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PREFACE 

During t h e  p a s t  decade, t h e r e  has  been cons iderab le  i n t e r e s t  i n  t h e  develop- 
ment of  models f o r  r i v e r  and l ake  eco log ica l  systems. Much of t h i s  i n t e r e s t  
ha s  been d i r e c t e d  towards t h e  c o n s t r u c t i o n  of p rog re s s ive ly  l a r g e r  and 
more complex d e t e r m i n i s t i c  s imula t ion  models. However, while  our  exper ience  
i s  growing, we begin t o  r e a l i z e  t h a t  ou r  computational c a p a b i l i t i e s  
exceed by f a r  t h e  l e v e l  of ou r  knowledge of ,  t h e  complex p roces se s  i n  t h e  
r e a l  world. Furthermore, i n  e c o l o g i c a l  modeling we seldoxn, i f  e v e r ,  en- 
counter  d a t a  of s u f f i c i e n t  amount and accuracy t o  a l low f o r  a r i g i d  c a l i -  
b r a t i o n  of  our  models. IIASA's Resources and Environment Area t a s k  on 
Models f o r  Environmental Qua l i t y  Cont ro l  and Management recognizes  t h e  
problems of  coping wi th  model, d a t a ,  and parameter u n c e r t a i n t i e s  a s  a 
cha l lenging  i s s u e  f o r  f u t u r e  r e sea rch .  Th i s  paper  can be seen a s  a p r e l imina ry  
and modest c o n t r i b u t i o n  i n  t h i s  d i r e c t i o n .  

The s tudy  was done a t  IIASA i n  a l i m i t e d  amount of t ime and was f i n a l i z e d  
dur ing  a s h o r t  s t a y  of  t h e  second au tho r  a t  t h e  I n s t i t u t e .  The r e s u l t s  were 
a l s o  p re sen t ed  a t  t h e  j o i n t  colloquium of  t h e  Commission f o r  t h e  Study o f  
Water Management i n  t h e  Province o f  Geiderland, t h e  Nether lands,  and t h e  
Spec i a l  Research Area 79 of  t h e  Fede ra l  Republic of Germany (Hannover Univer- 
s i t y  of Technology) h e l d  a t  Wageningen, The Nether lands,  from 14 - 1 6  
February 1979. 





ABSTRACT 

The app l icab i l i ty  of water qual i ty  models depends upon the  qua l i ty  of t he  
parameter estimates. A phytoplankton-oxygen model developed for  canalized 
lowland streams is tes ted  against  data from a l imited plug following measure- 
ment program. The accuracy of the  parameter est imates is l imited by the  
inaccuracy of t h e  BOD measurement i n  the  presence of algae. Other sources 
of parameter uncer ta in t ies  are :  (i) s i t e  dependency of parameters lumping 
complex subsystems, such a s  the  BOD decay r a t e  coef f ic ien t ,  having a higher 
value d i r ec t l y  a f t e r  a waste discharge, and (ii) time dependency of 
lumped parameters, such a s  the  a lga l  death r a t e  coef f ic ien t .  A sens i t i v i t y  
analysis ,  based on the  solut ion of the  s ens i t i v i t y  equations of the  model, 
is then performed t o  provide some ins ight  i n to  the  e f f ec t s  of parameter 
uncer ta int ies  on model r e su l t s .  I t  appears t h a t  the  growth and death r a t e s  
of algae dominate the  phytoplankton, BOD and oxygen behaviour, and t ha t  a 
separate estimate i n  the  absence of accurate BOD measurements i s  d i f f i c u l t  
t o  obtain without addi t ional  information. 





INTRODUCTION 

The development of  d e c i s i o n  making t o o l s  i n  t h e  f i e l d  of water  q u a n t i t y  a s  

we l l  a s  q u a l i t y  i s  t h e  p r i n c i p a l  aim of  t h e  i n t e g r a t e d  r e g i o n a l  water  

management s tudy ,  conducted i n  r e c e n t  yea r s  by t h e  Committee f o r  t h e  Study 

of  Water Management i n  t h e  Province o f  Gelder land,  t h e  Nether lands (CWG). 

The i n c l u s i o n  of  water  q u a l i t y  problems i n  t h e  s tudy  was i n  p a r t  due t o  

t h e  reasoning t h a t  a  p o s s i b l e  l i n k  e x i s t s  between s u r f a c e  water  q u a l i t y  

and i t s  s u i t a b i l i t y  f o r  d r ink ing  water  purposes.  But even i f  s u r f a c e  

water  i s  n o t  t o  b e  used,  ground water  being i n  s u f f i c i e n t  supply ,  t h e r e  

is s t i l l  a  s t r o n g  i n c e n t i v e  t o  s tudy  water  q u a l i t y  i n  r e l a t i o n  t o  q u a n t i t y  

problems, s i n c e  q u a l i t y  is a f f e c t e d  by water  management i n  s e v e r a l  ways 

(van S t r a t e n ,  1979) . 

The development of t h e  water  q u a l i t y  modelling element i n  t h e  i n t e g r a t e d  

s tudy  is  based on s e v e r a l  y e a r s  of f i e l d  r e sea rch  i n  t h e  Gelder land a r e a  

(mainly conducted a s  s t u d e n t  p r o j e c t s ) .  This  work has  f i n a l l y  l e d  t o  t h e  

computer package GELQAM (Gelderland Water Qua l i t y  Analysis  Model), a  major 

product  of t h e  water  q u a l i t y  work. The package w i l l  be a v a i l a b l e  f o r  

i n t e r e s t e d  u se r s .  GELQMI focuses  on d i s so lved  oxygen a s  r e l e v a n t  

c h a r a c t e r i s t i c  o f  water  q u a l i t y .  A d e t a i l e d  d e s c r i p t i o n  o f  GELQAM and i ts  

unique numerical f e a t u r e s  i s  given elsewhere (de  Boer, 1978) .  

