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MEAN ESTIMATE DEFICIENCIES I N  WATER QUALITY STUDIES 

B a r r y  J .  Adams and R o b e r t  S. Gemmell 

A B S T R A C T  

Mathemat ic models a r e  employed i n  t h e  d e s i g n ,  per formance 

p r e d i c t i o n ,  and e v a l u a t i o n  o f  a l t e r n a t i v e  w a t e r  q u a l i t y  management 

programs. T h i s  paper  examines t h e  r e l a t i v e  i n f l u e n c e  o f  d e t e r m i n i s t i c  

and s t o c h a s t i c  models on w a t e r  q u a l i t y  management d e c i s i o n s  t o  

demonst ra te  some d e f i c i e n c i e s  o f  d e c i s i o n s  based on mean e s t i m a t e s  

produced b y  d e t e r m i n i s t i c  models. Water q u a l i t y  management prob lems 

a r e  examined wh ich  c o n s i d e r  t h e  i m p l i c a t i o n s  o f  v a r i a b i l i t y  i n  was te  

g e n e r a t i o n ,  t r e a t m e n t  p l a n t  performance, and r e c e i v i n g  w a t e r  b e h a v i o u r  

on t h e  r e s u l t i n g  v a r i a b i l i t y  o f  w a t e r  q u a l i t y .  An example i s  p r o v i d e d  

i n  an e v a l u a t i o n  o f  r e g i o n a l  wastewater  management a l t e r n a t i v e s  g i v e n  

by  t h e  s i z e ,  number, and l o c a t i o n  o f  r e g i o n a l  t r e a t m e n t  p l a n t s .  I t  i s  

conc luded t h a t  an e v a l u a t i o n  o f  w a t e r  q u a l i t y  management a l t e r n a t i v e s  

w i t h o u t  c o n s i d e r a t i o n  f o r  t h e i r  per formance v a r i a b i l i t y  may be so d e f i c i -  

e n t  as t o  negate  t h e  e v a l u a t i o n .  Consequent ly ,  w a t e r  q u a l i t y  i n f o r m a t i o n  

needs f o r  s t o c h a s t i c  modell ing shou ld  be a n t i c i p a t e d  i n  t h e  d e s i g n  o f  w a t e r  

q u a l i t y  s u r v e i l l a n c e  systems and i n  t h e  a n a l y s i s  o f  w a t e r  q u a l i t y  d a t a .  

KEY WORDS: Design;  D e t e r m i n i s t i c ;  E v a l u a t i o n ;  Ma themat i ca l  Models; 

Performance; P lann ing ;  Regiona l  Yastewater  Yanaqement; S e n s i t i v i t y ;  

S t o c h a s t i c ;  V a r i a b i l i t y ;  U a t e r  Q u a l i t y  Management. 



MEAN ESTIMATE DEFICIENCIES I N  WATER QUALITY STUDIES 

By Barry J.  dams'. A.M.ASCE and Robert S. ~ e m m e l l ~ ,  M.ASCE 

INTRODUCTION 

The use o f  mathematical models f o r  t h e  design, performance 

p r e d i c t i o n  and eva lua t i on  o f  a l t e r n a t i v e  water q u a l i t y  management 

p lans i s  recognized by the U.S. Government (13) and many water qua1 i t y  

management planners (1 1  ) . The cu r ren t  a p p l i c a t i o n  o f  model1 i n q  sDans 

a  spectrum from the  m ic ro leve l  due t o  t h e  necessary preoccupation w i t h  

s p e c i f i c  processes o f  the  phys ica l  environment t o  t h e  macrolevel due 

t o  c u r r e n t  p lann ing  methodologies which attempt areawide o r  bas in  

approaches t o  func t i ona l  water q u a l i t y  management p lanning.  Among t h e  

mode l l ing  dec is ions  f a c i n g  the  water q u a l i t y  management p lanner a r e  

t h e  purposes which models w i l l  serve (design, p r e d i c t i o n ,  eva lua t i on ) ,  

t h e  s t a t e  o f  t h e  system being model led ( s t a t i c  o r  dynamic), t h e  t r e a t -  

ment o f  the  modelled system ( d e t e r m i n i s t i c  o r  s tochas t i c ) ,  and t h e  

fo rmu la t i on  o f  the  model ( a n a l y t i c  o r  numeric). Th is  paper examines 

t h e  r e l a t i v e  i n f l uence  o f  d e t e r m i n i s t i c  and s tochas t i c  models f o r  

design, performance p r e d i c t i o n  and eva lua t i on  on water q u a l i t y  

management dec is ions  t o  demonstrate some d e f i c i e n c i e s  o f  dec is ions  

based on mean est imates produced by  d e t e r m i n i s t i c  models and t h e  need 

f o r  i n fo rma t ion  necessary t o  fo rmula te  s tochas t i c  models. 

