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PREFACE 

I n  r e c e n t  y e a r s  t h e r e  has  been cons ide rab le  i n t e r e s t  i n  
developing models f o r  r i v e r  and l a k e  e c o l o g i c a l  systems,  much 
of  it d i r e c t e d  towards t h e  development of l a r g e  and complex s i n -  
u l a t i o n  models. However, t h i s  t r e n d  has  g iven  r i s e  t o  a  number 
of  concerns ,  no tab ly  t hose  of  account ing f o r  t h e  e f f e c t s  of un- 
c e r t a i n t y  and of e s t a b l i s h i n g  model v a l i d i t y  and c r e d i b i l i t y .  
IIASA's Resources and Environment Area ' s  Task 2 on "Environmen- 
t a l  Q u a l i t y  Control  and Management" i s  addres s ing  such concerns ,  
one of  i t s  p r i n c i p a l  themes being t o  develop a  framework f o r  
modell ing poor ly-def ined environmental  systems.  

This paper c o n s i d e r s  t h e  ques t ion  of how t h e o r i e s  a r e  de- 
veloped about  t h e  behavior  o f  l a r g e ,  complex systems such a s  
t hose  t y p i c a l l y  r e l e v a n t  t o  managing environmental  q u a l i t y .  I t  
ex tends  e a r l i e r  d i s c u s s i o n s  of  model s t r u c t u r e  i d e n t i f i c a t i o n  
( s e e  RR-80-4 and RR-81-4) and provides  a  more ph i lo soph ica l  in -  
t e r p r e t a t i o n  of t h i s  p a r t i c u l a r  problem and approaches t o  i t s  
s o l u t i o n .  

Together wi th  WP-81-108 by L .  Somly6dy ("Modelling a  Com- 
p lex  Environmental System: The Lake Balaton S t u d y " ) ,  t h i s  paper 
has  been prepared f o r  a  s p e c i a l  i s s u e  on IIASA's work of t h e  
j ou rna l  "Mathematical Modell ing".  



ABSTRACT 

This  pape r  a d d r e s s e s  t h e  q u e s t i o n  o f  how t h e o r i e s  a r e  
developed abou t  t h e  behav iou r  o f  l a r g e ,  complex sys tems  such 
a s  t h o s e  t y p i c a l l y  encoun t e r ed  i n  managing env i ronmenta l  q u a l i t y .  
The s p e c i f i c  problem cons ide r ed  is  t h a t  o f  model s t r u c t u r e  iden-  
t i f i c a t i o n  by r e f e r e n c e  t o  expe r imen t a l ,  i n  s i t u  f i e l d  d a t a .  A 
concep tua l  d e f i n i t i o n  o f  t h i s  problem i s  g iven  i n  terms o f  t h e  
n o t i o n  o f  t e s t i n g  model hypotheses  t o  t h e  p o i n t  o f  f a i l u r e .  An 
approach t o  s o l v i n g  t h e  problem i s  proposed i n  which t h e  u se  
o f  r e c u r s i v e  model pa ramete r  e s t i m a t i o n  a l g o r i t h m s  i s  a  c e n t r a l  
f e a t u r e .  Th i s  approach is  i l l u s t r a t e d  by a  c a s e  s t u d y  i n  
deve lop ing  a  dynamic model o f  w a t e r  q u a l i t y  i n  t h e  Bedford Ouse 
r i v e r  i n  c e n t r a l - e a s t e r n  England. The r e s u l t s  a r e  o r g a n i z e d  
around t h e  two p r i n c i p l e s  of  a t t e m p t i n g  t o  f a l s i f y  c o n f i d e n t  
hypo theses  and o f  s p e c u l a t i n g  abou t  r e l a t i v e l y  u n c e r t a i n  hypo theses  
i n  o r d e r  t o  modify i nadequa t e  p r i o r  hypo theses .  The e s s e n t i a l  
d i f f i c u l t y  demonst ra ted  by t h e  c a s e  s t udy  i s  one o f  ab so rb ing  
and i n t e r p r e t i n g  t h e  d i a g n o s t i c  ev idence  of f i e l d  d a t a  a n a l y s i s  
and t h i s  i s  u l t i m a t e l y  a  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  complex 
and i n t r i n s i c a l l y  i n d i v i s i b l e  n a t u r e  o f  l a r g e - s c a l e  sys tems .  
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1 .  INTRODUCTION 

According t o  t h e  spect rum i n t r o d u c e d  by Karplus  [ I ]  env i ron-  

menta l  sy s t ems '  a n a l y s i s  l i es  midway between t h e  two ext remes  

o f  a n a l y z i n g  socio-economic sys tems and e l e c t r i c a l  network 

a n a l y s i s .  Th i s  g i v e s  rise t o  r a t h e r  s p e c i a l  problems i n  t h e  

a n a l y s i s  o f  env i ronmenta l  and,  more s p e c i f i c a l l y ,  w a t e r  q u a l i t y -  

e c o l o g i c a l  sys tems .  On t h e  one hand, a  p r i o r i  t h e o r y ,  w i t h  i t s  

b a s i s  i n  t h e  p h y s i c a l  and b i o l o g i c a l  s c i e n c e s ,  would seem t o  be 

c a p a b l e  o f  p r e d i c t i n g  obse rved  behav iour  r e l a t i v e l y  a c c u r a t e l y .  

On t h e  o t h e r  hand, however, it is  e s p e c i a l l y  d i f f i c u l t  t o  conduc t  

p lanned  exper iments  a g a i n s t  which a p r i o r i  t h e o r y  can be e v a l u a t e d .  

Tn t h e s e  somewhat ambiva len t  c i rcumstances  t h e r e  h a s  a r i s e n  a 

growing i n c o m p a t a b i l i t y  between t h a t  whichcan be s i m u l a t e d  i n  

p r i n c i p l e  w i t h  a  model and t h a t  which can be obse rved  i n  p r a c t i c e .  

To a  g r e a t  e x t e n t  t h i s  a ccoun t s  f o r  t h e  gap t h a t  h a s  developed 

between t h e  " l a r g e r "  s i m u l a t i o n  models,  w i t h  which t h e r e  i s  l i t t l e  

hope o f  conduc t i ng  r i g o r o u s  c a l i b r a t i o n  e x e r c i s e s  g iven  c u r r e n t l y  

a v a i l a b l e  f i e l d  d a t a ,  and t h o s e  much " s m a l l e r "  models t h a t  have 

been s o  c a l i b r a t e d .  

The s p e c i f i c  problem t o  be cons ide r ed  i n  t h i s  pape r  i s  t h a t  

o f  model s t r u c t u r e  i d e n t i f i c a t i o n  by r e f e r e n c e  t o  expe r imen t a l ,  

i n  s i t u  f i e l d  d a t a .  To see why t h i s  i s  a  problem, however, it 

i s  f i r s t  n e c e s s a r y  t o  summarise b r i e f l y  some l i m i t a t i o n s  i n  a  

wide ly  accep t ed  approach t o  water q u a l i t y - e c o l o g i c a l  mode l l ing .  

According t o  t h i s  approach it i s  g e n e r a l l y  assumed t h a t  one can  

( c o n c e p t u a l l y )  s u b d i v i d e  t h e  f i e l d  sys tem i n t o  s m a l l e r ,  i n d i v i -  

d u a l  components, whose ( c o n c e p t u a l )  behav iour  can  u s u a l l y  be  

approximated by l a b o r a t o r y - s c a l e  r e p l i c a s  ( f o r  example, chemo- 

s t a t  and open-channel f low e x p e r i m e n t s ) .  Submodels f o r  t h e s e  



components a r e  assumed t o  be " v e r i f i a b l e "  a g a i n s t  exper imenta l  

o b s e r v a t i o n s  o f  t h e  behaviour o f  t h e  r e p l i c a ;  and t h e  model f o r  

t h e  f i e l d  system can  be assembled by l i n k i n g  t o g e t h e r  t h e  sub- 

models. Thus t h e  c o n t e n t  of  t h e  model i s  supported by arguments 

t h a t  admit  e x t r a p o l a t i o n s  from l a b o r a t o r y  systems and e q u i v a l e n t  

o r  s i m i l a r  f i e l d  systems.  A t  t h e  s t a g e  o f  model c a l i b r a t i o n  t h e  

tendency i s  t o  assume t h a t  a  p r i o r i  t heo ry  i s  c o r r e c t  u n l e s s  

demonstrably inadequa te .  It i s  e s p e c i a l l y  d i f f i c u l t  t o  demonstrate 

inadequacy, and t h e  need t o  q u e s t i o n  t h e  v a l i d i t y  o f  t h e  o r i g i n a l  

e x t r a p o l a t i o n s  i s  t h u s  a l l  t o o  e a s i l y  l i k e l y  t o  remain obscured.  