This  paper  d i s c u s s e s  some o f  t h e  problems and d i f f i c u l t i e s  m e t ,  and p a r t l y  

overcome, du r ing  t h e  s tudy .  I t  i s  ou r  aim t o  h i g h l i g h t  u n c e r t a i n t i e s  which 

are s t i l l  a s s o c i a t e d  w i th  r i v e r  water  q u a l i t y  modelling nowadays. We 

develop t h e  i s s u e  i n  two ways: f i r s t  w e  d e a l  w i t h  u n c e r t a i n t i e s  i n  t h e  

eva lua t ion  o f  model parameters ,  and secondly w e  d i s c u s s  t h e  consequences 

of  s i m p l i f i c a t i o n s  i n  t h e  p roces s  d e s c r i p t i o n .  The e f f e c t  of  inadequacy 

of  t h e  d a t a  is a l s o  i l l u s t r a t e d .  We then  focus  on s e n s i t i v i t y  a n a l y s i s  

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

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

SYSTEM CHARACTERISTICS 

The r i v e r s  and brooks i n  t h e  Gelder land a r e a  a r e  lowland streams, which are 

t y p i c a l  of  r e l a t i v e l y  f l a t  a r e a s .  Most of  them have been cana l i zed  f o r  

r ea sons  o f  water  l e v e l  c o n t r o l ,  mainly f o r  a g r i c u l t u r a l  purposes .  Only 



some of  t h e  upper branches have r e t a i n e d  t h e i r  o r i g i n a l ,  more n a t u r a l  shape. 

From t h e  hydrobio logica l  p o i n t  of  view c a n a l i z a t i o n  b r i n g s  cons ide rab l e  

changes. Water p l a n t s  and s e s s i l e  a l g a e  c h a r a c t e r i z e  t h e  shal low,  r e l a t i v e l y  

f a s t  f lowing n a t u r a l  brooks. I n  t h e  cana l i zed  s e c t i o n s  less favourable  

cond i t i ons  p r e v a i l  because of t h e  h igher  l i g h t  a t t e n u a t i o n  i n  t h e  deeper  

water  column. In s t ead ,  e s s e n t i a l l y  h igher  r e s idence  t imes  a l l ow  f o r  a 

no to r ious  development of  p l ank ton ic  a l g a e ,  e s p e c i a l l y  dur tng  d r y  summer 

pe r iods .  Also, a remarkable  change o f  macrophauna has  been observed 

(Tolkamp, 1975) . 

For s e v e r a l  reasons  t h e  q u a l i t y  work has  been r e s t r i c t e d  mainly t o  t h e  

cana l i zed  s t ream s e c t i o n s  o f  brooks and r i v e r s  o f  moderate s i z e .  One 

important  j u s t i f i c a t i o n  i s  t h a t  t hose  s e c t i o n s  a r e  probably of  more 

s i g n i f i c a n c e  f o r  p o t e n t i a l  water usage f u n c t i o n s  than  t h e  sma l l e r ,  n a t u r a l  

brooks. 

I n  many r e s p e c t s  cana l i zed  r i v e r  s e c t i o n s  behave s i m i l a r  t o  l akes .  I t  

should be po in t ed  o u t ,  however, t h a t  t h e  r i v e r  system i s  more s e n s i t i v e  

t o  hydrodynamical v a r i a t i o n s .  During s torm water p e r i o d s  t h e  c o n t e n t s  

of t h e  r i v e r  may be r e f r e shed  wi th in  a few days o r  even hours ,  s o  t h a t  t h e  

p l ank ton ic  a l g a e  a r e  washed o u t .  During subsequent d r i e r  p e r i o d s  a new 

deve lopmentwi l l  s t a r t ,  b u t  t h e  popula t ion  may be d i f f e r e n t  due t o  a 

d i f f e r e n t  seed  f l u shed  i n  from t h e  upstream water courses .  

SHORT MODEL DESCRIPTION 

I n  gene ra l  terms t h e  r e s u l t s  of ou r  f i e l d  s t u d i e s  d i d  n o t  deny t h e  p a t t e r n  

u s u a l l y  r epo r t ed  f o r  t h e  oxygen behaviour i n  s t reams.  Thus, p roces se s  

i n f luenc ing  t h e  d i s s o l v e d  oxygen con ten t  a r e :  decay o f  bo th  carbonaceous 

and n i t rogeneous  o x i d i z a b l e  m a t t e r ,  consumption by t h e  sediment l a y e r ,  

consumption by a l g a l  r e s p i r a t i o n ,  r e a e r a t i o n  and, du r ing  d a y l i g h t ,  p roduct ion  

by photosynthes i s .  Consequently,  t h e  s t a t e  v a r i a b l e s  i n  t h e  model a r e  

d i s so lved  oxygen, C-BOD, N-BOD and a l g a e  (expressed a s  ch lorophyl l -a ) .  I n  

a d d i t i o n ,  s o l u b l e  r e a c t i v e  phosphorus has  been included i n  t h e  s t a t e  v e c t o r  

because of i t s  dominant r o l e  i n  t h e  c o n t r o l  of a l g a l  blooms. The pathways 

followed i n  t h e  development o f  t h i s  s t r u c t u r e  a r e  o u t l i n e d  i n  van S t r a t e n  (1977) 

and w i l l  n o t  be  repea ted  here .  



The b a s i c  e q u a t i o n s  a r e  g iven  i n  Tab le  1. The model combines e lements  o f  

u sua l  d i s s o l v e d  oxygen r i v e r  models ( e . g . ,  O'Connor and D i  Toro,  19701, 

w i t h  e lements  frcm well-known a l g a l  dynamics models f o r  l a k e s  (e .g . ,  D i  Toro,  

O'Connor and Thomann, 1974 ) .  

The model accord ing  t o  Tab le  1 c o n s t i t u t e s  a s e t  o f  second o r d e r  p a r t i a l  

d i f f e r e n t i a l  equa t i ons .  The l o n g i t u d i n a l  d i s p e r s i o n  term is n o t  shown b u t  

h a s  been i nc luded ,  because  d i s p e r s i o n  e f f e c t s  c an  b e  s i g n i f i c a n t  e s p e c i a l l y  

d u r i n g  low f low c o n d i t i o n s .  A more d e t a i l e d  a n a l y s i s  o f  t h e  r o l e  o f  d i s p e r -  

s i o n  can b e  found i n  van S t r a t e n  (1979) .  