A1 though engineer ing and p lann ing  p r a c t i c e  i s  recogn iz ing  

the s tochas t i c  na ture  o f  the  s o c i a l ,  economic and phys ica l  environments 

and the performance o f  engineer ing systems, t h e  r i go rous  i n c o r p o r a t i o n  

o f  t h i s  concept i n t o  formal p lanning,  design and eva lua t i on  methodologies 

has been delayed by t h e  on l y  recent  mathematical development o f  s tochas t i c  

processes and the  a d d i t i o n a l  i n fo rma t ion  requirements f o r  s t o c h a s t i c  

mode l l ing .  The appearance o f  recent  s tud ies  g i v i n g  s tochas t i c  t reatment  

' ~ s s i s t a n t  Professor ,  Department o f  C i v i l  Engineer ing and Appl ied Mechanics. 
McGi l l  U n i v e r s i t y ,  Montreal,  Canada 
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t o  water q u a l i t y  management problenls i s  encouraging. b u t  t h e  need remains 

t o  expand these concepts t o  general engineer ing p r a c t i c e .  For example, 

c u r r e n t  water q u a l i t y  standards are  f r e q u e n t l y  based on consecut ive per iods  

o f  low stream f l ow  which imp l i es  a p r o b a b i l i s t i c  cons idera t ion .  Therefore 

i t  i s  i ncons i s ten t  t o  neg lec t  the  p r o b a b i l i t i e s  o f  o the r  events which a f f e c t  

water q u a l i t y .  It i s  demonstrated t h a t  such neg lec t  may s i g n i f i c a n t l y  a l t e r  

the  e f f i c i e n c y  o f  water q u a l i t y  management dec is ions .  

With regard t o  water q u a l i t y  standards,two a l t e r n a t i v e  water 

q u a l i t y  management p lans may r e s u l t  i n  two d i f f e r e n t  p r e d i c t e d  mean water  

q u a l i t y  responses. To evaluate these a l t e r n a t i v e s  s t r i c t l y  on t h e  bas is  

o f  mean water q u a l i t y  response i s  i n s u f f i c i e n t  s ince  water  uses a r e  

s e n s i t i v e  t o  t h e  v a r i a b i l i t y  o f  water q u a l i t y .  F igure  1 presents poss ib le  

water  q u a l i t y  p r o b a b i l i t y  d i s t r i b u t i o n  func t i ons  (pd f  ' s )  f o r  two 

a l t e r n a t i v e  management plans. Although the  mean response o f  A l t e r n a t i v e  2, 

l e v e l  B, i s  l ess  than t h a t  o f  A l t e r n a t i v e  1, l e v e l  A, t h e  v a r i a b i l i t y  o f  1 
water q u a l i t y  about t h e  mean response i s  much l e s s  i n  the  former case. I f  

l e v e l  C represents the  to le rance l i m i t  value f o r  some aquat ic  species, i t  

i s  c l e a r  from the  p d f ' s  t h a t  A l t e r n a t i v e  1 w i l l  v i o l a t e  t h a t  l e v e l  more 

f r e q u e n t l y  than A l t e r n a t i v e  2. From the  p o i n t  o f  view o f  propagat ion o f  

t h i s  species, A l t e r n a t i v e  2 i s  p re ferab le ;  however, Be1 l a  ( 4 )  proposes 

t h a t  temporal v a r i a t i o n s  i n  n u t r i e n t  supply may be necessary for. long-term 

aquat ic  ecosystem s t a b i l i t y .  Thus, t h e  i d e n t i f i c a t i o n  o f  t h e  b e t t e r  

a l t e r n a t i v e  i s  n o t  obvious. This simple example should demonstrate the  

d e f i c i e n c y  o f  eva lua t ing  a l t e r n a t i v e s  s o l e l y  on t h e  bas is  o f  mean 

performance. 

