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I n t r o d u c t i o n  

There  is a n  i n c r e a s i n g  a w a r e n e s s  o f  p o l l u t i o n  p r o b l e m s  i n  u r b a n  
sewer management .  T h i s  is  t h e  r e a s o n  why, i n  F r a n c e ,  a n a t i o n a l  
e x p e r i m e n t a l  p rog ram o n  u r b a n  r u n o f f  p o l l u t i o n  h a s  b e e n  s t a r t e d  
( 3 ) .  I n  t h e  s t u d y  r e p o r t e d  i n  t h i s  p a p e r ,  t h e  d a t a  which  h a v e  
been collected f o r  more t h a n  o n e  year from t h e  f o u r  e x p e r i m e n t a l  
c a t c h m e n t s  (Maurepas  a n d  L e s  U l i s  n e a r  P a r i s ,  Aix-Zup a n d  Aix- 

- Nord i n  Aix-en-Provence)  have  b e e n  u s e d .  W e  p r o p o s e  here t o  
d e v e l o p  a m o d e l i n g  a p p r o a c h  f o r  t h e  p r o d u c t i o n - a c c u m u l a t i o n  
mechanisms and  f o r  t h e  s u r f a c e  t r a n s p o r t  of TSS, ROD5 a n d  COD. 

For TSS, w e  w i l l  summar ize  t h e  m a i n  r e s u l t s  and  refer t h e  reader 
to  a l r e a d y  p u b l i s h e d  p a p e r s  ( 5 )  . S e v e r a l  r a i n f a l l - r u n o f f  p o l l u -  
t i o n  m o d e l i n g  o b j e c t i v e s  c a n  be  t h e o r e t i c a l l y  d e f i n e d .  Never- 
t h e l e s s ,  t h e  n a t u r e  and  a c c u r a c y  of t h e  a v a i l a b l e  d a t a  w i l l  se t  
c e r t a i n  model  l i m i t s .  W i t h i n  t h e  d e f i n e d  framework o f  t h e  
French e x p e r i m e n t a l  c a t c h m e n t  program,  m o n i t o r i n g  w a s  carried 
o u t  a t  t h e  o u t f a l l s  of v a r i o u s  w a t e r s h e d s .  The  r a w  da t a  were 
based  on  s e v e r a l  s a m p l e s  collected d u r i n g  r a i n f a l l  e v e n t s  and  
t h u s  s a m p l i n g  c a n  b e  v iewed a s  a s p a t . i a l l y - v a r y i n g  phenomenon 
t h a t  c a n  be c h a r a c t e r i z e d  by  a p o l l u t a n t  mean c o n c e n t r a t i o n  
v a l u e .  The  m o d e l i n g  a p p r o a c h  w e  h a v e  d e v e l o p e d  i s  d i r e c t l y  
d e r i v e d  from t h e  o b j e c t i v e s  of t h e  n a t i o n a l  m o n i t o r i n g  program 
to  d e t e r m i n e  estimates o f  t r a n s p o r t e d  p o l l u t a n t  m a s s  o v e r  a 
long  d u r a t i o n  ( a b o u t  o n e  y e a r )  and  for  a “ s p a c e  scale” which 

re la tes  t o  s m a l l  c a t c h m e n t s  ( l ess  t h a n  50 h a ) .  
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E m p i r i c a l  mode l ing  of t h e  r a i n f a l l - r u n o f  f p r o c e s s  has been 
shown t o  p o s s e s s  cer ta in  l i m i t s  ( 5 ) .  Moreover, it a p p e a r s  t h a t  
t h e  d e t e r m i n a t i o n  of s t a t i s t i c a l  r e l a t i o n s i p s  w o u l d  be u n d u l y  
i n f l u e n c e d  by h i g h  m a g n i t u d e  e v e n t s  f o r  w h i c h  t h e  p r o b a b i l i t y  
of o c c u r r e n c e  is q u i t e  l o w .  

F o r  these reasons a c o n c e p t u a l  p r o c e d u r e  is p roposed  which  is 
c o m p a t i b l e  w i t h  t h e  r e p r e s e n t a t i v e n e s s  o f  t h e  s a m p l i n g  p rogram 
and w i t h  t h e  t r e n d s  a r i s i n g  from. t h e  d a t a  a n a l y s i s  ( 5 , 6 ) .  

TSS Accumula t ion  and  T r a n s p o r t  M o d e l l i n g  Approach 

T h i s  sect ion summar izes  t h e  m a i n  r e su l t s  f o r  t h e  m o d e l i n g  ap- 
p r o a c h  d e v e l o p e d  ea r l i e r  ( 2 , 5 ) .  

A l i n e a r  TSS a c c u m u l a t i o n  model ,  based o n  t h e  f o l l o w i n g  hypo- 
theses, was selected : 

- A c o n s t a n t  p r o d u c t i o n  r a t e  w i t h i n  a g i v e n  t i m e  i n t e r v a l .  
- An i n i t i a l  m a s s  o f  p o l l u t a n t  ( s t o c k )  close t o  t h e  f i n a l  

o n e  o n  t h e  s u r f a c e  of t h e  c a t c h m e n t  when cons ide red  
o v e r  a l o n g  t i m e  p e r i o d .  