The numerical  s o l u t i o n  o f  t h e  set  o f  equa t i ons  r e q u i r e s  s p e c i a l  a t t e n t i o n .  

D i s c r e t i z a t i o n  i n  b o t h  t ime  and space  is necessa ry .  Usual d i f f e r e n c e  

schemes w i th  f i x e d  t ime and space  g r i d  appear  less p r o f i t a b l e  f o r  r i v e r  

systems.  The r ea son  is  t h a t  t h e  r e l a t i v e l y  low d i s p e r s i o n  (as opposed t o  

e s t u a r i e s )  r e q u i r e s  a n  uneconomical number o f  g r i d  p o i n t s  f o r  a c c u r a t e  

r e s u l t s .  The re fo r e ,  f o r  GELQAM, a moving cel l  method h a s  been developed 

(de  Boer, 1977, 1979 ) .  The b a s i c  f e a t u r e  of  t h i s  i s  a c o o r d i n a t i o n  t r a n s -  

fo rmat ion  i n  such a way t h a t  t h e  system i s  so lved  a long  t h e  stream-flow 

t r a j e c t o r i e s .  I n  o t h e r  words, t h e  model f o l l ows  a number of consecu t i ve  

' p l u g s '  o f  w a t e r  on  t h e i r  t r a v e l  downstream. 

PARAMETER ESTIMATION 

Before  t h e  model can b e  used it i s  neces sa ry  t o  have estimates f o r  t h e  

paramete rs .  For most o f  them a f i r s t  o r d e r  e s t i m a t e  can b e  o b t a i n e d  from 

t h e  l i t e r a t u r e .  However, pa ramete rs  f o r  which t h e  model i s  v e r y  s e n s i t i v e  

have t o  b e  e v a l u a t e d  i n  t h e  f i e l d .  Sometimes it i s  p o s s i b l e  t o  i s o l a t e  

p a r t  o f  t h e  p roce s se s  by  de s ign ing  s p e c i a l  exper iments .  An example of t h i s  

is t h e  well-known dark  and l i g h t  b o t t l e  exper iment .  H e r e  r e a e r a t i o n ,  

v e r t i c a l  mixing and, i n  t h e  dark  b o t t l e s ,  pho to syn the s i s  are excluded.  

The v e r t i c a l  p r o f i l e  of  t h e  n e t  oxygen p roduc t i on  i n  t h e  b o t t l e s  enab l e s  

t h e  i d e n t i f i c a t i o n  o f  t h e  a l g a l  growth system and t h e  e s t i m a t i o n  o f  i ts  

paramete rs  ( i . e . ,  I o r  I and t h e  p roduc t  Ycakpa. Note t h e  u n c e r t a i n t y  
s k 

i n  t h e  growth r a t e  i t s e l f  as a consequence o f  t h e  wide range  o f  oxygen 

y i e l d  Yca: from 50 t o  250 mg oxygen p e r  mg ch lo rophy l l - a ,  c f .  van S t r a t e n ,  

1978) . 
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algae 

C-BOD 

N-93D 

dissolved 
OSYgen 

algal algal algal C-DOD N-EOD 
respiration death dea?f d~%ay reaeration Sedirrrent 

interaction 

phosphorus 

Oxygen l i m i t  f u n c t i o n  
Ck + C 

Light  f u n c t i o n  

e x t i n c t i o n  and se l f shading:  

k  = ko + at 

I ( t )  = I o ( t )  exp ( -  keH) 
A 

d a i l y  l i g h t  p a t t e r n :  

s i n  (2n(tdl-12)/48) + s i n  (2n(t-61/24) 
I ( t )  = 0.5 I 

tot 48 cos ( 2 n ( l 2 - t  ) /48)  + tdl s i n ( 2 n ( t .  -12)/48) 
2n d l  a1 

where tdl = daylength  (h)  

and Itot = daysum of  t o t a l  r a d i a t i o n  ( ~ / c m ~ )  

P  
Phosphorus l i m i t  f u n c t i o n  Pm = - 

Pk + P  

Reaerat ion kr = c r  Dm4 (Q/A)' H-3/2 ( 1 . 0 2 4 ) ~ - ~ '  

3 
where Q  = flow r a t e  ( m  /h )  2  

A = c r o s s  s e c t i o n a l  a r e a  ( m  ) 

H = depth  (m) 

Temperature f u n c t i o n s  

S = S ( 1 . 0 6 5 ) ~ - ~ '  
20 

C = 13.97 exp(- 0.021 T) 

where T = t empera ture  (C) 

TABLE 1 .  hlodc 1 description 
;?'st of si/mbols (:I:' parameter values given i n  Table 2 



In addition, information about the processes and the parameters can be 

obtained by following the course of the state variables in a plug of water 

moving downstream, a method most profitable if dispersion is relatively low. 

If the system is simple, such as in the case of the classical BOD-DO model 

without algae, the evaluation of some of the parameters is straightforward. 

For instance, the BOD-balance reduces to 

dL - = -kbL 
d'r 

where 'r is the travel time, and k follows simply from 
b 

LT = L o e x p  (-kb'r) 

However, if algae are present these simple relationships no longer hold 

firstly because the algae contribute to the measured BOD and secondly 

because detritus produced by the death of algae constitutes an additional 

term in the mass balance. Therefore, essentially, the ultimate parameter 

estimates are obtained by tuning the model to the measurements. 