This  v a r i a b i l i t y  concept i s  explored i n  t h e  remainder o f  t h i s  

paper through an examination o f  water q u a l i t y  management problems which 

consider  the  i m p l i c a t i o n s  o f  v a r i a b i l i t y  i n  waste generat ion,  t reatment  

p l a n t  performance o r  e f f l u e n t  product ion,  and r e c e i v i n g  water behaviour 

on the  r e s u l t i n g  v a r i a b i l i t y  o f  water q u a l i t y .  F i n a l l y ,  an example i s  

prov ided i n  the  con tex t  o f  a reg iona l  wastewater ~anagement problem 

which considers the  s ize ,  number and l o c a t i o n  o f  reg iona l  t reatment  p lan ts  

t o  serve the  needs o f  a water q u a l i t y  management program. 



WASTE GENERATION 

Since wastewater management p lans must deal w i t h  the  task  

o f  p r e d i c t i n g  the f u t u r e  generat ion o f  wastewaters, t h e  engineer o r  

planner must consider the  myriad o f  f a c t o r s  a f f e c t i n g  wastewater 

generat ion such as t h e  l e v e l  o f  popu la t ion ,  the  l e v e l  and nature  o f  

a c t i v i t y ,  and the s p a t i a l  c h a r a c t e r i s t i c s  o f  popu la t i on  and a c t i v i t y .  

I n s t i n c t i v e l y ,  the  engineer understands t h a t  the  p red i c ted  l e v e l s  may 

never become t r u e .  He must s a t i s f y  h imse l f  i n  t h a t  w h i l e  h i s  p r e d i c t i o n  

may not  be the  t r u t h , i t  should be a t  l e a s t  c lose  t o  the  t r u t h .  The 

t r a c k  record f o r  such p r e d i c t i o n  must leave engineers as an u n s a t i s f i e d  

l o t  ( 6 ) .  The a l t e r n a t i v e  t o  t h i s  process i s  t o  recognize and t o  

accommodate the v a r i a b i l i t y  o f  the f u t u r e .  It i s  i n  extreme e r r o r  t o  

design a  system whose performance i s  s e n s i t i v e  t o  t h e  p red i c ted  l e v e l  

o f  a  design v a r i a b l e  w i thou t  cons idera t ion  f o r  the  var iance and 

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

Meier (28) provides an e x c e l l e n t  example i n  the  case o f  

popu la t i on  p r o j e c t i o n .  He compares the  r e s u l t s  o f  a  s tochas t i c  

popu la t ion  p r o j e c t i o n  technique producing popu la t i on  p r e d i c t i o n s  w i t h  

conf idence bands aga ins t  t r a d i t i o n a l  p r o j e c t i o n  techniques producing 

p r e d i c t i o n s  w i t h  high-low ranges. The s tochas t i c  p r o j e c t i o n s  produced 

n o t  o n l y  a  more accurate range o f  est imates bu t  a l s o  probabilities o f  

the  est imates w i t h i n  the  range. As might be expected, the s tochas t i c  

p r o j e c t i o n  model conta ins  more parameters than t r a d i t i o n a l  models and 

hence requ i res  more i n fo rma t ion  f o r  the  es t ima t ion  o f  parameter values. 

The s tochas t i c  components o f  change model o f  Meier (28) requ i res  the  

es t ima t ion  o f  8  parameter values from census data w h i l e  t r a d i t i o n a l  

models r e q u i r e  the  es t imat ion  o f  as few as one parameter value. 

Simulat ion i s  requ i red  f o r  t h e  var iance es t ima t ion  o f  p r o j e c t e d  

populat ions s ince a n a l y t i c  s o l u t i o n s  f o r  s t a t i s t i c s  o f  complex t ime 

dependent phenomena a r e  no t  genera l l y  a v a i l a b l e .  The f u r t h e r  ref inement  

of the  components o f  change model t o  the  cohor t - su rv i va l  model o r  even 

the  m u l t i - r e g i o n a l  coho r t - su rv i va l  model f u r t h e r  increases the  problem 

of parameter es t imat ion ;  however, the  observat ions o f  Berthouex (6)  

on popu la t ion  fo recas t  e r r o r  i n d i c a t e  the  importance o f  good p r o b a b i l i t y  

es t ima t ion  on popu la t ion  fo recas ts .  