- The t r a n s p o r t e d  mass d u r i n g  a n  e v e n t  i is  l e s s  t h a n  
or e q u a l  t o  t h e  a v a i l a b l e  o n e ,  i .e . ,  E i I M d i .  

I n  s u c h  cases, t h e  accumula t ed  m a s s  is t a k e n . t o  be p r o p o r t i o n a l  
t o  t h e  d r y  w e a t h e r  p e r i o d :  

A i  = P r  x DTSi ( E q .  1) 

i n  w h i c h  : 

A i  = a c c u m u l a t e d  mass ( k g )  o v e r  ca tchment  s u r f a c e  d u r i n g  
d r y  weather p e r i o d  DTSi ( i n  t i m e  i n t e r v a l  u n i t s )  
which s e p a r a t e s  r a i n f a l l  e v e n t s  i and i-l. 

P r  = TSS p r o d u c t i o n  r a t e  d u r i n g  a t i m e  i n t e r v a l  ( k g / t i m e  

i n t e r v a l  u n i t ) .  
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It: is t h e n  possible  t o  w r i t e  (5) : 

n 

i=l 
E i  

Pr = 
n 

DTSi 
i= 1 

p r ,  a s  computed by E q u a t i o n  2 ,  w a s  checked  s u c h  t h a t  t h e  con- 
s t r a i n t  E i  f Mdi 'was a p p r o p r i a t e  f o r  e a c h  e v e n t .  

The computed d a i l y  p r o d u c t i o n  r a t e  for  t h e  c a t c h m e n t s  u n d e r  

c o n s i d e r a t i o n  are: 

- 1.7 kg ha-1 d - l  i n  Aix-Zup 
- 2.6 k g  ha-1 d-1 i n  Maurepas 
- 3.1 kg ha-1 d-1 i n  L e s  U l i s  

( w e  c o u l d  n o t  model masses i n  Aix-Nord b e c a u s e  of u n r e s o l v e d  
,problems i n  volume es t imates) .  

Examinat ion  of t h e  c h r o n o l o g y  o f  sampled r a i n f a l l  e v e n t s  c a n  
d e t e r m i n e  s u c c e s s i v e  r e s i d u a l  m a s s e s  o v e r  t h e  c a t c h m e n t  s u r -  
f a c e s  w i t h i n  t h e  l i m i t s  of a n  unde te rmined  c o n s t a n t .  I n d e e d ,  
w e  have  assumed t h a t  a f u l l  s u r f a c e  "wash  up" h a s  been  r e a c h e d  
once i n  order t o  be able  t o  compute P r  (see Fig. 1, Maurepas 
example) .  G iven  t h a t  t h e  p r e v i o u s  h y p o t h e s e s  w a s  v e r i f i e d ,  
t h e  proposed l i n e a r  a c c u m u l a t i o n  model w a s  adopted i n  p r e f e r -  
ence  t o  o t h e r s  (e.g. asymptotic a c c u m u l a t i o n ,  power f u n c t i o n  
a c c u m u l a t i o n ,  p a r a b o l i c  a c c u m u l a t i o n  w i t h  a n  u p p e r  l i m i t e d  
s t o c k ,  d i f f e r e n t  from t h e  c h o s e n  c r i t e r i a I ( 5 ) .  Wi th  regard 
t o  TSS t r a n s p o r t ,  t h e  o b j e c t i v e  of t h e  mode l ing  p r o c e d u r e  was 
t o  r e p r o d u c e  t h e  t r a n s p o r t e d  m a s s  d u r i n g  e a c h  e v e n t  and  a l so  
t h e  t o t a l  t r a n s p o r t e d  mass w i t h i n  t h e  o b s e r v e d  e v e n t  series. 
Three c o n t r o l  v a r i a b l e s  were c h o s e n  fo r  t h i s  s t e p :  
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F i g u r e  1 - R e s i d u a l  mass o v e r  c a t c h m e n t  s u r f a c e  ( R i )  a f t e r  
each r a i n f a l l  e v e n t .  

Catchment :  Maurepas 
( L i n e a r  a c c u m u l a t i o n  model) 

- A v a i l a b l e  mass, Md (kg) 
- Maximum i n t e n s i t y  w i t h i n  a f i v e - m i n u t e  t i m e  i n t e r v a l ,  

- Runoff  V o l u m e ,  V R '  (123) 

Imax 5 (mm h-1) 

The c h o s e n  model is:, 

CY ß E = K . M d  ImaxS VR Y 

i n  which:  

E = t r a n s p o r t e d  m a s s  d u r i n g  a n y  e v e n t  (kg) 
Md, Imax5, VR = d e f i n e d  above  

K ,  (Y , ß, Y ,  = p a r a m e t e r s  p e c u l i a r  t o  e a c h  c a t c h m e n t .  