River Berkel Example 

A data set is available for the Berkel River in the eastern Gelderland area 

where a plug following program was conducted from 21st-25th June, 1976 

(Hiemstra, 1978). Starting fromknownvalue ranges for the parameters, 

obtained from earlier measurements in other Gelderland regions, and with 

additional information from a dark and light bottle experiment, a parameter 

set was found that could explain the experimental results. Table 2 lists 

the full parameter set, with the appropriate changes to accommodate slight 

differences in model description between Table 1 and Hiemstra's original 

mode 1, 

The River Berkel is a canalized river. The study reach covered two 

sections between weirs and was about 5.8 km long. A discharge of 

mechanically treated sewage water (approx. 15 kg c-bod/h) is located 

1 km upstream from the study reach. Table 3 summarizes the main character- 

istics. For reasons pointed out below, travel time and distance are 



Nominal 
Value 

Uni t  No Parameter 

growth r a t e  a l g a e  

Michaelis-Menton c o e f f i c i e n t  
f o r  P  

Pk 

e x t i n c t i o n  c o e f f i c i e n t  k  
0 

se l f - shading  c o e f f i c i e n t  a 

optimal  l i g h t  i n t e n s i t y  I 
S 

a l g a l  r e s p i r a t i o n  r a t e  
c o e f f i c i e n t  

a l g a l  d e a t h  r a t e  c o e f f i c i e n t  
kda 

C-BOD decay r a t e  c o e f f i c i e n t  
kb 20 

Michaelis-Menton c o e f f i c i e n t  
gen Ck 

d e t r i t u s  product ion  e f f i c i e n c y  ., A 

BOD/algae y i e l d  Y 
l a  

n i t r i f i c a t i o n  r a t e  
kn 20 

N/algae y i e l d  Y 
na 

r e a e r a t i o n  f a c t o r  c 
r 

0 / a lgae  y i e l d  
2 

0 /ammonium y i e l d  
2 

sediment oxygen consumption 
S20 

P/algae y i e l d  

P  r ecyc l ing  e f f i c i e n c y  X 
P  

P  sedimentat ion r a t e  c o e f f i c i e n t  k  
s 

f r a c t i o n  P  t h a t  might sediment X 
P* 

- - - - - - 

TABLE 2 .  P m m e t z r  description and nominal values for BerkeZ River simulation 



counted from t h e  beginning o f  t h e  d i scharge  s e c t i o n ,  i . e .  t h e  s e c t i o n  

before t h e  s tudy  reach. 

c r o s s  e c t i o n  depth  3 t r a v e l  t r a v e l  r e a l  t ime 
l o c a t i o n  (m 1 (m)  d i s t a n c e  (m) t ime (h)  d a t e  t ime 

weir  2/3 36 1.5 0 0 19-6 18.20 

S TP 2050 26.5 20-6 20.50 

53 2.0 
weir  3/4 3090 42.7 21.6 13.00 

55 . 1.9 

7 0 2.3 
weir  4/5 

14 
5380 84.7 23-6 7.00 

1 .2  

wei r  5/6 29 2.0 8920 105.9 24-6 4.20 

TABLE 3. Characterist ics River BerkeZ/pZug foZZowing program 

A q u a l i t a t i v e  i d e a  of t h e  goodness of  f i t  ob ta ined  i n  t h e  parameter  c a l i b r a t i o n  

phase g ives  F i g . 1  f o r  a l g a e  and Fig.2 f o r  d i s so lved  oxygen. C l e a r l y ,  q u i t e  

l a r g e  d i s c r e p a n c i e s  between model and measurements e x i s t ,  s e e  f o r  i n s t ance  

t i m e  86h f o r  a l g a e  and t ime 68h f o r  d i s s o l v e d  oxygen. It  is i n t e r e s t i n g  

t o  no t e  t h a t  very  low f low c o n d i t i o n s  p reva i l ed  du r ing  t h e  measurement 

week, sugges t ing  t h e  p o s s i b i l i t y  of on ly  l i m i t e d  v e r t i c a l  mixing e s p e c i a l l y  

i n  s t r e t c h e s  f a r  away from t h e  w e i r .  Th is  might exp la in  t h e  h igh  oxygen 

c o n t e n t  observed a t  68h, i . e .  14.00h c lock  t ime,  because t h e  sample i s  

taken  from t h e  s u r f a c e  where du r ing  t h e  day t h e  h i g h e s t  oxygen product ion  

t a k e s  p lace .  

P a r a l l e l  t o  t h e  p lug  fo l lowing  program an independent input-output  program 

was a l s o  done f o r  24 hours .  This  enabled t h e  t e s t i n g  o f  t h e  parameter  

s e t  by comparing t h e  observed o u t p u t  t i m e  series wi th  t h e  one p r e d i c t e d  

by t h e  model u s i n g  t h e  i n p u t  series a s  i n i t i a l  cond i t i ons .  The r e s u l t  

was reasonable ,  a l though i n  t h e  end t h e  p red i c t ed  ch lorophyl l -a ,  and 

consequent ly  t h e  d i s so lved  oxygen, were t o o  high. 

UNCERTAINTY 

The Berkel  River example i s  a l s o  s u i t a b l e  f o r  i l l u s t r a t i n g  some u n c e r t a i n t i e s  

i n  r i v e r  q u a l i t y  modelling. For t h i s  purpose w e  t a k e  a  look a t  both model 
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Figu re  1. Measurements (dots') and simulation for phytoplankton 
Arrow: waste discharge point 
Bars : weirs  
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Figu re  2 .  Measurements ( do t s )  and simulation for dissolved oxygen 



and measurement r e s u l t s  f o r  carbonaceous BOD (F ig .3) .  An immediate 

d i f f i c u l t y  a r i s e s :  what i s  (C-)BOD? The model r equ i r e s  t h e  u l t ima te  

BOD of a l l  ox id i zab le  organic  ma t t e r  except  l i v i n g  a lgae .  I n  p r a c t i c e  a  