The problem o f  popu la t ion  p r o j e c t i o n  i s  one o f  the  long-term 

f u t u r e .  The t reatment  p l a n t  designer i s  a l s o  concerned w i t h  t h e  

problems o f  t h e  shor t - term fu tu re .  Even o l d e r  San i ta ry  Engineering 

textbooks discuss t h e  d i u r n a l  f l u c t u a t i o n  o f  wastewater f lows and 

s t rengths .  However, few engineer ing s tud ies  incorpora te  these obser- 

va t i ons  i n t o  design p r a c t i c e  beyond t h e  cons idera t ion  o f  f low equal i - 
z a t i o n  chambers. A no tab le  except ion i s  a  s tudy by Barthouex and 

Pol kowski (8,9) which proposed p l a n t  design i n c l u d i n g  r a t i o n a l  overdesign 

allowances based on t h e  unce r ta in t y  inherent  i n  design parameters. One 

o f  the  major f a c t o r s  i n h i b i t i n g  the  a p p l i c a t i o n  o f  p r o b a b i l i s t i c  concepts 

i n  t reatment  system design i s  the  l ack  o f  i n fo rma t ion  concerning system 

inputs .  I n  1971, Wallace and Zollman (39) s ta ted  t h a t  a  request  f o r  t h i s  

type o f  i n fo rma t ion  i n  t h e  ASCE San i ta ry  Engineering D i v i s i o n  News le t te r  

produced o n l y  one response. The need f o r  data must be a n t i c i p a t e d  before  

data i s  c o l l e c t e d  - an engineer ing r e s p o n s i b i l i t y  which must be addressed(41). 

I npu t  v a r i a t i o n s  t o  the  t reatment  system w i l l  i n f l u e n c e  t h e  

se lec t i on ,  design, and eventual opera t ion  o f  t reatment  processes. Before 

t h e  degree t o  which t h i s  i n f l uence  w i l l  extend may be evaluated, p l a n t  

loadings must be s t a t i s t i c a l l y  character ized.  Wallace and Zollman (39) 

undertook such a  c h a r a c t e r i z a t i o n  w i t h  s h o r t  t ime pe r iod  chemical oxygen 

demand data concluding t h a t  the  normal ized r e s i d u a l s  produced by removing 

polynomial regress ion  l i n e s  were s t a t i o n a r y ,  ergodic and normal ly  

d i s t r i b u t e d .  Although t h i s  c h a r a c t e r i z a t i o n  was suggested as a  poss ib le  

technique f o r  s imu la t i ng  p l a n t  i n f l u e n t  v a r i a b i l i t y ,  t h e  r e l a t i v e l y  l a r g e  

number o f  parameters decreases t h e  t r a n s f e r a b i l i t y  o f  the  technique t o  

o the r  l oca t i ons .  McMichael and Vigani  (27) demonstrated the  value o f  

parametr ic  t ime se r ies  models f o r  p r e d i c t i n g  i n f l u e n t  v a r i a b i l i t y  w i t h  a  

minimum number o f  parameters us ing t h e  data o f  Wallace and Zollman (39) .  

I t  remains f o r  s tochas t i c  models o f  ac tua l  i n f l u e n t  v a r i a b i l i t y  t o  be 

employed i n  an eva lua t i on  o f  i t s  impact on t reatment  p l a n t  performance 

and how i t  may be overcome by p l a n t  design. 



I n  t he  con tex t  o f  the reg iona l  wastewater management example 

presented e a r l i e r ,  i t  would be use fu l  t o  o b t a i n  i n f l u e n t  v a r i a b i l i t y  

cha rac te r i za t i ons  as a  f u n c t i o n  o f  t h e  genera t ing  reg ions  morphology 

i n c l u d i n g  the s ize ,  popu la t i on  dens i t y  and d e n s i t y  d i s t r i b u t i o n .  I f  

the  degree o f  v a r i a b i l i t y  changes w i t h  morphologica l  c h a r a c t e r i s t i c s  

such as a  generat ing r e g i o n ' s  s i ze ,  dec is ions  regard ing  the  s i z e  and 

number o f  reg iona l  t reatment  p l a n t s  would be a f f ec ted .  

TREATMENT PLANT PERFORMANCE 

As wastewater t reatment  p l a n t s  are components o f  water q u a l i t y  

management systems, t he  performance o f  such p l a n t s  must be evaluated by 

water q u a l i t y  management p lans.  The performance o f  convent ional  

wastewater t reatment  p l a n t s  has been shown t o  be h i g h l y  v a r i a b l e  (1,37). 