Model parameters w e r e  i d e n t i f i e d  u s i n g  R o s e n b r o c k ' s  method ( 4 ) ,  

based  o n  t h e  m i n i m i z a t i o n  of t h e  s u m  of t h e  s q u a r e  of t h e  de- 

v i a t i o n s  b e t w e e n  o b s e r v e d  a n d  computed v a l u e s ,  s u b j e c t  t o  
t h e  t w o  f o l l o w i n g  c o n s t r a i n t s :  

- The t r a n s p o r t e d  m a s s  c a n n o t  be n e g a t i v e .  
- The t r a n s p o r t e d  mass c a n n o t  be greater  t h a n  t h e  

a v a i l a b l e  o n e .  

I n  e a c h  case t h e  d i f f e r e n t  p a r a m e t e r s  have  comparab le  v a l u e s .  
T h i s  is  i n t e r e s t i n g  and  p o s i t i v e  i n  so f a r  a s  one  o n e  o f  t h e  

a ims  is t o  o b t a i n  a t r a n s p o r t  l a w  t h a t  c o u l d  be g e n e r a l i z e d ,  
a t  least  i n  terms of i t s  form. 

R e s u l t s  e x p r e s s e d  a s  d e v i a t i o n s  and c r i t e r i o n  f u n c t i o n s  are 
g i v e n  i n  T a b l e  2 .  The r e p r o d u c t i o n  o f  t h e  t o t a l  o b s e r v e d  

T a b l e  1 summar izek  t h e  v a l u e s  of K ,  (Y, f l  and y .  

Table 1 - K; (Y ,  ß ,  Y v a l u e s  f o r  each c a t c h m e n t  

E = K Md ImaxS VR 

AIX-2 UP LES ULIS MAUREPAS 

K O -697 O -996 0.412 

(Y O -324 O .161 0.165 

ß O -636 0.818 0.921 

Y O ,307 O ,421 0.382 

t r a n s p o r t e d  mass shows  r e a s o n a b l e  a c c u r a c y  as  a n  a b s o l u t e  
v a l u e .  F o r  e v e n t s  w i t h  h i g h  t r a n s p o r t e d  masses, t h e  d i f f e r -  
ence between o b s e r v e d  and computed mass var ies  be tween 5 10% 

T h i s  i s  q u i t e  good, s i n c e  i t  embraces  m o s t  of t h e  

P a r t i c l e  masses which  are d i s c h a r g e d  t o  t h e  r e c e i v i n g  w a t e r s .  
. and + 30%. - 



T a b l e  2 - R e s u l t s  fo r  t h e  t h r e e  e x n e r i m e n t a l  c a t c h m e n t s :  

E = K Mda Imax5’ VRY 

T o t a l  Suspended  S o l i d s  - TSS 

AIX-2 UP LES ULIS MAUREPAS 

Average c a r r i e d  m a s s  
(kg) 225 -56  417 - 7 0  ,107 .25  

A v e r a g e  q u a d r a t i c  
d e v i a t i o n  as  a 8 of 1 4  -1% 10.7% IO .6% 
t h e  average c a r r i e d  m a s s  

C r i t e r i o n  f u n c t i o n  50.981 92.757 20 .408  

Obse rved  and  computed 
t o t a l  mass d e v i a t i o n  - 5.88 
( % )  

+ 5.3% - 13.0% 

1 2  .O% D e v i a t i o n - c a l i b r a t i o n  - 6.1% 1 .4% 
( 8 )  

- 5.6% 9 - 8 %  - 3 3 . 6 %  D e v i a t i o n - v e r i  f ica t i o n  
( % I  

R a i n f a l l  i n t e n s i t y  w i t h i n  a f i v e  m i n u t e  t i m e  i n t e r v a l  is t h e  
lowest t i m e  b o u n d a r y  u s e d  t o  d e t e r m i n e  r a i n f a l l  a g g r e s s i v i t y  
d u r i n g  t h e  F rench  n a t i o n a l  program.  The u s e  of o t h e r  r a i n  
gauges w i t h  v e r y  l o w  i n t e g r a t i o n  times s h o u l d  s u p p l y  d a t a  

o n  r a i n f a l l  a g g r e s s i v i t y  which  is even  more r e p r e s e n t a t i v e .  
A d d i t i o n a l  c l i m a t i c  v a r i a b l e s  s u c h  a s  wind s p e e d ,  h u m i d i t y ,  
etc.. .  would f u r t h e r  improve t h e  r e s u l t s .  

BOD5 and COD A c c u m u l a t i o n  a n d  T r a n s p o r t  Model ing Approach 

A s  a f irst  s t e p ,  a s t a t i s t i c a l  a n a l y s i s  of t h e  o b s e r v e d  mean 
c o n c e n t r a t i o n s  a n d  masses w a s  pe r fo rmed  ( 6 ) .  The r e s u l t s  are 

s imi la r  t o  t h o s e  w e  c o u l d  ge t  for  TSS. Conce rn ing  t h e  o b s e r v e d  
BOD5 a n d  COD masses, wh ich  a re  the  p a r a m e t e r s  w e  are  i n t e r e s t e d  
i n ,  t h e  e x p l a n a t o r y  v a r i a b l e s  seem t o  be  Imax5 and  VR, and  t o  
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a lesser degree t h e  d r y  weather  p e r i o d  b e t w e e n  t w o  r a i n f a l l  
e v e n t s  (DTS) .  The  t r a n s p o r t  model w i l l  be p a r t i a l l y  b u i l t  
up f r o m  t h e s e  f irst  r e s u l t s .  

