarios for a lowlands river network using 

a generalized programme package. 

3. Braun, P., and Koehler, W.: 

Ecologically oriented matter transport model for shallow rivers. 

4. De Smedt, F., Ideler, W., and Van der Beken, A,: 

A water quality transport model for the channel network of 

Northern Belgium. 

5. Xichna, L.: 

Mathematical water quality modeling of a trout system for 

determination of an optimal advanced waste treatment level. 

6. Czernuszenko, W. : 

Unsteady diffusion of solutes in natural streams. 

7. Bahler , M. : 

Relations between the dispersion of a conservative substrate 

and the hydraulic resistance behaviour in a turbulent flow. 

8. Lafleur, D.W., McBean, E.A., and Al-Nassri, S.A.: 

Design and analysis of stormwater retention ponds based on 

water quality objectives. 
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