The v a r i a b i l i t y  o f  system inpu ts  i s  i n h e r i t e d  by t h e  t reatment  p l a n t  

producing a  v a r i a b l e  e f f l u e n t  q u a l i t y  which i s  i n  t u r n  i n h e r i t e d  by t h e  

r e c e i v i n g  water  producing a v a r i a b l e  water q u a l i t y .  Both t h e  t rea tment  

p l a n t  and the r e c e i v i n g  water accept a  v a r i a b l e  i n p u t  which,mixed w i t h  

t h e i r  own v a r i a b l e  b e h a ~ i o u r ~ p r o d u c e  a  v a r i a b l e  product .  I f  considered. 

t he  performance v a r i a b i l i t y  o f  t reatment  p l a n t s  w i l l  i n f l u e n c e  dec i s ions  

regard ing  the s ize ,  number and l o c a t i o n  of reg iona l  wastewater t rea tment  

p l a n t s  as demonstrated by the  f o l l o w i n g  example. 

Assuming t h a t  t he  t ime v a r i a b i l i t y  o f  wastewater t rea tment  

p l a n t  performance, as measured by e f f l u e n t  biochemical oxygen demand (BOD) 

concent ra t ion ,  may be s a t i s f a c t o r i l y  descr ibed as a  normal, independent ly 

d i s t r i b u t e d  random va r i ab le ,  t he  v a r i a b l e  i s  complete ly  descr ibed by i t s  

mean and var iance as g iven by 

i n  which Lt = e f f l u e n t  BOD a t  t ime t , i  = mean e f f l u e n t  BOD, s  = standard L  

d e v i a t i o n  o f  e f f l u e n t  BOD, and the ct+ NIO(0,l) - random shocks. 



Furthermore, the  c o e f f i c i e n t  o f  v a r i a t i o n  o f  e f f l u e n t  BOD (C  ) decreases 
L 

w i t h  an increase i n  p l a n t  s i z e  as g iven by 

i n  which q = the  mean p l a n t  f l ow  and a  and b  = c o e f f i c i e n t s  (3 ) .  

Wi th t h i s  in fo rmat ion  on performance v a r i a b i l i t y ,  i t  i s  i n s t r u c t i v e  t o  

examine the  performance o f  two a l t e r n a t i v e  reg iona l  wastewater management 

systems. Both systems t r e a t  t h e  same q u a n t i t y  o f  waste t o  the  same degree 

o f  t reatment .  One a l t e r n a t i v e  employs a  s i n g l e  l a r g e  p l a n t  w h i l e  t h e  

o the r  employs n  smal ler  p lan ts .  The e f f l u e n t  v a r i a b i l i t y  o f  the  l a r g e  

p l a n t  w i l l  be p ropo r t i ona te l y  l ess  than t h a t  o f  the  smal le r  p lan ts  i n  

accordance w i t h  Eq.2; however, t h i s  i s  no t  t h e  case f o r  t h e  var iance o f  

t h e  pooled e f f l u e n t s  o f  t h e  smal l  p l a n t s .  The var iance o f  t h e  system, 

( ~ 7 ) ~  , as d i s t i n c t  from the  var iance o f  the p l a n t  ( s ~ ) ~ .  i s  determined 

from the pooled e f f l u e n t s  o f  a l l  p l a n t s  i n  the  system as i n d i c a t e d  i n  

F ig .  2  and i s  g iven by 

- 
- s ~ l  f o r  t h e  1  p l a n t  system and t 

1 ( 3 )  

S 
1 

= Ln/ fi n  f o r  the  n  p l a n t  system 

if the samples from the  smal l  p lan ts  a re  s t a t i s t i c a l l y  independent (29)which 

i s  a  reasonably good assumption (1 ) .  I f  both  a l t e r n a t i v e s  employ t h e  same 

type o f  treatment,  i t  may be assumed t h a t  t h e  mean performances o f  l a r g e  

and smal l  p lan ts  a re  equal,  such t h a t  

Fur ther  assuming t h a t  each p l a n t  i n  t h e  n  p l a n t  system t r e a t s  an equal 

q u a n t i t y  o f  wastewater, the  s u b s t i t u t i o n  o f  Eqs. 2  and 4 i n t o  Eq.3 y i e l d s  



i n  which = the  t o t a l  wastewater f l o w  o f  the  region.  The r a t i o  o f  t h e  

standard dev ia t i ons  o f  each system i s  g iven by t h e  d i v i s i o n  o f  Eqs.5 and 5 

s ~ *  1. = f i n  b  = n  0.5 + b  
s, * 

The value o f  the  c o e f f i c i e n t  b  i s  approximately -0.06(3), and assuming 

n  = 32 , Eq.8 becomes 

o r  equ iva len t l y ,  

I f  the  assumptions of t h i s  example are s a t i s f i e d ,  i t  i s  c l e a r  from 