Accumula t ion  M o d e l l i n g  Approach 
Four  p o l l u t a n t  accum.u la t ion  models  were t e s t e d  i n c l u d i n g  a n  
asymptot ic  model,  a power f u n c t i o n ,  a p a r a b o l i c  model  w i t h  a n  
u p p e r  l i m i t e d  s tock ,  and  a l i n e a r  model. 

The a s y m p t o t i c  model: 

i n  which:  

M ( t )  = a c c u m u l a t e d  mass  i n  t i m e  t ( k g ) .  

K = p a r t  o f  t h e  a c c u m u l a t e d  p a r t i c l e s  removed d u r i n g  a 
t i m e  i n t e r v a l .  

P r  = p o l l u t a n t  p r o d u c t i o n  ra te  d u r i n g  a t i m e  i n t e r v a l  
( k g / t i m e  i n t e r v a l '  u n i t )  . 

However, t h i s  model w a s  found  t o  p r o d u c e  d a i l y  rates much too 
h i g h ,  f o r  BOD5 a n d  COD, e x c e p t  if t h e  a s y m p t o t e  is reached a f t e r  
a t w o  m o n t h  p e r i o d  (K = 0 . 0 2 5 ) .  Such a model  is n o t  appropriate  
for a phenomenon f o r  w h i c h  t h e  t i m e  scale is o n  t h e  order of a 
" f e w  days".  The power f u n c t i o n  model c a n  be w r i t t e n :  

M ( t )  + a t n  
in which  : 

M ( t ' )  = a c c u m u l a t e d  mass i n  t i m e  t ( k g ) .  
a = f u n c t i o n  of t h e  p o l l u t a n t  p r o d u c t i o n  r a t e  d u r i n g  

a t i m e  i n t e r v a l ,  P r .  
. and n d  1. 

. . 
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To compute a ,  w e  c a n  assume t h a t  f o r  t c  = x d a y s ,  w e  have:  

d M ( t )  

d t  
- = 0.05 P r  

t = ' t c  

(Eq.6)  

I t  is t h e n  possible t o  compute  a and P r  for d i f f e r e n t  v a l u e s  
of n .  P l a u s i b l e  v a l u e s  of d a i l y  p r o d u c t i o n  rates of p o l l u t a n t s  
(ROD5 and COD) were r e a c h e d  for  low n ( n  = 0 . 2 )  and h i g h  t c  
( t c  = 60 d a y s )  (see T a b l e  3 )  . 

I 

T a b l e  3 - BOD5 a n d  COD D a i l y  P r o d u c t i o n  Rates 

( K g  ha-1 d - l )  
n = 0.2 t c  = 60 d a y s  

AIX-Z UP LES ULIS MAUREPAS 

BOD5 e 3  02 05 

COD 8 -6  1.5 3 e 7  

However, a s  fo r  t h e  p r e v i o u s  scheme, t h e s e  r e s u l t s  are  n o t  
r e p r e s e n t a t i v e  of t h e  s t u d i e d  phenomenon. To g e t  s u c h  v a l u e s  
of P r ,  i f  E q u a t i o n  6 is c o n f i r m e d  w i t h  tc = 1 0  days, n s h o u l d  
be a b o u t  10-3 o r  which  has no meaning .  

F o r  t h e  p a r a b o l i c  model  w i t h  a n  u p p e r  l i m i t e d  s t o c k :  

where :  

M ( t )  = a c c u m u l a t e d  mass i n  t i m e  t (kg) 
CY = f ( P r )  
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I t  h a s  a lso b e e n  assumed t h a t  f o r  tc  = x d a y s ,  E q u a t i o n  6 is 
v e r i f i e d .  The u p p e r  l i m i t  of t h e  s tock  is  r e a c h e d  when: 

dM( t )  
= o  ( E q .  8) 

d t  t = t l i m  

AS i n  t h e  t w o  p r e v i o u s  m o d e l i n g  a p p r o a c h e s ,  w e  have  computed 
p r  f o r  s e v e r a l  h y p o t h e s e s .  R e s u l t s  d o  n o t  agree w i t h  t h e  " t i m e -  
scale" of t h e  phenomenon i n  so f a r  as  t h e y  seem t o  be p l a u s i b l e  

for  t v a l u e s  a b o u t  6 0  d a y s  for BOD5 and for  COD, a s  g i v e n  by 
E q u a t i o n  6 .  

As a r e s u l t ,  t h e  l i n e a r  a c c u m u l a t i o n  model was c h o s e n ,  Concep- 
t u a l l y ,  i t  may n o t  be  t h e  m o s t  s a t i s f a c t o r y  model ,  g i v e n  t h a t  
s u c h  a model does n o t  c o n s i d e r  t h e  d e g r a d a t i o n  phenomenon t h a t  

s h o u l d  o c c u r  w i t h  BOD5 and  COD. However, t h e  m e a s u r i n g  pro- 
c e d u r e s  may n o t  be  a c c u r a t e  enough t o  allow a m o d e l i n g  a p p r o a c h  
t h a t  i n t e g r a t e s  p o l l u t a n t  d e g r a d a t i o n .  