The argument t h a t  t h e  e x t r a p o l a t i o n s  i n h e r e n t  i n  t h e  above 

approach a r e  l e g i t i m a t e  would appear  t o  remain i n  doubt un le s s  

one can develop and apply a  complementary approach t h a t  p rov ides  

a  more d i r e c t  e v a l u a t i o n  of  t h e  p r i o r  hypotheses about  observed 

system behaviour ,  w i thou t  d i v i d i n g  t h e  system i n t o  i t s  component 

p a r t s .  Model s t r u c t u r e  i d e n t i f i c a t i o n  i s  a  fundamental p a r t  o f  

t h a t  complementary approach: it has  t o  do wi th  t h e  ques t ion ing  

s o  e a s i l y  s e t  a s i d e  because o f  t h e  imper fec t ions  o f  t h e  a v a i l -  

a b l e  f i e l d  d a t a ;  it i s  a  problem f o r  which seemingly few sys t ema t i c  

methods o f  s o l u t i o n  have been developed; and, p o s s i b l y  most s i g -  

n i f i c a n t ,  it r e q u i r e s  a  s u b t l e  b u t  impor tan t  change of a t t i t u d e  

towards modell ing.  I n  s p i t e  of very many l a b o r a t o r y - s c a l e  

experiments and a  number of  major f i e l d  s t u d i e s ,  c u r r e n t  knowledge 

o f  t h e  s t r u c t u r e  o f  t h e  r e l a t i o n s h i p s  among t h e  mine ra l ,  o r g a n i c ,  

and mic rob io log ica l  components of  an a q u a t i c  ecosystem i s  s t i l l  

q u i t e  u n c e r t a i n .  Too much conf idence has  been p laced  i n  a  p r i o r i  

theory .  Perhaps ,  i n  Popper ' s  terms [2 I , environmental  systems 

have been modelled a s  though they  were "c locks" ,  be ing  " r e g u l a r ,  



o r d e r l y ,  and h i g h l y  p r e d i c t a b l e " ,  whereas t hey  may w e l l  be  more 

l i k e  t h e  " i r r e g u l a r ,  d i s o r d e r l y ,  and more o r  less u n p r e d i c t a b l e "  

" c louds" .  Th i s  r e f l e c t s  s imply  a  change o f  a t t i t u d e ,  because ,  

a s  e v i d e n t  i n  somlybdy' s pape r s  [ 3 ] ,  [4 ]  , t h e r e  i s  clearly a  spectrum 

of regularity and o r d e r l i n e s s  a s s o c i a t e d  w i t h  t h e  p r i o r  knowledge 

r e l e v a n t  t o  wa te r  q u a l i t y - e c o l o g i c a l  mode l l ing  ( r ang ing  from 

hydrodynamics t o  b i o l o g y ) .  I n  s h o r t ,  c e n t r a l  t o  t h e  problem o f  

model s t r u c t u r e  i d e n t i f i c a t i o n  i s  t h e  q u e s t i o n :  how a r e  t h e o r i e s  

developed a b o u t  t h e  behav iour  o f  l a r g e ,  complex sys tems g iven  

t h e  assumption t h a t  o b s e r v a t i o n s  can be  o b t a i n e d  (and subsequen t l y  

i n t e r p r e t e d )  from exper iments  b road ly  s i m i l a r  t o  t h e  c l a s s i c a l  

form o f  expe r imen t a t i on  i n  l a b o r a t o r y  s c i e n c e .  

The work d i s c u s s e d  h e r e ,  t h e n ,  on t h e  t o p i c  o f  mode l l ing  

poorly-def  i n e d  env i ronmenta l  s y s  terns -( "poor ly-def  i n e d "  be ing  

an e x p r e s s i o n  f i r s t  used by Young [ S ] ) ,  i s  p a r t  o f  a  Task on 

Environmental  Q u a l i t y  C o n t r o l  and Management w i t h i n  t h e  Resource 

and Environment Area o f  IIASA. Th is  e s s e n t i a l l y  methodolog ica l  

component o f  t h e  Task i s  complemented by a  second theme d e a l i n g  

w i t h  c a s e  s t u d i e s  i n  l a k e  e u t r o p h i c a t i o n  management, t h a t  is ,  

f o r  Lake Ba la ton ,  Hungary [6], [ 7 ] ,  [8] and f o r  a  number o f  

A u s t r i a n  l a k e  sys tems  [ 9 ] .  A p r o d u c t i v e  i n t e r a c t i o n  between 

case - s tudy  problem-solving and methodolog ica l  developments i s  

t h e  c o r n e r s t o n e  o f  t h e  T a s k ' s  r e s e a r c h .  I n  t h e  fo l l owing ,  

a l t hough  examples drawn from t h e  l a k e  e u t r o p h i c a t i o n  s t u d i e s  

would b e  e q u a l l y  a p p r o p r i a t e ,  such a s  t h e  r e s u l t s  r e p o r t e d  by 

Somly6dy [ 3 ] ,  w e  s h a l l  i l l u s t r a t e  methodolog ica l  problems 

a s s o c i a t e d  w i t h  mode l l ing  t h e  dynamics o f  wa t e r  q u a l i t y  i n  t h e  

Bedford Ouse River  (U.K.). This  r i v e r  sys tem i n  t u r n  p rov ide s  

an i n fo rma l  case - s tudy  f o r  t h e  development o f  a  t h i r d  theme o f  

t h e  Task on o p e r a t i o n a l  wa t e r  q u a l i t y  management [ l o ] .  



S e c t i o n  2 o f  t h e  pape r  d i s c u s s e s  bo th  t h e  problem o f  model 

s t r u c t u r e  i d e n t i f i c a t i o n  and an  i d e a l i s e d  approach t o  i t s  so lu -  

t i o n  based on t h e  use  o f  r e c u r s i v e  pa ramete r  e s t i m a t i o n .  S ince  

model s t r u c t u r e  i d e n t i f i c a t i o n  can be viewed a s  a  m a t t e r  o f  

i t e r a t i v e l y  f a l s i f y i n g  and s p e c u l a t i n g  abou t  hypo theses ,  s e c t i o n  

3 examines t h e  d i f f i c u l t i e s  o f  i n t e r p r e t i n g  d i a g n o s t i c  ev idence  

on whether  a  g iven  model s t r u c t u r e  (set  o f  hypo theses )  i s  demon- 

s t r a b l y  i nadequa t e .  

2 .  MODEL STRUCTURE IDENTIFICATION 

Usua l ly  one  a s s o c i a t e s  t h e  e x e r c i s e  o f  model c a l i b r a t i o n  w i t h  

c u r v e - f i t t i n g  and paramete r  ( c o e f f i c i e n t )  e s t i m a t i o n .  But t h e  

word " c a l i b r a t i o n "  i s  mis lead ing .  I t  s u g g e s t s  an i n s t r u m e n t  

( h e r e ,  t h e  model) whose de s ign  i s  complete and whose s t r u c t u r e  

i s  beyond f u r t h e r  argument.  A l l  t h a t  r emains  t o  be done i s  t o  

make minor a d j u s t m e n t s  t o  some o f  t h e  f i t t i n g s ,  i . e .  f i n e - t u n i n g  

o f  t h e  pa ramete r  v a l u e s .  C a l i b r a t i o n  o f  models f o r  wa t e r  q u a l i t y -  

e c o l o g i c a l  sys tems ,  however, i s  u n l i k e l y  t o  be such  a s imple  and 

s t r a i g h t f o r w a r d  matter. I n s t e a d ,  even b e f o r e  a s k i n g  t h e  q u e s t i o n  

"Can I e s t i m a t e  t h e  model pa r ame te r s  a c c u r a t e l y ? " ,  t h e  a n a l y s t  

must  f i r s t  a s k  h imse l f  whether  he  knows how t h e  v a r i a b l e s  o f  t h e  

sys tem a r e  r e l a t e d  t o  e a c h  o t h e r .  I n  p a r t i c u l a r ,  one  must  a s k  

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

from t h e  i n  s i t u  f i e l d  d a t a .  Y e t  most e x e r c i s e s  i n  model c a l i -  

b r a t i o n  have focused  s o l e l y  on t h e  m a t t e r  o f  pa ramete r  e s t i m a t i o n ;  

hence l i t t l e  a t t e n t i o n  h a s  been p a i d  t o  t h e  ( a r g u a b l y )  more i m -  

p o r t a n t  p r i o r  problem of  model s t r u c t u r e  i d e n t i f i c a t i o n .  



L e t  us i n t r o d u c e  and q u a l i f y  a working d e f i n i t i o n  o f  t h e  

problem: 

o Model s t r u c t u r e  i d e n t i f i c a t i o n  i s  concerned w i t h  e s t a b -  

l i s h i n g  unambiguously, by r e f e r e n c e  t o  t h e  i n  s i t u  f i e l d  

d a t a ,  how t h e  measured i n p u t  d i s t u r b a n c e s ,  - u,  a r e  r e l a t e d  

t o  t h e  s t a t e  v a r i a b l e s ,  - x ,  and how t h e s e  l a t t e r  a r e  i n  

t u r n  r e l a t e d  bo th  t o  themselves  and t o  t h e  measured 

o u t p u t  r e sponses ,  x, of  t h e  system under s t udy .  