Eq.10 t h a t  the  var iance o f  the n  p l a n t  system's performance i s  o n l y  a  

small f r a c t i o n  o f  the  var iance o f  t h e  one p l a n t  system's performance 

w h i l e  t h e  mean performances o f  both systems are i d e n t i c a l .  A d e t e r m i n i s t i c  

eva lua t i on  o f  t h i s  example o f  t reatment  p l a n t  performance would n o t  have 

revealed t h i s  d e f i c i e n c y  i n  the  performance o f  h i g h l y  c e n t r a l i z e d  systems. 

The repercussion o f  performance v a r i a b i l i t y  would be f e l t  i n  t h e  water 

q u a l i t y  o f  the  r e c e i v i n g  waters. 

RECEIVING WATER BEHAVIOUR 

There are many behavioural  c h a r a c t e r i s t i c s  o f  a  r e c e i v i n g  water 

body t h a t  determine i t s  response t o  p o l l u t i o n  loads. I n  t h e  case o f  a  



stream receiving an organic load, these include the characteristics of 

the channel geometry, stream flow, BOD and dissolved oxygen (DO) 

concentrations, temperature, the rates of deoxygenation (K1 ) and 

reaeration (K2), and the activity of planktonic and benthic communities. 

All of these characteristics exhibit variability. Thus, the water 

quality response of a water body to variable loading and behaviour will 

in turn he variable. It is necessary to describe and quantify this 

variability in order to assess its importance in evaluating water 

qua1 ity management plans. 
Streamflow is one of the most variable of the above phenomena, 

and the importance of its variability to management plans has been 

widely recognized by water quality management planners. Although 

stochastic models for streamflow simulation are widely used in water 

quantity studies, models with time scales suitable to water quality 

studies have only recently appeared (26). The impact of streamflow 

variability on water quality standards is suggested by expressions of 

water quality measures during low flow conditions such as the 7 

consecutive day - 10 year low flow. A probabilistic water quality 
standard is inferred but a precise statement of probability measure 

is avoided. This lack of preciseness hinders the rational construction 

of water quality standards and hence the rational evaluation of water 
quality management plans. Updating the basis of water quality standards 
has not kept pace with developments in our knowledge of streamflow 

variability. The variability of future water quality standards presents 

an additional factor for consideration (6). 

The variability in the rates of deoxygenation and reaeration 

of streams has become a topic of study. Kothandaraman and Ewing (19) 
demonstrated that the critical DO predicted from the DO sag equation is 

highly sensitive to the values assigned to K1 and K2. Appreciating this 

sensitivity, they analyzed the variations in K1 and K2 data collected by 

previous investigators and concluded that measurements of K1 on the Ohio 

River were random and normally distributed with a mean of 0.173/day 

(base e), a standard deviation of 0.066/day, and a coefficient of variation 



of 38 per cent. Similarly, they concluded that variations in per cent 

error in the predicted K2 values for TVA streams using a regression 

equation with mean depth and velocity of flow as independent variables 

are normally distributed with a mean of 0 and a standard deviation of 

36.8 per cent. Esen and Bennett (14) employed normal distributions for 

K1 and K2 in a random walk model to predict stochastic DO response from 

organic loads stating that the significant variations in K1 and K2 

justify a probabilistic analysis of water quality response. Subsequently 

Yu(44) examined the effects of errors in K2 estimation on the cost of 

water quality management plans. He concluded that uncertainty in K2 

values very seriously affects the evaluation of water quality management 

programs. These observations should cause serious reflection on current 

techniques used to estimate K1 and K2. Bennett and Rathbun (5) report 

that a sensitivity analysis of these commonly used K2 measurement 

techniques revealed RMS errors of 15-115 per cent. Kiovo and 

Phillips (16,17) and Shastry et a1 (32) have presented error minimizing 

procedures for estimating K1 and K2 for both linear and nonlinear systems. 

The rates of deoxygenation and reaeration are dependent on the 

temperature of the receiving water which is also a variable phenomena. 