2?-day BOD-test was done. A per iod  of 20 days i s  s u f f i c i e n t  t o  approach 

the  BOD u l t i m a t e ,  b u t  t h e  r e s u l t  i nc ludes  both t h e  ammonium ox ida t ion  

and, perhaps only  p a r t l y ,  t h e  oxygen demand r e s u l t i n g  from a lgae  dying 

and r e s p i r i n g  dur ing  t h e  t e s t .  I n  o r d e r  t o  exclude t h e  a lgae  a  BOD 
2 0 

f o r  f i l t e r e d  samples was a l s o  done. However, t h i s  procedure a l s o  

excludes non-algal p a r t i c u l a t e  ox id i zab le  organic  mat te r .  Thus, a l l  

t h a t  can be  s a i d  is  t h a t  t h e  a c t u a l  BOD must be somewhere between t h e  

va lues  f o r  t h e  f i l t e r e d  and u n f i l t e r e d  samples, a s  i nd ica t ed  by t h e  open 

c i r c l e s  i n  Fig.3.  A c o r r e c t i o n  f o r  t h e  n i t r i f i c a t i o n  was made by 

mul t ip ly ing  t h e  measured ammonium n i t rogen  concent ra t ion  wi th  4.3 

(mg 0 per  mg N) and s u b t r a c t i n g  t h i s  va lue  from t h e  BOD t e s t  r e s u l t  
2  

(again in t roducing  some u n c e r t a i n t y ) .  
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~ i g u r e  3. Measurements for f i l tered (lower c i r c l e )  and 
to ta l  carbonaceous BOD (upper c i rc l e )  and 
two simulation resu l t s  (see t e x t )  



The model s imu la t i on  r e s u l t s  ( s o l i d  l i n e s  Fig.3; t h e  o r i g i n  o f  t h e  two 

curves  i s  explained below) sugges t  a c l e a r  i n c r e a s e  i n  carbonaceous BOD, 

caused by product ion  of  d e t r i t u s  due t o  a l g a l  dea th .  Although t h e  

i n c r e a s e  is n o t  very  c l e a r  i n  t h e  measurements t h e  t r e n d  i s  a l s o  observed 

i n  t h e  input-output  r e s u l t s ,  where t h e  C-BOD a t  t h e  ou tpu t  i s  s i g n i f i c a n t l y  

h igher  than a t  t h e  i npu t .  Simultaneously t h e r e  is a remarkable d e c l i n e  i n  

chlorophyl l -a  (Fig.1) i n  s p i t e  of very favourable  weather c o n d i t i o n s  f o r  

a l g a l  growth, l i kewi se  p o i n t i n g  towards an unusua l ly  a c t i v e  d e a t h  process .  

The accuracy of  t h e  measurements does no t  a l low f o r  a p r e c i s e  eva lua t ion  

of t h e  parameters .  Let  u s ,  t h e r e f o r e ,  f o r  t h e  t i m e  being,  adopt  t h e  

parameter s e t  of  Table 2. Now, i f  t h i s  i s  t h e  v a l i d  set,  it must be  

p o s s i b l e  t o  e x t r a p o l a t e  t h e  s imula t ion  backward i n  t ime t o  see whether 

accep tab l e  va lues  a r e  ob ta ined  i n  t h e  d i s cha rge  s e c t i o n  b e f o r e  t h e  

measurement s e c t i o n s .  Doing t h i s  it a p p e a r s t h a t t h e  C-BOD j u s t  b e f o r e  

t h e  waste d i s cha rge  must have been nega t ive  i n  o r d e r  t o  produce t h e  

r e s u l t s  i n  t h e  measurement s e c t i o n s .  This ,  of  course ,  i s  imposs ib le ,  

demonstrat ing t h a t  an accep tab l e  parameter set  can become non-acceptable 

i f  e x t r a p o l a t i o n s  a r e  made t o  o t h e r  s e c t i o n s  o r  o t h e r  t i m e s .  

An explana t ion  can be  found by no t ing  t h a t  t h e  BOD decay r a t e  c o e f f i c i e n t  

r e p r e s e n t s  a lumped p roces s ,  covering a complex of b a c t e r i a l  subprocesses .  

Observat ions i n  d i f f e r e n t  r i v e r s  i n  t h e  Gelderland a r e a  i n d i c a t e  t h a t  t h e  

r a t e  cons t an t  is BOD dependent,  a s  i l l u s t r a t e d  i n  Table  4. 

BOD BOD2 C-BOD 
Brook o r  River f  i l z g r e d  t o t a ?  c a l c u l a t e d  

Groenlose S l i n g e  1972 40-180 15-130 1.5-2 

Oude IJssel 1974 20-40 20- 60 5- 25 < O .  05 

Oude I J s s e l  1975 8-15 20- 35 10- 25 0.1-0.6 

Berkel  1974 10-20 20- 40 0.3 

Berkel 1978 15-20 20- 25 0- 8 0.1-0.2 

Eem (Utrecht )  1977 20-25 25- 40 0.1-0.2 

TABLE 4. BOD decay ra te  and associated BOD-ranges ( r e f .  van S traten  
and de Boer, 1979) 



Obviously, t h e  BOD decay r a t e  c o e f f i c i e n t  is  higher  i n  more p o l l u t e d  s t reams 

because un t r ea t ed  waste water i s  more e a s i l y  degradable than  e f f l u e n t s  from 

sewage t rea tment  p l a n t s .  Therefore,  it may be hypothesised t h a t  t h e  decay 

r a t e  c o e f f i c i e n t  has  been h igher  i n  t h e  s e c t i o n  d i r e c t l y  a f t e r  t h e  waste 

d ischarge  than  i n  t h e  r e s t  of t h e  r i v e r  s t r e t c h .  

S imi l a r  arguments apply  t o  t h e  dea th  r a t e  of a lgae.  Again t h i s  c o e f f i c i e n t  

lumps a v a r i e t y  of underlying processes  such a s  r e s p i r a t i o n ,  n a t u r a l  dea th  

and dea th  by zooplankton graz ing .  The l a t t e r  process  e s p e c i a l l y ,  

in t roduces  a high v a r i a b i l i t y  of t h e  dea th  r a t e  i n  t ime. In  f a c t ,  it i s  

known t h a t  zooplankton was p r e s e n t  dur ing  t h e  measurement per iod .  Fo r t -  

n i g h t l y  r o u t i n e  measurements revea led  t h a t  t h e  measurement p e r i o d  co inc ided  

with t h e  lowest  chlorophyll-a  (and t h e  h i g h e s t  pheophytine) concen t r a t ion  i n  

t h e  e n t i r e  summer pe r iod ,  and t h a t  a sha rp  d e c l i n e  had occurred from about  

140 pg ch lorophyl l -a / l  t o  50 pg/ l  wi th in  t h e  two preceeding weeks. Combined 

wi th  t h e  low flow r a t e  it is  most l i k e l y  t h a t  t h e  zooplankton reached i t s  

peak concen t r a t ions  i n  o r  a f t e r  t h e  measurement week, r e s u l t i n g  i n  a s t i l l  

inc reas ing  dea th  r a t e  c o e f f i c i e n t  dur ing  t h e  measurement per iod .  