W e  may n o t e  f i r s t  t h a t  t h i s  i s  s i g n i f i c a n t l y  d i f f e r e n t  from 

a d e f i n i t i o n  o f  what may be  c a l l e d  model o r d e r  e s t i m a t i o n ,  a  

problem i n  which, f o r  example, t h e  o b j e c t i v e  i s  t o  e s t i m a t e  t h e  

o r d e r s  o f  t h e  polynomials  i n  an autoregressive/moving-average 

time-series model (see, f o r  i n s t a n c e ,  [ I  11 , [ I 2 1  , [ I  31 ) . Second, 

w e  may n o t e  t h e  importance  o f  t h e  word "unambiguously". A common 

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

e r r o r - l o s s  f u n c t i o n  does n o t  e x h i b i t  a  we l l -def ined ,  g l o b a l  

minimum. Many combinat ions  o f  e s t i m a t e s  f o r  t h e  model pa ramete r  

v a l u e s  p rov ide  e q u a l l y  good ( o r  bad) d e s c r i p t i o n s  o f  t h e  observed 

behav iour ;  i n  e f f e c t ,  a  un ique ly  " b e s t "  model f o r  t h e  system has  

n o t  been i d e n t i f i e d .  Such d i f f i c u l t i e s  a r e  o f t e n  r e f e r r e d  t o  a s  

t h e  problem o f  i d e n t i f i a b i l i t y ,  o r  t h e  model is  s a i d  t o  be  over-  

pa r ame t r i s ed  and t o  c o n t a i n  s u r p l u s  c o n t e n t .  This  i s  perhaps  a 

m a t t e r  o f  no consequence i n  terms o f  f i t t i n g  t h e  model t o  t h e  

d a t a ,  b u t  it would c e r t a i n l y  have s i g n i f i c a n t  i m p l i c a t i o n s  should  

t h e  model be  used f o r  p r e d i c t i o n  ( a s  has  been argued e l sewhere ,  

[ 1 4  I , [ 1 5  I . One would e x p e c t  ambiguous s t a t e m e n t s  abou t  f u t u r e  

behav iour ,  a l though  t h e  e f f e c t s  o f  u n c e r t a i n t y  may p rec lude  any 

conc lus ion  abou t  s i g n i f i c a n t  d i f f e r e n c e s  among t h e s e  s t a t e m e n t s  

[ I S ] .  



The e s sence  of  t h e  approach t o  model s t r u c t u r e  i d e n t i f i c a t i o n ,  

a s  d i s c u s s e d  b r i e f l y  h e r e  and i n  much g r e a t e r  dep th  i n  [ 5 ] ,  [ 1 5 ] ,  

[ 1 6 ] ,  [17] ,  [181, i s  based on a  r e s t a t e m e n t  o f  t h e  o r i g i n a l  

problem d e f i n i t i o n  i n  t e r m s  o f  a  pa ramete r  e s t i m a t i o n  problem. 

Such an approach,  however, depends on t h e  a v a i l a b i l i t y  o f  an 

adequa t e  set  o f  time-series f i e l d  d a t a ,  a  c o n d i t i o n  which i s  

by no means always s a t i s f i e d .  Even s o ,  f o r  s i t u a t i o n s  o f  s c a r c e  

d a t a  t h e  development o f  a  roughly  p a r a l l e l  approach i s  a p p a r e n t  

i n  a  r e c e n t  pape r  by Fedra  [ 1 9 ] .  

I n  o r d e r  t o  o u t l i n e  t h e  approach,  a l b e i t  i n  a  c o n c e p t u a l  

s e n s e ,  l e t  us imagine  t h a t  t h e  s t a t e  v a r i a b l e s  - x i n  a  model may 

be r e p r e s e n t e d  by t h e  nodes o f  F i g u r e  l ( b )  and t h a t  t h e  pa r ame te r s  

a a r e  v i s u a l i s e d  a s  t h e  " e l a s t i c "  c o n n e c t i o n s  between t h e  s t a t e  - 
v a r i a b l e s .  Without  go ing  i n t o  d e t a i l s ,  l e t  u s  a l s o  assume t h a t  

t h e  pa ramete r s  o f  t h e  model c a n  be e s t i m a t e d  r e c u r s i v e l y ,  i .e.  

such t h a t  e s t i m a t e s  - &(tk)  of t h e  pa ramete r  v a l u e s  c an  be o b t a i n e d  

f o r  each  sampl ing i n s t a n t  tk w i t h i n  t h e  sequence  of time-series 

o b s e r v a t i o n s  ( f o r  d i s c u s s i o n s  o f  r e c u r s i v e  e s t i m a t i o n ,  see, f o r  

example, [161, [201, [ 2 1 1 ) .  

I f  now t h e  assumpt ion  h a s  been made t h a t  a l l  t h e  pa r ame te r s  

have  v a l u e s  t h a t  a r e  c o n s t a n t  w i t h  t i m e ,  y e t  a  r e c u r s i v e  a l -  

gor i thm y i e l d s  an e s t i m a t e  o f  one o r  more o f  t h e  pa r ame te r s  t h a t  

i s  s i g n i f i c a n t l y  t ime-varying,  one may q u e s t i o n  t h e  c o r r e c t n e s s  

o f  t h e  chosen model s t r u c t u r e .  W e  c an  a r g u e  t h i s  p o i n t  a s  f o l l o w s .  

The g e n e r a l  tendency o f  an  e s t i m a t i o n  p rocedure  i s  t o  p rov ide  

e s t i m a t e s  - 2 o f  t h e  s t a t e  v e c t o r ,  o r  some f u n c t i o n s t h e r e o f ,  i . e .  

2, t h a t  t r a c k  t h e  o b s e r v a t i o n s  y. Hence, i f  any p e r s i s t e n t  

s t r u c t u r a l  d i s c r e p a n c y  i s  d e t e c t e d  between t h e  model and " r e a l i t y "  



( i n  o t h e r  words, t h e  e r r o r s  - E = (y - 2) e x h i b i t  a s i g n i f i c a n t l y  

non-random p a t t e r n ) ,  t h i s  w i l l  be r e v e a l e d  i n  t e r m s  o f  s i g n i f i c a n t  

a d a p t a t i o n  of t h e  e s t i m a t e d  parameter  v a l u e s .  There  may w e l l  b e  

good r e a s o n s  f o r  why t h e  parameter  e s t i m a t e s  va ry  w i t h  t i m e ,  and,  

indeed,  t h a t  i s  p r e c i s e l y  what one i s  look ing  f o r .  

S t a r t i n g  w i t h  Pe r iod  1 o f  F i g u r e  l ( a ) ,  however, l e t  us  con- 

t i n u e  t o  s k e t c h  t h e  o u t l i n e  of t h e  approach.  The model responses  

(2) and o u t p u t  o b s e r v a t i o n s  (y) a r e  e s s e n t i a l l y  i n  agreement o v e r  

t h i s  p e r i o d  and t h e r e  is  no s i g n i f i c a n t  a d a p t a t i o n  of  t h e  para-  

meter e s t i m a t e s  ( acco rd ing  t o  F i g u r e  1 (c )  ) .  A t  t h e  beg inn ing  

of  Pe r iod  2,  however, t h e r e  i s  a p e r s i s t e n t  d i s c r epancy  between 

2 and y. It  might  be  supposed,  f o r  example, t h a t  t h e  unde r ly ing  

cause  of t h e  d i s c r epancy  i s  an inadequacy i n  t h e  behav io r  simu- 

l a t e d  f o r  x l  and x2 ,  t h a t  a l  i s  s e n s i t i v e  t o  t h i s  d i s c r epancy  

(F igu re  1 ( b )  ) , and t h a t  ( p e r s i s t e n t )  a d a p t a t i o n  o f  t h e  e s t i m a t e  

ti1 (F igu re  1 ( c ) )  p a r t l y  compensates f o r  t h e  e r r o r  between 2 and 

y. Again i n  t h e  t h i r d  p e r i o d  t h e r e  i s  d i sagreement  between t h e  

o b s e r v a t i o n s  and model r e sponses ,  which l e a d s  t o  a d a p t a t i o n  o f  

t h e  e s t i m a t e  6i2. 

The example of  F igu re  1 i s  c l e a r l y  an  i d e a l  view o f  how a 

r e c u r s i v e  e s t i m a t i o n  a l g o r i t h m  should  be  employed f o r  model 

s t r u c t u r e  i d e n t i f i c a t i o n .  I n  f a c t  it is  an i d e a l i s e d  framework 

developed l a r g e l y ,  b u t  n o t  e n t i r e l y ,  from a p a r t i c u l a r  case -s tudy  

i n  model l ing t h e  dynamics o f  wa t e r  q u a l i t y  i n  t h e  River  C a m ,  

U.K. [171,  [221. G e n e r a l i s a t i o n  from a s i n g l e  example i s  un- 

doubtedly  n o t  w i t h o u t  dangers  and c e r t a i n l y  t h e  r e s u l t s  t o  fo l l ow  

cha l l enge  t h e  u s e f u l n e s s  of  t h i s  i d e a l  view. Neve r the l e s s ,  c a s t  

i n  t h i s  p a r t i c u l a r  f a s h i o n  such an approach has  i n t u i t i v e l y  

appea l i ng  i n t e r p r e t a t i o n s .  F i r s t ,  and by analogy w i t h  t h e  a n a l y s i s  



of  p h y s i c a l  s t r u c t u r e s ,  t h e  aim i s  t o  expose inadequacy i n  t e r m s  

o f  t h e  " p l a s t i c  de format ion"  (F igu re  1  (c)  ) o f  t h e  model s t r u c t u r e .  