Given  t h e  h y p o t h e s e s  d e v e l o p e d  for TSS: 

- A c o n s t a n t  p r o d u c t i o n  ra te  w i t h i n  a t i m e  i n t e r v a l .  
- An i n i t i a l  stock close t o  t h e  f i n a l  o n e  on  t h e  s u r f a c e  

c a t c h m e n t  when c o n s i d e r e d  o v e r  a l o n g  t i m e  o b s e r v a t i o n .  
- The t r a n s p o r t e d  m a s s  d u r i n g  a n  e v e n t  i less  or e q u a l  t o  

t h e  a v a i l a b l e  mass ( E i  5 M d i )  , 

I t  i s  t h e n  p o s s i b l e  t o  w r i t e  E q u a t i o n  2 fo r  BOD5 and COD: 

n x E i  
i=l 

Pr = 
n 

i= 1 
x DTSi 

E i  = t r a n s p o r t e d  m a s s  d u r i n g  a r a i n f a l l  e v e n t  i 
DTSi = t h e  d r y  w e a t h e r  per iod w h i c h  separa tes  r a i n f a l l  

e v e n t s  i and i-1. 
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The computed d a i l y  p r o d u c t i o n  ra tes  a re  i n  T a b l e  4 ,  

T a b l e  4 - BOD5 a n d  COD D a i l y  P r o d u c t i o n  Rates,  L i n e a r  

P r  ( k g  ha-1 d-1)  

A c c u m u l a t i o n  Model 

AIX-ZUP LES ULIS MAUREPAS 

BOD5 o .22 0.26 0.16 

COD 1.20 1 .25  1.10 

R e s u l t s  agree w i t h  p r e v i o u s  h y p o t h e s e s  e x c e p t  f o r  Les  U l i s ,  

whe re  t h e  f i n a l  s t o c k  is v e r y  d i f f e r e n t  from t h e  i n i t i a l  o n e ,  
c o n s i d e r i n g  BOD5 as  w e l l  a s  COD. T h i s  c o u l d  be d u e  t o  a mea- 
s u r i n g  p r o c e d u r e  f a i l u r e  b u t  t h i s  c a n n o t  be c o n f i r m e d .  T h i s  
is t h e  r e a s o n  why t w o  t r a n s p o r t  m o d e l i n g  a p p r o a c h e s  have  been  
tested. The f i r s t  o n e  c o n s i d e r s  t h e  a v a i l a b l e  mass as  a var- 
i a b l e  of t h e  model ,  t h e  s e c o n d  d o e s  n o t  ( s i n c e  none o f  t h e  
a c c u m u l a t i o n  models  t e s t e d  is f u l l y  s a t i s f y i n g ) .  

T r a n s p o r t  M o d e l l i n g  Approach  

A s  m e n t i o n e d  b e f o r e ,  t w o  a p p r o a c h e s  were tested: 

- The f i r s t  o n e ,  g i v e n  by E q u a t i o n  3 ,  is s i m i l a r  t o  t h e  TSS 
model  and c o n s i d e r s  t h e  t h r e e  same cont ro l  v a r i a b l e s :  

- A v a i l a b l e  m a s s ,  Md (kg.) 
- Maximum i n t e n s i t y  w i t h i n  a f i v e  m i n u t e  t i m e  

i n t e r v a l ,  Imax5 mm/h) 
- Runoff vo lume,  VR ( m 3 )  
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- The s e c o n d  o n e  c o n s i d e r s  a two-level p o l l u t i o n  s t o c k  o n  
t h e  c a t c h m e n t  s u r f a c e :  a f i r s t  l e v e l  which  is u s u a l l y  
requested,  a n d  a s e c o n d  o n e ,  c a l l e d  “deep l e v e l ” ,  which  
is s o m e t i m e s  r e q u e s t e d  b u t  which  c a n n o t  be a bound ing  

. f a c t o r .  I n  t h i s  case,  t w o  c o n t r o l  v a r i a b l e s  are s u f f i -  

c i e n t ,  Imax5 and  VR. The p r o p o s e d  e q u a t i o n  is  g i v e n  by: 

(Eq. 9 )  

F o r  BOD5 a n d  COD, parameter o p t i m i z a t i o n  w a s  carried o u t  u s i n g  
Rosenbrock’ s  method ( 4 ) .  I n  t h e  case of t h e  f i r s t  a p p r o a c h ,  t w o  

types  of c o n s t r a i n t s  were c o n s i d e r e d  for e a c h  e v e n t :  

- The t r a n s p o r t e d  mass c a n n o t  be n e g a t i v e .  
- The t r a n s p o r t e d  m a s s  c a n n o t  be greater  t h a n  t h e  

a v a i l a b l e  o n e .  

F o r  t h e  s e c o n d  mode l ing  a p p r o a c h ,  o n l y  t h e  f i r s t  c o n s t r a i n t  
a p p l i e s  . 