For demonstration purposes a s imula t ion  was run based on t h e s e  two 

hypothesis .  I t  was assumed t h a t  t h e  a l g a l  dea th  r a t e  was only  h a l f  of 

i t s  nominal va lue  dur ing  t h e  f i r s t  27 hours ,  and t h a t  t h e  BOD decay r a t e  

was f o u r  t imes  i t s  nominal va lue  i n  t h e  r i v e r  s e c t i o n  between t h e  d ischarge  

p o i n t  and t h e  f i r s t  weir. The r e s u l t  f o r  C-BOD i s  given i n  F ig .3 ,  where 

t h e  zero  i n i t i a l  cond i t i on  i s  t h e  u l t ima te  p o s s i b l e ,  though s t i l l  n o t  a 

s a t i s f a c t o r y  assumption. I n  Fig.4 t h e  e f f e c t  on t h e  a l g a l  p a t t e r n  i s  shown. 

The hypothes is  assumptions s e r i o u s l y  a f f e c t  t h e  behaviour be fo re  t h e  

measurement s ec t ion .  Whether o r  n o t  t h i s  i s  r e a l i s t i c  could only  be  s a i d  

i f  d a t a  had been a v a i l a b l e ,  a l though t h e  new i n i t i a l  condition f o r  a l g a e  

i s  more l i k e l y .  Note t h a t  i n  t h e  absence o f  data , .  numerous o t h e r  

assumptions can be  made ( f o r  i n s t ance ,  a lower e f f i c i e n c y  of a lgae  i n t o  

BOD t r a n s f e r ,  parameter X ,  would l ead  t o  e s s e n t i a l l y  l e s s  BOD produced 

by a l g a l  decay) .  

The problem of i nappropr i a t e  model d e s c r i p t i o n  a s  compared t o  t h e  complex 

r e a l i t y ,  demcnstrated by t h e  r a t h e r  academic e x e r c i s e s  above, i s  a funda- 

mental problem of  any modelling a c t i v i t y .  Since t h e  model i s  always a 

s i m p l i f i c a t i o n  one can expect  t h a t  t h e  model parameters  a r e  f u n c t i o n s  
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~ i g u r e  4.  Effect  o f  parameter var iab i l i t y  on phytoplaikton simulation - constant parameters 

variable decay and death ra te  
coe f f i c i en t s  (see t e r t l  

of time and space due t o  the  va r i ab i l i t y  in  the unobserved underlying processes. 

A natural  way t o  solve t h i s  d i f f i c u l t y  would be t o  d e t a i l  the description 

fur ther ,  as  soon as  knowledge permits one t o  do so, i n  the hope t h a t  the new 

parameters a r e  l e s s  time and space variant.  However, t h i s  implies a t  the  

same time more s t a t e  variables and a considerable increase in parameters t o  

be estimated. For t h i s  reason such an approach is not always the desirable  

one, especially not i f  management problems have to  be solved. For instance, 



modelling zooplankton would cer ta inly improve the prediction of a lga l  minima, 

a t  the expense of a considerable measurement e f fo r t ,  but would do l i t t l e  

for  the a lga l  peaks. I f  a lga l  peaks a re  the main concern of the management 

a model with a conservative estimate for  the death r a t e ,  o r  an empirical 

time function, could be very well acceptable. 

Generally, it is very useful fo r  fur ther  model development t o  examine the 

consequences of parameter uncer ta int ies  for  the  cer ta inty or  uncertainty 

of model predictions.  One way of doing t h i s  i s  by a s e ~ i s i t i v i t y  anal.ysis. 

SENSITIVITY ANALYSIS 

An interest ing way of analyzing the model s ens i t i v i t y  i s  based on the 

solution of the  s ens i t i v i t y  equations. Let the system equations be 

writ ten i n  s t a t e  space form a s  

where c i s  the n-dimensional s t a t e  vector (vector of system var iab les ) ,  - 
p the r-dimensional parameter vector, u the m-dimensional input vector - - 
(forcing functions) and T the  time. The i n i t i a l  conditions a r e  

Let 

be defined a s  the t ra jec tory  sens i t i v i t y  vector of the  s t a t e  vector - c with 
0 

respect to  the  parameter p around the nominal parameter s e t  p . Note tha t  
j - 

the elements of s a re  time funcions. Then taking the t o t a l  der ivat ive t o  
-j 

p and interchanging the  order of d i f fe ren t ia t ion  leads t o  the so-called 

sens i t iv i ty  equations (note: vector d i f f e r en t i a l  equations): 



with 

c f .  Frank(1978).  I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  s e n s i t i v i t y  system 

i s  always l i n e a r ,  even i f  t h e  model f is  nonl inear .  Therefore,  i n  t h e  ca se  

of r e l a t i v e l y  simple models such a s  t h e  S t ree te r -Phelps  model, a n a l y t i c a l  

s o l u t i o n s  f o r  t h e  s e n s i t i v i t y  system can o f t e n  be obta ined  (e.g.  R ina ld i  

and Sonsini-Sessa, 1977).  Formore complex models a numerical s o l u t i o n  

is  necessary b u t  no t  d i f f i c u l t  t o  achieve.  

The method was app l i ed  t o  t h e  River Berkel example from t h e  previous  

sec t ion .  A manageable s t a t e  space form is  obta ined ,  a s  be fo re ,  by consider-  

ing only one p lug  of water and neg lec t ing  d i spe r s ion  e f f e c t s .  In  t h i s  

a p p l i c a t i o n  t h e  Jacobian mat r ices  af /ac - - and af /ap - - were der ived  a n a l y t i c a l l y .  