Second, and of  deepe r  s i g n i f i c a n c e ,  t e s t i n g  t h e  model s t r u c t u r e  

t o  t h e  p o i n t  o f  f a i l u r e ,  t h a t  i s ,  t h e  f a i l u r e  o f  one o r  more 

hypotheses ,  can be s a i d  t o  be c o n s i s t e n t  w i t h  Poppe r ' s  view o f  

t h e  s c i e n t i f i c  method [23 ] .  And Popper ' s  view o f  t h e  s c i e n t i f i c  

method i s  i n  t u r n  e x e r c i s i n g  a  growing i n f l u e n c e  o v e r  t h e  d i s cus -  

s i o n  o f  model l ing t h e  behav iour  o f  environmenta l  and s i m i l a r  

systems [ S I ,  [191, [241, [251, [261. 

E s p e c i a l l y  p e r t i n e n t  h e r e  i s  H o l l i n g ' s  remark t h a t  " . . . t h e  

model i s  [ t o  be]  s u b j e c t e d  to  a  r ange  o f  t es t s  and comparisons 

des igned  t o  r e v e a l  where it f a i l s "  [ 24 ] .  Th i s ,  w i t h  emphasis 

on t h e  words " range"  and "des igned t o  r e v e a l "  sets a  s u i t a b l e  

gu id ing  p r i n c i p l e  f o r  s o l v i n g  t h e  problem o f  model s t r u c t u r e  

i d e n t i f i c a t i o n .  But t o  have r e v e a l e d  t h a t  t h e  model s t r u c t u r e  

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

r e l a t i v e l y  ea sy  p a r t .  I f  w e  ex tend  t h e  example o f  F i g u r e  1  - 
one f u r t h e r  s t e p ,  l e t  u s  suppose t h a t  t h e  f i r s t  (model) hypothe- 

s is  h a s  been i d e n t i f i e d  a s  f a i l i n g ,  a cco rd ing  t o  F i g u r e  2 ( a ) .  

Now assume t h a t  a  second hypo thes i s  can  be gene ra t ed  i n  some 

way--which i s  a  complementary p a r t  o f  t h e  so lu t ion- -and  t h a t  it 

has  t h e  s t r u c t u r e  of  F i g u r e  2 ( b )  w i th  an  a d d i t i o n a l  s t a t e  v a r i a b l e  

(x5)  and two new paramete rs  ( a  5' CL6) . It may w e l l  be  t h a t  c a l i -  

b r a t i o n  o f  t h e  second model a g a i n s t  t h e  f i e l d  d a t a  y i e l d s  e f f e c -  

t i v e l y  i n v a r i a n t  parameter  e s t i m a t e s  and hence t h e  a n a l y s t  c an  

a c c e p t  t h e  adequacy of  t h i s  model s t r u c t u r e  a s  a  c o n d i t i o n a l l y  

good working hypo thes i s .  

The b a s i c  aim of  model s t r u c t u r e  i d e n t i f i c a t i o n  i s  t h u s  t o  

seek  p l a u s i b l e  hypotheses  f o r  a p p a r e n t l y  "unexpla ined"  r e l a t i o n -  

s h i p s  i n  a  set  o f  f i e l d  d a t a .  The approach o u t l i n e d  above 



e x p l o i t s  t h e  i d e a  o f  c u r v e - f i t t i n g  a s  a  "means-to-an-end" and 

n o t  a s  an  "end" i n  i t s e l f .  F a l s i f y i n g  t h e  model s t r u c t u r e ,  o r  

components t h e r e o f ,  rests p a r t l y  upon judgements a b o u t  ab su rd  

pa ramete r  v a l u e s ,  o r  abou t  i m p l a u s i b l e  v a r i a t i o n s  i n  t h e  pa ramete r  

v a l u e s .  Unless t h e s e  v a r i a t i o n s  and v a l u e s  can be  defended by 

l o g i c a l  argument,  t h e n  it must be  conceded t h a t  t h e  s t r u c t u r e  

o f  t h e  model does n o t  match t h e  s t r u c t u r e  unde r ly ing  t h e  obse rved  

p a t t e r n s  o f  behav iour .  

I t  would be  wrong, however, t o  assume, because  o f  t h e  ex-- 

c l u s i v e  d i s c u s s i o n  o f  an  approach based on r e c u r s i v e  pa ramete r  

e s t i m a t i o n ,  t h a t  t h i s  approach i s  a  panacea .  The b e n e f i t s  t o  be 

d e r i v e d  from a  range  o f  p rocedures  have a l r e a d y  been emphasized 

and a r e  a p p a r e n t  i n  t h e  Cam c a s e  s t u d y  [22] . This  i s  on ly  one  

approach a p p l i c a b l e  t o  a  c e r t a i n  s e c t o r  o f  t h e  o v e r a l l  problem 

d e f i n e d  f o r  a  r e s t r i c t e d  se t  o f  c o n d i t i o n s ;  y e t  i t  i s  an  approach 

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

problem. 

I n  t h e  f o l l o w i n g  w e  s h a l l  f ocus  on two t y p e s  o f  c r i t i c a l  

d i f f i c u l t i e s  i n  a p p l y i n g  t h e  above approach t o  model s t r u c t u r e  

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

hypo the s i s  i s  absu rd ,  which i s  r e a l l y  t h e  most demonst rable  form 

o f  inadequacy;  and t h e  d i f f i c u l t y  o f  s y n t h e s i z i n g  t h e  d i a g n o s t i c  

ev idence  i n  o r d e r  t o  s p e c u l a t e  abou t  how t o  modify an  i nadequa t e  

p r i o r  hypo the s i s .  Our purpose  i s  t o  expose weaknesses and 

l i m i t a t i o n s  bo th  i n  t h e  t e c h n i c a l  e f f e c t i v e n e s s  o f  r e c u r s i v e  

pa ramete r  e s t i m a t i o n  a s  a  method o f  s o l u t i o n  and ,  more fundamen- 

t a l l y ,  i n  t h e  a p p r o p r i a t e n e s s  o f  t h e  approach.  A s  w i t h  model 

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

e s t a b l i s h i n g  what i s  wrong o r  i nadequa t e  i s  t h e  key t o  improve- 

ment and p r o g r e s s .  



3 .  DESIGN FOR FAILURE AND SPECULATION 

I f  s o l v i n g  t h e  problem o f  model s t r u c t u r e  i d e n t i f i c a t i o n  

depends s t r o n g l y  upon r e v e a l i n g  absu rd  hypo the se s ,  an  e a s i l y  

r e cogn i zab l e  d i f f i c u l t y  i s  t h a t  i n  s i t u  f i e l d  d a t a  s u b j e c t  t o  

h igh  l e v e l s  o f  u n c e r t a i n t y  a r e  h a r d l y  l i k e l y  t o  y i e l d  such  

r e v e l a t i o n s .  There a r e ,  however, more s u b t l e  a s p e c t s  o f  t h e  

n a t u r e  o f  f i e l d  d a t a  from env i ronmenta l  sys tems t h a t  p l a c e  

e q u a l l y ,  i f  n o t  more, awkward c o n s t r a i n t s  on t h e  l i k e l i h o o d  o f  

s u c c e s s  i n  model s t r u c t u r e ,  i d e n t i f i c a t i o n .  The p a t t e r n s ,  o f  

time-series o b s e r v a t i o n s  t y p i c a l l y  a v a i l a b l e  f o r  a n a l y s i s  

r e f l e c t  exper iments - - i f  indeed  they  can be s o  c a l l e d - - t h a t  a r e  

s u c c e s s i v e l y  less good approx imat ions  o f  t h e  c l a s s i c a l ,  p lanned 

exper iments  o f  l a b o r a t o r y  s c i e n c e  [I51 . I n  a l l  b u t  a  few c a s e s  

t h e  obse rved  p e r t u r b a t i o n s  i n  sys tem behav iour  do n o t  conform 

w i t h  t h e  Z e s i r a b l e  a t t r i b u t e s  of  d a t a  u s u a l l y  expec t ed  f o r  t h e  

i d e n t i f i c a t i o n  o f  models f o r ,  f o r  example, a i r c r a f t  and indus-  

t r i a l  p r o c e s s  c o n t r o l  [ I  2 I , [271 . And s i n c e  it i s  i n  a r e a s  

such a s  t h e s e  l a t t e r  t h a t  many o f  t h e  methods o f  a n a l y s i s  have 

o r i g i n a t e d  [231, r e c u r s i v e  e s t i m a t i o n  i n c l u d e d ,  one f i n d s  t h a t  

t h e r e  i s  an impre s s ive  a r r a y  o f  t e chn iques  t h a t  perform w e l l  on 

well-posed problems,  y e t  a  d e a r t h  o f  t e chn iques  t h a t  can  perform 

adequa t e ly  on t h e  i l l - p o s e d  problems o f  env i ronmenta l  sys tems 

a n a l y s i s .  

I t  is  tempt ing  t o  blame a  l a c k  o f  s u c c e s s  on poor  d a t a  and 

i n a p p r o p r i a t e  a n a l y t i c a l  methods. But t h i s  would b e  mi s l ead ing  

and,  i n  any c a s e ,  c u r r e n t  c o n s t r a i n t s  a r e  n o t  d e s t i n e d  t o  p e r s i s t  

i n t o  t h e  f u t u r e .  Cons ide r ,  f o r  example, t h e  ever-growing poten-  

t i a l  f o r  g e n e r a t i n g  d a t a  from env i ronmenta l  moni to r ing  networks 



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

a lgor i thm,  t h a t  i s ,  t o  genera te  model parameter  e s t i m a t e s  a t  

each i n s t a n t  of  time tk i n  a  t ime-se r i e s .  There i s  every  

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

by t h e  i n a b i l i t y  t o  absorb and i n t e r p r e t  t h e  d i a g n o s t i c  evidence 

of d a t a  a n a l y s i s .  I n  f a c t ,  t h e s e  c o n s t r a i n t s  a r e  u l t i m a t e l y  a  

func t ion  of t h e  complexity and i n d i v i s i b i l i t y  o f  l a r g e - s c a l e  

systems. I t  i s  t o  t h e  d i f f i c u l t i e s  o f  conduct ing an a n a l y s i s  

i n  t h e  f a c e  o f  such problems t h a t  we now t u r n .  