* E = K Md Imax5’ VRY 

K ,  cy, ß and  Y v a l u e s  are g i v e n  i n  T a b l e  5 .  R e s u l t s  e x p r e s s e d  a s  
d e v i a t i o n s  and c r i t e r i o n  f u n c t i o n s  are  i n  T a b l e s  6 and  7 for 
BOD5 a n d  COD, r e s p e c t i v e l y .  

T a b l e  5 - K ,  a ,  ß ,  Y V a l u e s  f o r  e a c h  Catchment  

E = K Md ImaxS VR 

AIX-2 U P  LES U L I S  MAUREPAS 
- 

BOD5 COD BOD5 COI? BOD5 COD 

K .  1.255 0.795 0.555 0.820 0.361 0.122 

a -0.069 0 . 3 1 3  0.126 0.175 0.223 0.630 

ß 0.989 0.780 0.217 0.400 0.500 0.807 

+Y 0.227 0.226 0.451 0.506 0.291 0.142 
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Table 6 - BODS: Results for the Three Experimental Catchments 
E = K M d Q  Imax5’ VRY 

AIX-Z UP LES U L I S  MAUREPAS 

Average carried mass 
(kg) 37 - 9  41 - 8  13.1 

Average quadratic 
deviation as a % of 
the average carried mass 

Criterion function 

13.1% 7.9% 13 -7% 

1.208 O ,528 0.145 

Observed and computed 
total mass deviation 
( % I  10 - 4 %  -6.1% 57.6% 

Deviation calibration 
( % I  5 - 8 8  2 -5% 38.5% 

73 -4% -14.7% Deviation-verification 26 -8% 

Table 7 - COD: Results for the Three Experimental Catchments 
E = K MdQ ImaxS’ VRY 

AIX-Z UP LES. ULIS MAUREPAS 

Average carried m a s s  
(kg) 213 .a 205.2 85.5 

Average quadratic 
deviation as a % of 
the average carried 
mass 9.8% 7.6% 12 .O% 

Criterion function 21 -607  11.738 .4.699 

Observed and computed 
total mass deviation 
( % I  -5.2% 6 - 5 %  73.4% 

Deviation-calibration 
( % I  -1 - 0 %  3 .O% 26 -6% 

Deviation-verification 
( % I  19 .a% 11 -5% 137.6% 
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s t r i c t l y  s p e a k i n g ,  t h i s  m o d e l  s h o u l d  n o t  h a v e  b e e n  u s e d  w i t h  
Les U l i s  data b e c a u s e  o n e  of t h e  a s s u m p t i o n s  of t h e  accumula-  
t i o n  model  w a s  n o t  m e t .  The r e s u l t s  are n o t  a s  good a s  t h e y  
were w i t h  TSS, e spec ia l ly  t h o s e  o n  t h e  Maurepas  c a t c h m e n t .  
The re  a re  large d i f f e r e n c e s  be tween  c a l i b r a t i o n  and  v e r i f i c a -  
t i o n  r e s u l t s .  T h e r e f o r e ,  i f  t h e  r e p r o d u c t i o n  of t h e  t o t a l  
o b s e r v e d  t r a n s p o r t e d  mass is ' q u i t e  a c c u r a t e  ( e x c l u d i n g  Maure- 
pas), w e  c a n n o t  say t h a t  t h e  p r o p o s e d  mode l l ing  a p p r o a c h  is 
a f u l l y  s a t i s f y i n g  o n e .  

* E = K'ImaxS VR 8' YI 

K I ,  ß' and 7' v a l u e s  are  g i v e n  i n  T a b l e  8. 

d e v i a t i o n s  a n d  c r i t e r ion  f u n c t i o n s  are  i n  T a b l e s  9 and  1 0  fo r  
BODS and  COD, r e s p e c t i v e l y .  

R e s u l t s  e x p r e s s e d  as  

T a b l e  8 - KI, ß l ,  and  Y '  V a l u e s  f o r  e a c h  Ca tchmen t  

E = Kg Imax5Q' my' 

AIX-Z UP LES ULIS MAUREPAS 

BODS COD BOD5 COP BOD5 COD 

K' 0.994 1.252 1.214 1.875 0.158 0.745 

ß' 1.085 0.793 0.216 0.398 0.462 0.739 

7' 0.148 0.464 0.459 0.579 0.534 0.487 

D e v i a t i o n s  be tween  o b s e r v e d  and computed masses are s i m i l a r  t o  
t h o s e  of t h e  p r e v i o u s  model .  The r e p r o d u c t i o n  of t h e  t o t a l  
o b s e r v e d  t r a n s p o r t e d  mass i s  n o t  a s  good as i t  w a s  w i t h  TSS, 
s i n c e  d i f f e r e n c e s  be tween  c a l i b r a t i o n  and  v e r i f i c a t i o n  r e s u l t s  
a re  n o t  a t  a l l  n e g l i g i b l e .  However, r e s u l t s  are  of t h e  same 

. order a s  those o b t a i n e d  p r e v i o u s l y .  The i n v e s t i g a t i o n  shows 
t h a t  f o r  t h e  e v e n t s  w i t h  h i g h  t r a n s p o r t e d  masses, t h e  d i f f e r -  

- 
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T a b l e  9 - BODS: R e s u l t s  f o r  t h e  T h r e e  E x p e r i m e n t a l  Catchments  