The s o l u t i o n  of t he  s e n s i t i v i t y  system i s  done s imultaneously wi th  t h e  

system equat ions ( involv ing  t h e  numerical s o l u t i o n  of a system of n *  (r  + 1) 

simultaneous d i f f e r e n c e  equa t ions ) .  

The r e s u l t s  a r e  shown f o r  a lgae  i n  Fig.5. The s e n s i t i v i t y  on t h e  v e r t i c a l  

a x i s  has  been transformed such t h a t  t h e  abso lu t e  change of t h e  s t a t e  v a r i a b l e  

t o  a r e l a t i v e  inc rease  of 10% i n  t h e  parameter va lue  i s  shown. I n  t h i s  way 

t h e  readings  have t h e  dimension of concent ra t ion  and can be compared 

d i r e c t l y  with Figs.  1-4. The curves  s e l e c t e d  r e p r e s e n t  t h e  most s i g n i f i c a n t  

s e n s i t i v i t y  func t ions .  

From Fig.5 it i s  seen t h a t  both t h e  growth r a t e  (Curve 1) and t h e  dea th  

r a t e  (Curve 7) govern t h e  a l g a l  system. The day and n i g h t  p a t t e r n  i s  

a l s o  r e f l e c t e d  i n  t h e  s e n s i t i v i t y .  The jump i n  t h e  dea th- ra te  s e n s i t i v i t y  a t  

27 h i s  caused by t h e  doubling of t h i s  parameter beyond t h i s  t ime a s  

mentioned p rev ious ly .  Note t h a t  an inc rease  of only 10% i n  t h e  dea th  r a t e  

would cause t h e  a l g a l  concent ra t ion  t o  drop by 0.8 mg dw/l a t  t h e  end of 

t h e  s tudy reach ,  i . e .  f 40% of t h e  a c t u a l  concent ra t ion .  However, t h e  

e f f e c t  could be counterbalanced by an inc rease  i n  growth r a t e  of about  

12%. Because t h e  s e n s i t i v i t y  p a t t e r n  of t h e  growth r a t e  and t h e  dea th  

r a t e  c o e f f i c i e n t s  a r e  s i r i l a r ,  appa ren t ly  more than one combination of 

both parameters w i l l  d e sc r ibe  t h e  o v e r a l l  a l g a l  p a t t e r n .  This  i s  t o  be 

expected s i n c e  t h e  a l g a l  equat ion reads  
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Figure 5. S e n s i t i v i t y  functions for phytoplankton 

2 = growth r a t e  c o e f f i c i e n t  k  ' 
Pa 

3 = ex t i nc t i on  c o e f f i c i e n t  k  
0 

5 = saturation l i g h t  i n t e n s i t y  I s  
7 = death ra t e  c o e f f i c i e n t  kiia 

so that in fact K = k F - k is the rate constant of interest, and a 
Pa da 

separation of k and k on the basis of observations of the algae 
Pa da 

concentration alone will be practically impossible. This demonstrates 

how sensitivity analysis can help in indicating the principal components 

in parameter space, which is extremely useful for parameter estimation 

procedures. 



Fig.6 shows t h e  s e n s i t i v i t y  p l o t  f o r  d i s so lved  oxygen. The m i t i g a t i n g  

e f f e c t  of t h e  wei rs  on t h e  d e f i c i t  i s  r e f l e c t e d  i n  t h e  curves  a s  a 

r educ t ion  i n  s e n s i t i v i t y  d i r e c t l y  a f t e r  t h e  wei r .  Not s u r p r i s i n g l y  

d i s so lved  oxygen i s  s e n s i t i v e  t o  e s s e n t i a l l y  t h e  same parameters  a s  t h e  

a lgae .  The s e n s i t i v i t y  t o  t h e  BOD decay r a t e  and n i t r i f i c a t i o n  r a t e  

c o e f f i c i e n t s  i s  i n  t h e  o r d e r  of  -0.1 mg 0 /1 p e r  10% i n c r e a s e ,  and t o  t h e  
2 

r e a e r a t i o n  r a t e  approximately 0 .1  mg 0 /1 p e r  10% i n c r e a s e  (no t  shown). ' 
2 

This  demonstrates  t h e  dominant r o l e  of t h e  a l g a l  system i n  t h e  o v e r a l l  

oxygen behaviour.  

By comparing F igs .5  and 6 it can be  seen t h a t  a s imultaneous 10% i n c r e a s e  

of  bo th  t h e  growth and d e a t h  r a t e  c o e f f i c i e n t s  w i l l  l e a d  t o  somewhat lower 

a lgae  concen t r a t i ons  and somewhat h igher  d i s s o l v e d  oxygen con ten t .  Th i s  

i s  because t h e  growth o f  a l g a e  and t h e  product ion  of  oxygen a r e  d i r e c t l y  

coupled,  whereas t h e  dea th  of a l g a e  r e s u l t s  i n  BOD product ion  f i r s t ,  wi th  

on ly  r e t a r d e d  oxygen consumption. I n  t h i s  connect ion a comparison wi th  

F ig .7 ,  showing t h e  C-BOD s e n s i t i v i t y  i s  i n t e r e s t i n g .  A h ighe r  a l g a l  dea th  

r a t e  c o e f f i c i e n t  (Curve 7)  would i n i t i a l l y  l e a d  t o  a h igher  BOD, b u t  i n  

t h e  long run t o  l e s s  a l g a e  and thereby  t o  a lower BOD c o n t r i b u t i o n  from 

d e t r i t u s  product ion .  Thus, a change i n  t h e  dea th  c o e f f i c i e n t  e f f e c t s  t h e  

shape o f  t h e  BOD curve  i n  t ime. A s i m i l a r  argument a p p l i e s  t o  t h e  e f f e c t  

of  t h e  growth r a t e  (Curve 1): i n i t i a l l y  t h e r e  i s  no e f f e c t ,  a s  expected.  

b u t  l a t e r  t h e  h ighe r  a l g a e  concen t r a t i on  l e a d s  t o  more dea th  and thereby  

t o  more BOD product ion.  