From t h e  g e n e r a l i s a t i o n  of t h e  River  Cam c a s e  s tudy ,  t o  

which pass ing  r e f e r e n c e  has been made e a r l i e r ,  it i s  p o s s i b l e  t o  

propose a  t e n t a t i v e l y  broader  o r g a n i s i n g  p r i n c i p l e  f o r  t h e  pro- 

cedure of  model s t r u c t u r e  i d e n t i f i c a t i o n .  Hence, l e t  us  simply 

sugges t  t h a t  t h e  a n a l y s t  i s  concerned wi th  conduct ing  exper i -  

ments ( i n  a  l o o s e  sense)  on and wi th  t h e  model s t r u c t u r e ,  where 

t h e s e  experiments  can  have t h e  fo l lowing two d i s t i n c t l y  d i f f e r e n t  

o r i e n t a t i o n s  ( o r  o b j e c t i v e s )  : 

(i) i n  t h e  p rocess  of f a l s i zy i i rg  a  ~ i v e n  model s t r u c t u r e ;  

(ii) i n  t h e  p rocess  o f  ( c r e a t i v e )  s p e c u l a t i o n  about  a l t e r -  

n a t i v e  hypotheses.  

These two p rocesses  a r e  probably b e s t  viewed a s  mutual ly  exclu-  

s i v e ,  f o r  r easons  we s h a l l  d i s c u s s  l a t e r ,  and, q u i t e  a p p r o p r i a t e l y ,  

they  r e f l e c t  t h e  two-step n a t u r e  of  s o l v i n g  t h e  problem. 

The c a s e  of  t h e  Bedford Ouse River  i n  c e n t r a l - e a s t e r n  En- 

gland i s  a  n a t u r a l  e x t e n s i o n  of t h e  Cam s tudy.  From 1 9 7 2  t o  

1975 t h e  Department of  t h e  Environment i n  t h e  United Kingdom 

and t h e  Anglian Water Author i ty  j o i n t l y  funded a  major s tudy  of  

t h e  Bedford Ouse r i v e r  system i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t s  

o f  developing a  new c i t y  (Mil ton Keynes) i n  t h e  upper p a r t  of 

t h e  catchment [201. It  i s  i n  t h e  l i g h t  o f  t a c k l i n g  t h i s  sub- 

s t a n t i a l l y  more complex problem of  f i e l d  d a t a  a n l a y s i s  t h a t  we 



s h a l l  be a b l e  b o t h  t o  judge t h e  u s e f u l n e s s  o f  t h e  above o r g a n i s i n g  

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

d i a g n o s t i c  ev idence  o f  a n a l y s i s .  

3 . 1  F a i l u r e  o f  t h e  Model S t r u c t u r e  

L e t  us  look  f i r s t  a t  t h e  n o t i o n  o f  t e s t i n g  t h e  model s t r u c t u r e  

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

g iven  se t  of  hypo theses .  For  t h e  Bedford Ouse example t h e  model 

s t r u c t u r e  t o  be e v a l u a t e d  c o n t a i n s  v a r i o u s  c o n f i d e n t  assumpt ions  

abou t  t h e  t r a n s p o r t  and d i s p e r s i v e  p r o p e r t i e s  o f  t h e  r i v e r ,  

r e a e r a t i o n ,  t h e  decay o f  was te  o r g a n i c  m a t t e r ,  and t h e  growth,  

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

p lank ton .  That  t h e s e  shou ld  b e  " c o n f i d e n t "  assumpt ions ,  which 

h a s  a  q u a n t i t a t i v e  c o u n t e r p a r t  i n  t h e  s p e c i f i c a t i o n  o f  t h e  

a  p r i o r i  e r r o r  s t a t i s t i c s  a s s o c i a t e d  w i t h  t h e  model, i s  a n  i m -  

p o r t a n t  p o i n t .  Given t h e  c o n c e p t u a l  o u t l i n e  f o r  model s t r u c t u r e  

i d e n t i f i c a t i o n  (see a l s o  F i g u r e s  1 and 2 )  t h i s  i s  a  v e r y  d e l i b e r a t e  

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

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

I n  t h i s  s t e p  o f  t h e  a n a l y s i s  it would n o t  appear  t o  b e  p a r t i c u -  

l a r l y  u s e f u l  t o  e x p r e s s  l i t t l e  con f idence ,  a  p r i o r i ,  i n  t h e  

model and t h e n  t o  t r y  and i d e n t i f y  unambiguously where f a i l u r e  

o c c u r s .  I n  s u c h  a  c a s e  t h e  p o s t u l a t e d  model s t r u c t u r e  is ,  a s  it 

w e r e ,  t o o  f l e x i b l e .  Adap ta t ion  o f  t h e  pa ramete r  e s t i m a t e s  may, 

o r  may n o t ,  be  s i g n i f i c a n t ,  because  one  ha s  l i t t l e  con f idence  i n  

t h e  model, and c l e a r - c u t  answers  c anno t  b e  o b t a i n e d  because ,  i n  

e f f e c t ,  c l e a r - c u t  q u e s t i o n s  a r e  n o t  be ing  asked .  F l e x i b i l i t y  

wouldbemore  of  an advan tage  a t  t h e  s t a g e  o f  c r e a t i v e  specu la -  

t i o n  and t h i s  i s  why s e p a r a t i o n  o f  t h e  two s t e p s  i s  d e s i r a b l e .  



A l t o g e t h e r  s i x  paramete rs  a r e  t o  be  e s t i m a t e d  i n  i d e n t i c a l  

model s t r u c t u r e s  f o r  t h e  behaviour  of  i n t e r a c t i o n s  between d i s -  

so lved  oxygen ( D O ) ,  b iochemical  oxygen demand (BOD, a  measure 

of  degradab le  o r g a n i c  m a t t e r ) ,  ch lo rophyl l -a  ( a s  a  measure o f  

phytoplankton p o p u l a t i o n s ) ,  and suspended s o l i d s  c o n c e n t r a t i o n s  i n  

each o f  t h e  t h r e e  r e a c h e s  of  t h e  r i v e r  sys tem ( a  t o t a l ,  t h e r e -  

f o r e ,  of  1 2  s t a t e  v a r i a b l e s  and 18  p a r a m e t e r s ) .  F i g u r e  3 shows 

t h e  r e c u r s i v e  estimates o f  t h e s e  s i x  paramete rs  f o r  t h e  t h i r d  

(downstream) r e a c h  o f  r i v e r .  Comparing F i g u r e  3 wi th  the e n v i a b l e  

i d e a l i s e d  s i m p l i c i t y  o f  F igu re  1 ,  one would have g r e a t  d i f -  

f i c u l t y  i n  answering t h e  q u e s t i o n  " a t  what p o i n t  does  t h e  model 

s t r u c t u r e  f a i l ? "  w i thou t  even a sk ing  t h e  q u e s t i o n  why it might  

have f a i l e d .  The r e s u l t s  are a p e c u l i a r  mix ture  of  bo th  i n s u f -  

f i c i e n t  and redundant  hypotheses  i n  t h e  model s t r u c t u r e - - o f ,  a t  

t h e  same t i m e ,  under- and ove r -pa rame te r i s a t i on .  The c o n s i d e r a b l e  

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

t h a t  t h e  model s t r u c t u r e  i s  inadequa te .  Y e t  t h e  s i m i l a r  p a t t e r n s  

o f  v a r i a b i l i t y  among t h e  d i f f e r e n t  pa ramete rs  i s  a symptom o f  

s u r p l u s  c o n t e n t  i n  t h e  model, i . e .  one inadequacy compensates 

f o r  ano the r .  I n  o t h e r  words, c e r t a i n  c r i t i c a l  f e a t u r e s  o f  t h e  

s t r u c t u r e  o f  t h e  r e l a t i o n s h i p s  under ly ing  t h e  f i e l d  d a t a  a r e  

n o t  i nc luded  i n  t h e  model, w h i l e  no s i n g l e  pa ramete r  e s t i m a t e  

unambiguously compensates f o r  t h e  obvious inadequacy.  