E = K '  Imax5@' VR" 

AIX-2 U P  LES ULIS MAUREPAS 

Average  c a r r i e d  mass 
(kg) 37 .9 4 1  .8 13.1  

Average  q u a d r a t i c  
d e v i a t i o n  a s  a % o f  
t h e  a v e r a g e  c a r r i e d  
m a s s  12.6% 7.8% 11 -5% 

C r i t e r i o n  f u n c t i o n  1.121 O -520 O -103 

Observed  and computed 
' t o t a l  mass d e v i a t i o n  

25.1% ( % I  -1 -3% -3.1% 

D e v i a t i o n - c a l i b r a t i o n  
( % )  -0.25% 2.4% 1 3  .O% 

Dev.i a t  ion-ve r i f ica t i o n  
( % )  -5 - 4 %  -8.7% 35 .O% 

T a b l e  1 0  - COD: R e s u l t s  f o r  t h e  T h r e e  Expe ' r imenta l  Catchments  

E = K' Imax5" VR" 

AIX-Z UP LES ULIS MAUREPAS 

Average  c a r r i e d  m a s s  
(kg) 213.8 205.2 05.5 

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

7 - 4 %  10.9% mass 9 -1% 

C r i t e r i o n  f u n c t i o n  18  -502  11.150 3 -948 

Observed  and computed 
t o t a l  mass d e v i a t i o n  
( % )  -8 - 2 %  10 .OR 36 .O% 

D e v i a t i o n - c a l i b r a t i o n  
( % )  '-12.4% -1 -7% -0 - 4 %  

D e v i a t i o n - v e r i f i c a t i o n  
( % I  6.4% 27 . O %  87.5% 
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ence be tween observed and  computed masses is u s u a l l y  be tween  
+ 10% and  + 30%, which is i n t e r e s t i n g  i n  so f a r  as  i t  embraces 

most of t h e  p a r t i c l e  masses d i s c h a r g e d  t o  t h e  r e c e i v i n g  waters.  
- 

d 

For t h e  same l e v e l  of a c c u r a c y ,  i t  seems more a p p r o p r i a t e  t o  
use t h e  second  mode l ,  b e c a u s e  it is n o t  n e c e s s a r y  t o  compute 
a v a i l a b l e  masses of p o l l u t a n t .  F o r  TSS, w e  t h i n k  t h a t  t h e  
i n c l u s i o n  of c l imat ic  v a r i a b l e s  s u c h  a s  wind s p e e d ,  h u m i d i t y ,  
etc.. .  w o u l d  f u r t h e r  i m p r o v e  t h e  r e s u l t s ,  

L i k e w i s e ,  more r a i n  g a u g e s ,  h a v i n g  v e r y  l o w  i n t e g r a t i o n  times, 
c o u l d  have  showr! much h i g h e r  i n t e n s i t i e s  w i t h  s h o r t e r  t i m e  
i n t e r v a l s  ( 3 0  s e c o n d s  o r  1 m i n u t e )  t h a t  would be  e v e n  more 
r e p r e s e n t a t i v e  of r a i n f a l l  a g g r e s s i v i t y .  
r a i n f a l l  a g g r e s s i v i t y  m u s t  be c o n s i d e r e d  a s  t h e  m o s t  i m p o r t a n t  
i ndex  t o  e x p l a i n  t h e  t r a n s p o r t  of p o l l u t a n t s ,  s i n c e  o n c e  t h e y  
have b e e n  e n t r a i n e d  f r o m  t h e  g round  s u r f a c e  t h e y  are  almost 
c e r t a i n  t o  be  f l u s h e d  by t h e  r u n o f f .  

I n  u r b a n  areas,  

' S e v e r a l  other f o r m u l a t i o n s  w e r e  n o t  adopted (€i), i n c l u d i n g :  

1 
E = K Mda' (1  - 1 

Imax5 ß' VRY' 

E = KI 1max5ß + 6 DR + Y VR + a  

i n  which:  

DR = r u n o f f  d u r a t i o n  ( d a y s ) .  

They w e r e  n o t  adopted f o r  s e v e r a l  r e a s o n s :  

- A mean q u a d r a t i c  d e v i a t i o n  wh ich  v a r i e s  too much from 

o n e  c a t c h m e n t  t o  a n o t h e r .  

. .  
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- The c r i t e r i o n  f u n c t i o n  shows h i g h  values .  
- D i f f e r e n c e s  be tween c a l i b r a t i o n  a n d  v e r i f i c a t i o n  are 

h i g h .  

1 
C o n c l u s i o n s  

Using  d a t a  from a n a t i o n a l  e x p e r i m e n t a l  m e a s u r e m e n t  p rogram,  
t h e  m o d e l i n g  o b j e c t i v e  w a s  t o  r e p r o d u c e  t h e  t o t a l  TSS, BOD5 

and  COD loads fo r  s e l e c t e d  u r b a n  ca t chmen t s .  
p r o a c h  i n v o l v i n g  a c c u m u l a t i o n  a n d  t r anspor t  was first  p e r f o r m e d .  
T h i s  a p p r o a c h  l e d  t o  good r e s u l t s  w i t h  TSS. 