The BOD is a l s o  q u i t e  s e n s i t i v e  t o  t h e  amount of BOD r e l e a s e d  p e r  u n i t  dying 

a l g a e  ( X  and Y Curve A ;  t h e y  have t h e  same s e n s i t i v i t y  because they  
l a '  

appear  a s  a p r o d u c t ) .  The e f f e c t  on t h e  d i s so lved  oxygen balance i s  i n  

t h e  same o rde r  o f  magnitude a s  t h e  e f f e c t s  of t h e  BOD decay r a t e  

c o e f f i c i e n t  (no t  shown). The jump i n  t h e  s e n s i t i v i t y  t o  t h e  BOD decay 

r a t e  c o e f f i c i e n t  (F ig .7 ,  Curve 8) is  caused by t h e  assumption of a h ighe r  

r a t e  i n  t h e  s e c t i o n  d i r e c t l y  a f t e r  t h e  waste d i s cha rge  p o i n t .  

From a l l  graphs it i s  appa ren t  t h a t  t h e  s e n s i t i v i t y  has  s t i l l  an i n c r e a s i n g  

t r e n d  a t  t h e  end of t h e  measurement reach.  This  imp l i e s  t h a t  sma l l  e r r o r s  

i n  parameter  e s t i m a t e s  ob t a ined  from t h i s  l i m i t e d  measurement pe r iod  may 

l e a d  t o  cons ide rab l e  p r e d i c t i o n  e r r o r s  i f  e x t r a p o l a t i o n s  a r e  being made. 

This  sugges ts  t h a t  t h e  measurement pe r iod  should have been longer  f o r  more 

a c c u r a t e  parameter  e s t ima te s .  
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Figure  6. Sens i t iv i ty  functions for dissolved oxygen 
parameters as  i n  Figure 5 .  
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7 .  Sens i t iv i ty  functions for C-BOD 

Additional parameters: 8 = BOD decay rate coe f f ic ien t  kbZo 

A = BOD released per un i t  dying 
algae X or Y la  



Limitat ions 

Clea r ly ,  s e n s i t i v i t y  a n a l y s i s  l e a d s  t o  cons iderable  i n s i g h t  i n t o  t h e  

systems behaviour.  However, we should l i k e  t o  p o i n t  o u t  some of t h e  

l i m i t a t i o n s  of t h e  a p p l i c a t i o n  above. One of  t hese  i s  t h a t  t h e  e f f e c t s  of  

parameter changes on t h e  s t a t e  v a r i a b l e s  a r e  compared on t h e  b a s i s  of 

equal  parameter v a r i a t i o n s .  Therefor ,  f o r  u n c e r t a i n t y  a n a l y s i s  t h e  

method must be extended t o  cope with d i f f e r e n t  degrees  of u n c e r t a i n t y  i n  

t h e  parameters  involved. For example, t h e  e f f e c t  of v a r i a t i o n s  i n  t h e  

e x t i n c t i o n  c o e f f i c i e n t  on a lgae  and d isso lved  oxygen (F igs .5  and 6 ,  Curve 3 )  

can be even more dramat ic  than  suggested i n  t h e  graphs,  because t h e  

e x t i n c t i o n  c o e f f i c i e n t  may vary by 50-100% r a t h e r  than  10%. S imi l a r  

arguments apply,  o f  course,  t o  every parameter.  I t  should a l s o  be noted 

t h a t  t h e  l i n e a r  e x t r a p o l a t i o n  of t h e  s t a t e  according t o  Ac = s Ap. i s  
j I 

only allowed f o r  small  excursions from t h e  nominal parameter v a l u e s ,  

because t h e  systems model is non-l inear .  F i n a l l y ,  t h e  system is a l s o  

s e n s i t i v e  t o  i n i t i a l  condi t ions  and f o r c i n g  func t ions ;  however, t h e s e  

could be handled i n  a  s i m i l a r  fash ion  without  d i f f i c u l t y .  

CONCLUSIONS 

- Models such a s  GELQAM can produce a  f a i r  d e s c r i p t i o n  of  t h e  oxygen and 

phytoplankton behaviour i n  (cana l ized)  lowland s treams.  

- Due t o  unce r t a in ty  i n  t h e  underlying processes  it may be expected t h a t  

parameters a r e  s i t e  dependent (e.9.  BOD decay r a t e  cons t an t )  o r  time 

dependent (e .g .  r a t e  c o e f f i c i e n t  f o r  a l g a l  d e a t h ) .  I t  i s  n o t  p o s s i b l e  

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

r i v e r  s t r e t c h  and f o r  a  s h o r t  time. 

- An accura te  measurement of one of t h e  model s t a t e  v a r i a b l e s ,  carbonaceous 

BOD, is no t  poss ib l e .  This  unce r t a in ty  reduces t h e  p rec i s ion  of parameter 

es t imates .  

- A s e n s i t i v i t y  a n a l y s i s  i s  a  u s e f u l  element i n  t he  eva lua t ion  of t h e  e f f e c t s  

of process  and parameter unce r t a in ty .  In  s i t u a t i o n s  with ex t ens ive  a l g a l  

growth and moderate o rgan ic  waste d i scha rge ,  t h e  growth and dea th  processes  

of a lgae  govern t h e  oxygen behaviour.  The s e n s i t i v i t y  a n a l y s i s  a l s o  

r e v e a l s  t h e  d i f f i c u l t y  of e s t ima t ing  t h e  growth and dea th  r a t e  c o e f f i c i e n t s  

independent ly,  i f  no accu ra t e  d a t a  a r e  ava i l ab l e .  



- The inadequacy of the model caused by lumping complex processes poses 

the problem of predictive power, a fundamental difficulty of any model 

activity. It is worthwhile to investigate the use of sensitivity analysis 

in connection with a parameter variability study in assigning a 'reliability 

factor' to the effectiveness of management decisions expected from the model. 
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