There a r e  a p p a r e n t l y  some absurd  hypotheses .  For i n s t a n c e ,  

t h e  r e c u r s i v e  e s t i m a t e s  of bo th  t h e  maximum s p e c i f i c  growth-ra te  

( n o n l i n e a r  Monod k i n e t i c s )  and f i r s t - o r d e r ,  d e a t h - r a t e  c o n s t a n t s  

f o r  t n e  phytoplankton p o p u l a t i o n  (F igu re s  3 (b )  and 3 (e )  respec-  

t i v e l y )  become n e g a t i v e l y  va lued .  One cou ld  a rgue ,  a s  a  r e s u l t ,  

t h a t  t h e  former i s  b a r e l y  s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  and 



t h a t  t h e  l a t t e r - - a  l i n e a r ,  n e g a t i v e ,  dea th - r a t e - - i s  perhaps  

ev idence  o f  a  p r e f e r r e d  l i n e a r  growth-ra te  f u n c t i o n  f o r  t h e  

phytoplankton ( a t  l e a s t  f o r  a l l  b u t  t h e  i n i t i a l  p e r i o d  o f  t h e  

d a t a ) .  But t h e  a n a l y s t  would be ha rd  p r e s s e d  t o  a t t a c h  g r e a t  

conf idence  t o  such  c o n c l u s i o n s .  On ba l ance  it might  b e  more 

a p p r o p r i a t e  t o  conc lude  t h a t  t h e  a l g a l  p o p u l a t i o n  i s  i n  a  s t a t e  

o f  e q u i l i b r i u m  w i t h  n e i t h e r  o f  t h e  r a t e s  o f  growth and d e a t h  

be ing  independen t ly  i d e n t i f i a b l e  from t h e  d a t a .  

The p r i n c i p a l  i s s u e  r a i s e d  by t h e  r e s u l t s  o f  F igu re  3 i s  

one o f  misp laced  con f idence  i n  a  p r i o r i  t h e o r y .  I t  h a s  a  s p e c i f i c  

a s p e c t  a s s o c i a t e d  w i t h  t h e s e  r e s u l t s  and a more g e n e r a l  a s p e c t  

r e l a t i n g  t o  t h e  i n t r o d u c t o r y  comments o f  t h e  paper .  Thus, f o r  

example, t h e  remarkable  s t a t i o n a r i t y  o f  t h e  r e c u r s i v e  e s t i m a t e  

f o r  t h e  r e a e r a t i o n  r a t e  c o n s t a n t  (F igu re  3 ( a ) )  i s  a f u n c t i o n  o f  

having assumed r e l a t i v e l y  more a p r i o r i  con f idence  i n  t h i s  

p a r t i c u l a r  pa ramete r .  I n  o t h e r  words, t h e  a n a l y s t  ha s  assumed 

t h a t  i f  t h e  model i s  t o  f a i l  it is  u n l i k e l y  t o  b e  a f u n c t i o n  o f  

a n  i nadequa t e  d e s c r i p t i o n  o f  t h e  r e a e r a t i o n  p r o c e s s ,  'a p o i n t  t o  

whiah w e  r e t u r n  l a t e r .  Th i s  might be a  r e a sonab l e  assumpt ion 

s i n c e ,  t o g e t h e r  w i t h  t h e  assumption concern ing  BOD decay,  abou t  

which s i m i l a r  q u e s t i o n s  w i l l  be r a i s e d  s h o r t l y ,  it i s  a b a s i c  

component o f  t h e  c l a s s i c a l  s t u d i e s  (conducted  i n  1925) o f  

S t r e e t e r  and Phe lps  [301 on r i v e r  p o l l u t i o n  and s e l f - p u r i f i c a t i o n .  

That  t h e s e  assumpt ions  have been used f o r  a  l ong  t i m e  c r e a t e s  a  

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

r ea sons ,  a s  demons t ra ted  e l sewhere  [151, f o r  a r g u i n g  t h a t  t h e  

c l a s s i c a l  assumpt ions  o f  S t r e e t e r  and Phe lps ,  and t h e  e q u a l l y  

c l a s s i c a l  assumpt ions  o f  d i s p e r s i o n  i n f l o w i n g  media, r e p r e s e n t  

p a t t e r n s  o f  behav iour  t h a t  a r e  n o t  i d e n t i f i a b l e  from t h i s  



p a r t i c u l a r  se t  o f  i n  s i t u  f i e l d  d a t a .  I n  t h i s  c a s e  t h e  problem 

o f  i d e n t i f i a b i l i t y  a r i s e s  because o t h e r  dominant modes o f  beha- 

v iour - -here ,  e s p e c i a l l y  i n  t h e  f i r s t  and second r eaches  of  t h e  

r i v e r ,  t h e  growth o f  a  phytoplankton  popula t ion- -a lmos t  e n t i r e l y  

obscure  t h e s e  less s i g n i f i c a n t  modes of  behav iou r .  I n  a  s e n s e ,  

t h e r e f o r e ,  t h e  assumpt ions  of  S t r e e t e r  and Phe lps  a r e ,  f o r  t h i s  

example, n o t  t e s t a b l e  p r o p o s i t i o n s ,  and  t h e i r  i n c l u s i o n  i n  any 

subsequent  model s t r u c t u r e  i s  tantamount  t o  an a c t  o f  f a i t h .  

I t  seems i m p o r t a n t  i n  a  more g e n e r a l  s e n s e ,  t h e r e f o r e ,  t o  

q u e s t i o n  t h e  mot ives  f o r  m a i n t a i n i n g  hypotheses  t h a t  a r e  n o t ,  

s t r i c t l y  speak ing ,  f a l s i f i a b l e .  The r e l u c t a n c e  t o  set  a s i d e  con- 

v e n t i o n  is  s t r o n g  indeed ,  and F igu re  3  ( c )  i l l u s t r a t e s  w e l l  t h e  

c o n f l i c t  t h a t  can  occur--Young [ 3 1 ]  h a s  p u t  forward a  cogen t  and 

c h a l l e n g i n g  argument on t h e  same p o i n t .  Given p r i o r  e x p e r i e n c e  t h a t  

t h e  h y p o t h e s i s  o f  BOD decay i s  probably  n o t  i d e n t i f i a b l e ,  a  BOD 

decay r a t e  c o n s t a n t  i s  s t i l l  r e t a i n e d  i n  t h e  model s t r u c t u r e ,  b u t  

w i t h  an a  p r i o r i  e s t i m a t e  o f  z e r o  (day-') . I t  would be  d i f f i c u l t  

t o  a rgue  from F i g u r e  3 ( c )  t h a t  t h e  subsequent  p a t t e r n  o f  t h e  recur- 

s i v e  e s t i m a t e s  prompts t h e  assumption of  a  s i g n i f i c a n t l y  non-zero 

v a l u e  f o r  t h i s  pa rame te r .  The problem c a n  t h u s  be sumrnarised a s  

fo l lows .  The r e s u l t s  o f  F igu re  3  a r e  founded upon t h e  premise t h a t :  

( a )  " W e  have c o n f i d e n c e  i n  t h e  hypotheses  o f  S t r e e t e r  

and Phe lps ,  b u t  c o n s i d e r  c u r r e n t  hypo theses  a b o u t  

mechanisms o f  phytoplankton  growth a s  h i g h l y  spec-  

u l a t i v e .  " 

Such a  premise  c o u l d  be r e o r i e n t e d  t o  e i t h e r  o f :  

( b )  "We a r e  c o n f i d e n t  abou t  o u r  hypo theses  f o r  

phy top lank ton  growth,  b u t  c o n s i d e r  t h e  assump- 

t i o n s  o f  S t r e e t e r  and  Phe lps  t o  be  h i g h l y  spec- 

u l a t i v e ;  " 

(c) "Al l  hypotheses  a r e  e q u a l l y  s p e c u l a t i v e . "  



Perhaps one  should  c l i n g  t o  t h e  f i r s t  premise  and n o t  r e j e c t  

convent ion u n t i l  it is demonstrably inadequa te .  The obvious  

dilemma i s  t h a t  j u s t  such a  c l u t c h i n g  a t  convent ion ,  e s p e c i a l l y  

i n  t h e  c o n t e x t  o f  wate r  q u a l i t y - e c o l o g i c a l  modeling,  may p rec lude  

t h e  p o s s i b i l i t y  o f  r e v e a l i n g  inadequacy.  And t h e  s h i f t  i n  emphasis 

a s  t o  where g r e a t e r  conf idence  i s  p l aced ,  from premise  ( a )  through 

( b )  t o  premise ( c ) ,  is  a  s p e c i f i c  i n t e r p r e t a t i o n  o f  t h e  change i n  

a t t i t u d e  towards model l ing d i s cus sed  i n  t h e  i n t r o d u c t i o n  t o  t h e  

paper .  