A two-s t ep  ap- 

A l i nea r  accumu- 

l a t i o n  model w a s  c h o s e n ,  which d e p e n d s  o n  a c o n s t a n t  d a i l y  
p r o d u c t i o n  r a t e  a n d  o n  t h e  a s s u m p t i o n  t h a t  o v e r  a l o n g  t i m e  
per iod t h e  t o t a l  mass  p roduced  w i l l  be  removed. S i m u l a t i o n  

a n d  r a i n f a l l - r u n o f f  TSS t r a n s p o r t  was a c h i e v e d  u s i n g  a t h r e e -  
v a r i a b l e  model ( a v a i l a b l e  m a s s ,  r a i n f a l l  i n t e n s i t y  w i t h i n  a 

f i v e  m i n u t e  t i m e  i n t e r v a l  and r u n o f f  v o l u m e ) .  

good ( +  5 % )  i n  so f a r  a s  o v e r  a l o n g  t i m e  p e r i o d  t h e  t o t a l  
t r a n s p o r t e d  mass c a n  be r e p r o d u c e d  by t h e  f o l l o w i n g  model: 

The r e s u l t s  a r e  

- 

E = K Md" I 1 n a x 5 ~  VRY 

The same two-step a p p r o a c h  d i d  n o t  lead to  t h e  same l e v e l  of 

a c c u r a c y  f o r  BODS a n d  COD, g i v e n  t h a t  c a t c h m e n t s  c o u l d  n o t  
s a t i s f y  t h e  a s s u m p t i o n s  i n  t h e  a c c u m u l a t i o n  models  tested. 

, 

A o n e - s t e p  a p p r o a c h  w a s  t h e n  t r i e d  t o  s i m u l a t e o n  r a i n f a l l - r u n -  
o f f  ROD5 and  COD t r a n s p o r t .  
va r i ab le s  were r e t a i n e d .  
b e c a u s e  it' a s sumes  t h a t  a v a i l a b l e  mass is n o t  a l i m i t i n g  f a c -  
tor. R e s u l t s  are good enough ( +  1 0 % )  so t h a t  o v e r  a l o n g  t i m e  
period, t h e  t o t a l  t r a n s p o r t e d  masses of BOD5 and COD c a n  be 
r e p r o d u c e d  u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

I n  t h i s  case, o n l y  t w o  c o n t r o l  
T h i s  model is c o n c e p t u a l l y  d i f f e r e n t  

- 

E = K' Imax56' VRy' 

The r e s u l t s ,  however ,  a r e ' n o t  a s  good as those o b t a i n e d  f o r  

TSS . 
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For t h e  Maurepas c a t c h m e n t ,  BOD5 and  COD computed b a l a n c e s  are 
a lways  o v e r e s t i m a t e d ,  i r r e s p e c t i v e  of t h e  a p p r o a c h  u s e d .  NO 

e x p l a n a t i o n  c o u l d  be  g i v e n  f o r  t h e  d i s c r e p a n c y .  
f o r  e a c h  p o l l u t a n t  a n d  f o r  each of t h e  r e t a i n e d  a p p r o a c h e s ,  
w i t h  r e s p e c t  t o  s m a l l  e v e n t s  t h e  r e p r o d u c t i o n  of t h e  o b s e r v e d  
masses is n o t  v e r y  good, b e c a u s e  t h e  r e l a t i v e  i n f l u e n c e  of o n e  

o r  a n o t h e r  of t h e  v a r i a b l e s  is n o t  w e l l  known. For  large-scale 
e v e n t s ,  t h e  l e v e l  of a c c u r a c y  ( f r o m  + 10% t o  + 3 0 8 )  seems t o  be 

v e r y  a c c e p t a b l e  . 

More g e n e r a l l y ,  

- - 

The m o d e l i n g  of p o l l u t a n t  a c c u m u l a t i o n  and t r a n s p o r t  phenomena 
p r e s e n t e d  h e r e  is  u n d o u b t e d l y  s u b j e c t  t o  improvement .  Such a n  
improvement ,  however ,  would r e q u i r e  t h e  a c q u i s i t i o n  of more and 

d i f f e r e n t  da ta  s u c h  a s  wind s p e e d ,  h u m i d i t y ,  
t h o d o l o g y  and a measurement  protocol b e t t e r  s u i t e d  t o  pol lu-  
t a n t  s a m p l i n g .  
be d e v e l o p e d .  
a l t e r n a t i v e  v i ews  of t h e  modeled phenomena, s i n c e  t h e y  would 
depend o n  s h o r t e r  t i m e  i n t e r v a l s .  
' i n c l u d e  p o l l u t o g r a m  r e c o n s t r u c t i o n ,  real-time management,  and 
t h e  p r e d i c t i o n  of r e c e i v i n g  water d i scharge .  

etc. . ,  o r  a me-  

L i k e w i s e ,  o ther  m o d e l l i n g  o b j e c t i v e s  m i g h t  be 
Such f o r m u l a t i o n s  would n e c e s s a r i l y  p r o v i d e  

Such f o r m u l a t i o n s  could 
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