3 .2  C r e a t i v e  Specu la t i on  

The p roces s  o f  s p e c u l a t i o n  can be  i l l u s t r a t e d  w i th  r e s u l t s  

drawn l i k e w i s e  from ano the r  p a r t  o f  t h e  Bedford Ouse a n a l y s i s .  I t  

is  aga in  assumed ( i m p l i c i t l y )  t h a t  premise ( a )  above i s  r ea sonab le  

s o  t h a t  s p e c u l a t i o n  can be  conducted i n  terms o f  a  v e c t o r  of  lumped - 

parameters  r e p r e s e n t i n g  a l l  t h e  o t h e r  mechanisms o f  behaviour  ( i n  

t h i s  c a s e ,  sou rces  and s i n k s  o f  DO, BOD, and chlorophyl l - .a)  t h a t  

a r e  cons idered  t o  be  s p e c u l a t i v e  assumptions.  The o b j e c t i v e  t h e n  i s  

t o  g e n e r a t e  p l a u s i b l e  hypotheses  about  why t h e  e s t i m a t e s  f o r  t h e s e  

lumped parameters  e x h i b i t  v a r i a t i o n s  w i t h  t i m e  ( o r  s p a c e ) ,  i f  t h a t  

i s  so ;  t o  f o r m a l i s e  t h e s e  hypotheses ;  and t o  proceed t o  a  subsequent  

s t e p  i n  t h e  p roces s  o f  f a l s i f y i n g  t h e  r e v i s e d  model s t r u c t u r e .  For 

t h e  t h r e e  reaches  o f  t h e  Bedford Ouse system, p a r t  o f  t h e  d i a g n o s t i c  

evidence from a n a l y s i s  o f  t h i s  s p e c u l a t i o n  i s  ga the red  t o g e t h e r  i n  

F igu re s  4 and 5. One cou ld  t e n t a t i v e l y  conclude from t h e s e  r ecu r -  

s i v e  e s t i m a t e s  t h a t :  

(i) The r a t e  o f  a d d i t i o n  o f  ch lo rophy l l - a  t o  t h e  system 

reaches  a  maximum f i r s t  ( i n  t i m e )  i n  t h e  t h i r d  (down- 

s t ream)  reach ,  t hen  i n  t h e  second,  and l a s t l y  i n  t h e  

f i r s t  (upst ream) r each ,  F igu re  4 ;  



(ii) The r a t e  o f  a d d i t i o n  o f  d i s s o l v e d  oxygen t o  t h e  f i r s t  

r e a c h  i s  rough ly  p r o p o r t i o n a l  t o  t h e  obse rved  concen- 

t r a t i o n  o f  ch lo rophy l l - a  a t  t h e  downstream boundary 

o f  t h a t  r e a c h ,  F igu re '  5  ( a ) ;  t h e  r a t e  o f  a d d i t i o n  o f  

d i s s o l v e d  oxygen t o  t h e  second r e a c h  i s  rough ly  pro- 

p o r t i o n a l  t o  t h e  obse rved  c o n c e n t r a t i o n  o f  ch lo ro-  

phy l l - a ,  e x c e p t  o v e r  t h e  middle  p e r i o d  o f  t h e  r e c o r d ,  

F i g u r e  5  ( b ) ;  t h e  r a t e  o f  a d d i t i o n  o f  d i s s o l v e d  oxy- 

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

t o  t h e  obse rved  ch lo rophy l l - a  c o n c e n t r a t i o n  f o r  most 

o f  t h e  t i m e ,  F i g u r e  5  ( c )  . 
It would c e r t a i n l y  be  a b o l d  and imag ina t i ve  h y p o t h e s i s  t h a t  cou ld  

be  s y n t h e s i s e d  from such ev idence  and hence l e a d  t o  t h e  r e s t r u c -  

t u r i n g  o f  t h e  model f o r  t h e  purposes  o f  a g a i n  a t t e m p t i n g  t o  f a l s i f y  

t h e  r e v i s e d  hypo theses .  And t h i s  i s  a c t u a l l y  a r e l a t i v e l y  s imple  

example, when compared w i t h  t h e  complexi ty  o f  models f r e q u e n t l y  

d i s c u s s e d  i n  t h e  l i t e r a t u r e .  W e  have p r e s e n t e d  t h e  ev idence  o f  

F i g u r e s  4 and 5  p r i m a r i l y  s o  t h a t  one can  ask  t h e  r h e t o r i c a l  

ques t i on :  how would t h e  a n a l y s t  ab so rb  and i n t e r p r e t  t h i s  r e l a t i v e  

wea l t h  o f  d i a g n o s t i c s ?  A s  e a r l i e r ,  t o  have drawn t h e  p o s s i b l e  con- 

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

i n  one o r  more o f  t h e  pa ramete r s  ( a s  t y p i f i e d  by t h e  r e c u r s i v e  

e s t i m a t e s  o f  F i g u r e s  3 ,  4 ,  and 5 ) i s  o f  no consequence.  Ra the r ,  it 

i s  t h e  p r o c e s s  o f  s p e c u l a t i n g  a b u t  why such variations occur tha t  should 

be h i g h l y  va lued .  

3.3 Recons t ruc t i ng  t h e  Experiments  o f  Labora to ry  Sc i ence  

I n  i n t r o d u c i n g  t h e  problem o f  model s t r u c t u r e  i d e n t i f i c a t i o n  

it was assumed t h a t  o b s e r v a t i o n s  cou ld  be  o b t a i n e d  (and subsequen t ly  

i n t e r p r e t e d )  from exper iments  b road ly  s i m i l a r  t o  t h e  c l a s s i c a l  form 

o f  expe r imen t a t i on  i n  l a b o r a t o r y  s c i e n c e .  W e  s h a l l  f u r t h e r  assume 



t h a t  a  l a b o r a t o r y  expe r imen t  i s  u s u a l l y  des igned  t o  t e s t  t h e  

r e l a t i o n s h i p  between, s a y ,  two v a r i a b l e s  ( cause  and e f f e c t )  w h i l e  

a l l  o t h e r  v a r i a b l e s  a s s o c i a t e d  w i t h  t h e  sys t em a r e  ma in t a ined  

a t  s t e a d y ,  c o n s t a n t  v a l u e s .  C l e a r l y  t h e  f i e l d  d a t a  a v a i l a b l e  from 

env i ronmen ta l  sys tems  r e f l e c t  q u i t e  i m p e r f e c t  expe r imen t s .  L e t  

us  suppose ,  n e v e r t h e l e s s ,  t h a t  model s t r u c t u r e  i d e n t i f i c a t i o n  is  

a  procedure  f o r  r e c o n s t r u c t i n g  i n  s i t u  " expe r imen t s "  from obse rved  

d a t a  by (ma thema t i ca l )  a n a l y t i c a l  methods.  I n  o t h e r  words it seems 

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

i d e n t i f i c a t i o n  such  t h a t  it compensates f o r  t h e  uns teady  and 

e x t r a n e o u s  d i s t u r b a n c e s  o r i g i n a t i n g  from t h e  "envi ronmenta l  condi -  

t i o n s "  o f  t h e  laboratory-typenexperiment". An a p t  example i s  

premise  ( a )  a s s o c i a t e d  w i t h  t h e  Bedford Ouse a n a l y s i s  i n  s e c t i o n  

3.1 where t h e  "exper iment"  would be concerned  w i t h  i d e n t i f y i n g  t h e  

mechanisms o f  phytop lankton  growth and t h e  S t r e e t e r - P h e l p s  assump- 

t i o n s  would be  abso rbed  i n t o  t h e  a n a l y t i c a l  compensat ion f o r  t h e  

" expe r imen ta l  env i ronment" .  Another  a p t  example is  g iven  i n  

Somlyody's p a p e r  [ 31 ,  where t h e  "exper iment"  i s  t o  i d e n t i f y  t h e  

r e l a t i o n s h i p  between wind stress a t  a  p o i n t  on t h e  s u r f a c e  o f  

Lake Ba la ton  and t h e  d i s t r i b u t i o n  o f  suspended s o l i d s  measured 

i n  t h e  v e r t i c a l  w a t e r  column below t h a t  p o i n t .  A l l  o t h e r  phenomena 

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

s e d i m e n t a t i o n  and t h e  wind-induced r e s u s p e n s i o n  of  p a r t i c l e s  from 

t h e  bed o f  t h e  l a k e ,  a r e  assumed t o  be i n c l u d e d  i n  t h e  "envi ron-  

menta l  c o n d i t i o n s " .  T h i s  l a t t e r  would i n c l u d e ,  f o r  example,  s o l i d s  

t r a n s p o r t e d  h c r i z o n t a l l y  i n t o  t h e  v e r t i c a l  w a t e r  column and t h a t  

f r a c t i o n  o f  t h e  obse rved  suspended s o l i d s  c o n c e n t r a t i o n  due t o  

l i v i n g  o r g a n i c  m a t t e r ,  such  a s  a  phytop lankton  p o p u l a t i o n .  I n  f a c t ,  

t h e  model f o r  t h i s  " expe r imen t " ,  a s  d e f i n e d ,  i s  s u f f i c i e n t l y  w e l l  

posed t h a t  t h e  a n a l y s i s  might  more f r u i t f u l l y  be  " i n v e r t e d "  i n  

o r d e r  t o  i d e n t i f y  b e t t e r  t h e  r e l a t i o n s h i p s  assumed i n  t h e  g iven  

d e f i n i t i o n  o f  t h e  "envi ronment" .  



I n  e i t h e r  of  t h e  two examples quoted,  t h e  s k i l l  of  t h e  ana- 

l y s t  would l i e  i n  a r r ang ing  t h e  a n a l y s i s  such t h a t  ex t raneous  

i n t e r f e r e n c e  wi th  t h e  a n a l y s i s  could be f i l t e r e d  o u t .  A t  f i r s t  

s i g h t  t h i s  i s  perhaps a r a t h e r  a t t r a c t i v e  view o f  t h e  t r u e  purpose 

of system i d e n t i f i c a t i o n  and t ime- se r i e s  a n a l y s i s .  But it pre- 

supposes,  o f  cou r se ,  t h a t  t h a t  p a r t  o f  t h e  model r equ i r ed  t o  com- 

pensa t e  f o r  t h e  exper imenta l  "environment" is  known a p r i o r i  wi th  

s u f f i c i e n t  conf idence  t o  permi t  t h e  f u l l  power of  t h e  a n a l y s i s  

t o  be d i r e c t e d  towards i d e n t i f i c a t i o n  of t h e  r e l a t i o n s h i p s  de- 

f i n e d  a s  t h e  "experiment".  Such assumptions themselves  have t o  

be eva lua t ed .  The d i s t i n c t i o n  between what i s  "known w e l l "  and 

what i s  " s p e c u l a t i o n "  t hus  becomes van i sh ing ly  sma l l .  I t  is  u n l i k e l y ,  

a s  w i th  premise ( c )  i n  s e c t i o n  3.1,  t h a t  a l l  p r i o r  hypotheses a r e  

e q u a l l y  s p e c u l a t i v e ;  r a t h e r ,  a  spectrum of  degrees  of conf idence i s  

probable .  The freedom t o  manipulate where g r e a t e r  p r i o r  conf idence 

should be  p laced ,  however, can t h u s  be seen t o  be both  an advantage 

and a d i sadvantage .  I n  i t s  wors t  form it a l lows  t h e  p o s s i b i l i t y  

of  p r e j u d i c i n g  t h e  d i agnos i s  of  f a i l u r e ,  a s  appa ren t  w i th  t h e  

r e s u l t s  o f  F igure  3. I t  i s  d i f f i c u l t  t o  c la im,  however tempting 

it may be,  t h a t  t h e r e  i s  j u s t  one "experiment" and i t s  complemen- 

t a r y  "environment". I n s t e a d ,  it i s  on ly  p o s s i b l e  t o  s t a t e  t h a t  a  

number of  more o r  l e s s  s i g n i f i c a n t  "experiments" a r e  proceeding 

i n  p a r a l l e l .  This does n o t  mean t h a t  p a r t i a l l y  i s o l a t e d  exper iments  

cannot  be conducted on l a r g e - s c a l e  f i e l d  systems--the s tudy  o f  

wind-induced resuspens ion  of  l a k e  sediments i n  Somlyody's paper  

[31 t y p i f i e s  what i s  p o s s i b l e  i n  t h i s  r e s p e c t .  But it does mean 

t h a t  i f  t h e  a n a l y s t  a s p i r e s  t o  t h e  development of  a model f o r  t h e  

f i e l d  system a s  a whole, t hen  h i s  a n a l y s i s  o f  t h e  d a t a  w i l l  have 

t o  contend wi th  t h e  i n t r i n s i c a l l y  i n d i v i s i b l e  c h a r a c t e r  o f  t h e  

sys t em ' s  behaviour .  



4 .  CONCLUSIONS 

Many contemporary  e x e r c i s e s  i n  w a t e r  q u a l i t y - e c o l o g i c a l  

m o d e l l i n g  have  been conducted  w i t h o u t  s e r i o u s  c o n s i d e r a t i o n  o f  

t h e  s i g n i f i c a n c e  o f  c a l i b r a t i o n .  I t  i s  n o t  a n  empty append ix  

t o  t h e  mains t ream developments  i n  w a t e r  q u a l i t y  m o d e l l i n g .  I t  

may o n l y  be  c o n s i d e r e d  s o  i f  one  chooses  t o  a t t a c h  g r e a t  c o n f i -  

dence  t o  a  p r i o r i  t h e o r y ,  t h e r e b y  renounc ing ,  i n  e f f e c t ,  much o f  

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

The " q u e s t i o n i n g "  p r o c e s s  o f  model c a l i b r a t i o n ,  t o  which 

c o n s i d e r a b l e  impor tance  i s  a t t a c h e d ,  i s  what  h a s  been c a l l e d  h e r e  

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

proposed f o r  s o l v i n g  ( i n  p a r t )  t h i s  problem h a s  two p r imary  f e a -  

t u r e s :  ( a )  t h e  u s e  of r e c u r s i v e  pa ramete r  e s t i m a t i o n  a l g o r i t h m s  

f o r  t h e  a n a l y s i s  o f  time-series f i e l d  d a t a ;  and ( b )  t h e  a l t e r n a t e  

o b j e c t i v e s  o f  examining t h e  model s t r u c t u r e  from t h e  p o i n t  o f  view 

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

i n g  a b o u t  u n c e r t a i n  h y p o t h e s e s .  

The p a p e r  h a s  i l l u s t r a t e d  t h i s  approach  t o  model s t r u c t u r e  

i d e n t i f i c a t i o n  w i t h  a  c a s e - s t u d y  o f  t h e  Bedford Ouse r i v e r  sys tem.  

The r e l a t i v e  complex i ty  o f  t h i s  s t u d y  d e f i n e s  it a s  what  might  b e  

c a l l e d  a  second-genera t ion  s t u d y  i n  model s t r u c t u r e  i d e n t i f i c a t i o n ;  

i n d e e d  it r a i s e s  more q u e s t i o n s  t h a n  it answers .  I n  p a r t i c u l a r ,  

t h e  Bedford Ouse example c h a l l e n g e s  t h e  u s e f u l n e s s  o f  t h e  p r o c e d u r e  

o u t l i n e d  f o r  model s t r u c t u r e  i d e n t i f i c a t i o n  and draws a t t e n t i o n  t o  

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

e v i d e n c e  of  a n a l y s i s .  Th i s  example a l s o  i l l u s t r a t e s  t h e  problem 

o f  d i s t i n g u i s h i n g  between which a r e  c o n f i d e n t  and which a r e  

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

implementing t h e  proposed approach.  F i n a l l y ,  c o n s i d e r a t i o n  of  an  

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



a l though s u p e r f i c i a l l y  a t t r a c t i v e  a s  an i n t e r p r e t a t i o n  o f  model 

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

has  t o  contend  wi th  t h e  m u l t i p l i c i t y  o f  "exper iments"  i n h e r e n t  i n  

a se t  o f  f i e l d  d a t a  from an  envi ronmenta l  system. C l e a r l y ,  complexi ty ,  

an i n t r i n s i c a l l y  i n d i v i s i b l e  n a t u r e ,  and n o t  merely u n c e r t a i n t y ,  a r e  

inescapab le  problems i n  model l ing such l a r g e - s c a l e  sys tems.  
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Period 1 Period 2 Period 3 

A Recursive parameter a, 
estimates 

Time (t) 

F i g u r e  1 .  An I l l u s t r a t i v e  Example showing t h e  Concept o f  u s i n g  
a  Recurs ive  Parameter  E s t i m a t o r  i n  t h e  Contex t  o f  
Model S t r u c t u r e  I d e n t i f i c a t i o n :  ( a )  Hypo the t i c a l  
Model Response and Observa t ions  ( d o t s )  ; ( b )  Conceptual  
P i c t u r e  o f  Model S t r u c t u r e ;  ( c )  Recurs ive  Parameter  
Es t ima t e s  



Hypothesis 1 

3 Generation of a 
subsequent hypothesis 

Hypothesis 2 

Figure  2 .  The Process  of  Model S t r u c t u r e  I d e n t i f i c a t i o n :  
Revision of t h e  Model S t r u c t u r e  and Re-est imation of 
t h e  a s s o c i a t e d  Parameters ( b )  on t h e  b a s i s  of  d iag-  
nosing how t h e  p r i o r  Model S t r u c t u r e  f a i l s  ( a ) .  



F i g u r e  3. Model S t r u c t u r e  I d e n t i f i c a t i o n  ( t h e  p r o c e s s  o f  
f a l s i f y i n g  c o n f i d e n t  hypo theses )  i n  t h e  Bedford 
Ouse Case Study ( t h i r d  r e a c h )  : ( a )  Reae ra t i on  
Ra te  Cons t an t  (day-1 ; (b) Maximum S p e c i f i c  
Growth-Rate Cons tan t  f o r  Phytoplankton (dayd1 ) ; 
(c )  BOD Decay Rate  C o e f f i c i e n t  (day'l ) ; 
(d )  Rate  Cons tan t  f o r  a d d i t i o n  o f  BOD t o  r e ach  
from Suspended S o l i d  Ma t t e r  (day'l [gm-3 BOD] 
[ g n ~ ' ~  SS] -1 ) ;  (e )  Dea th - ra te  Cons t an t  f o r  Phytoplankton 
(day-1) ; ( f )  Rate  Cons tan t  f o r  "Loss" o f  Suspended 
S o i l s  from t h e  Reach (day'l ) . 
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Figure  4 .  Model S t r u c t u r e  I d e n t i f i c a t i o n  ( t h e  process  of  
s p e c u l a t i o n )  i n  t h e  Bedford Ouse Case Study: 
Recursive Es t imates  f o r  t h e  Net Rates of  Addit ion 
of Chlorophyll-A t o  each Reach of t h e  System 
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(a) Reach 1 : Net rate of addition of DO Observed 
chlorophyll-A 
concentration 
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(c) Reach 3: Net rate of addition of DO Observed 
chlorophyll-A 
concentration . 
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Figu re  5.  Model S t r u c t u r e  I d e n t i f i c a t i o n  ( t h e  p roces s  o f  
s p e c u l a t i o n )  i n  t h e  Bedford Ouse Case Study;  
Comparison o f  Recurs ive  Es t ima te s  f o r  t h e  N e t  
Ra tes  o f  Addi t ion  o f  DO t o  each Reach o f  t h e  System 
wi th  t h e  observed  Chlorophyll-A Concen t r a t i ons  a t  
t h e  Downstream Boundary of each r e s p e c t i v e  Reach. 