In addition to a prominent deterministic annual cycle (18,36,40), there 

exist stochastic fluctuations about this cycle (26). Similarly, there 

are stochastic fluctuations about the diurnal cycle of photosynthesis 

and respiration of plankton and benthic communities which is dependent 

on temperature and DO and nutrient concentrations (25). 
The variations of BOD and DO concentrations in streams and 

estuaries has been modelled by Thayer and Krutchkoff (35) as a birth-death 

process and by Custer and Krutchkoff (10) as a random walk process, 

respectively. These models have been extended to include variable input 

sources (31,33) but the rates of deoxygenation and reaeration are 

considered constant. Li(20) and Thomann(38) have analytically established 

that longitudinal dispersion in streams may significantly affect the BOD 

and DO distributions due to short term waste input variability. 

These observations demonstrate the high variability of receiving 
water behaviour and the importance of stochastic approaches to water quality 

model 1 ing . 



WATER QUALITY MANAGEMENT 

The v a r i a b i l i t y  o f  waste  g e n e r a t i o n ,  t r e a t m e n t  p l a n t  per formance.  

and r e c e i v i n g  w a t e r  b e h a v i o u r  r e s u l t s  i n  a  v a r i a b l e  w a t e r  q u a l i t y  response.  

Thus, t h e  e v a l u a t i o n  o f  w a t e r  q u a l i t y  management programs must r e c o g n i z e  

and a c c o n o d a t e  t h i s  a t t r i b u t e  o f  v a r i a b i l i t y .  Over t h e  p a s t  decade, many 

s t u d i e s  have a p p l i e d  systems a n a l y s i s  t e c h n i q u e s  t o  t h e  p l a n n i n g  o f  w a t e r  

qua l  i ty management programs (11 ) .  A c o m p a r a t i v e l y  sma l l  number o f  t h e s e  

s t u d i e s  have d e a l t  w i t h  p r o b a b i l i s t i c  concepts  i n  w a t e r  q u a l i t y  management. 

Some n o t a b l e  e x c e p t i o n s  a r e  t h e  s t u d i e s  o f  Montgomery and Lynn ( 3 0 ) ,  Loucks 

and Lynn (21.23) and D y s a r t  ( 1 2 ) .  T h i s  i s  i n  c o n t r a s t  t o  t h e  l e v e l  o f  

a c t i v i t y  i n  s t o c h a s t i c  w a t e r  q u a n t i t y  s t u d i e s  (22,42.43). 

Yontgomery and Lynn ( 3 0 )  deve loped  a  s i m u l a t i o n  model t o  r e p r e s e n t  

a  wastewater  t r e a t m e n t  system t h a t  i n c l u d e d  t h e  p o s s i b i l i t i e s  o f  emp loy ing  

e f f l u e n t  s t o r a g e  and l o w  f l o w  augmentat ion.  Four  a l t e r n a t i v e  systems w i t h  

comb ina t ions  o f  t r e a t m e n t  p l a n t ,  e f f l u e n t  s t o r a g e ,  augmentat ion r e s e r v o i r  

and s t ream components were e v a l u a t e d  i n  terms o f  t h e  f requency  w i t h  wh ich  

an ass igned  l i m i t i n g  v a l u e  o f  c r i t i c a l  w a t e r  q u a l i t y  a r e  exceeded. T h i s  

s t u d y  s tands  as one of t h e  f i r s t  t o  employ a  p r o b a b i l i s t i c  e v a l u a t i o n  o f  

w a t e r  qua l  i t y  management a l t e r n a t i v e s .  Loucks and Lynn (21.23) t r e a t e d  a  

s i m i l a r  prob lem a n a l y t i c a l l y  by  d e s c r i b i n g  t h e  s t o c h a s t i c  processes as 

f i r s t  o r d e r  Markov c h a i n s  w i t h  va lues  d e t e r m i n e d  f r o m  c a l c u l a t e d  j o i n t  

t r a n s i t i o n a l  p r o b a b i l i t y  m a t r i c e s .  T h i s  p rocedure  a l l o w e d  f o r  s e r i a l  and 

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

was a l s o  made i n  terms o f  t h e  f requency  o f  v i o l a t i n g  w a t e r  q u a l i t y  l e v e l s .  

D y s a r t  ( 1 2 )  used s i m u l a t i o n  t o  demonst ra te  t h e  need f o r  v a r i a b l e  t r e a t m e n t  

w i t h  c o n t i n u o u s  m o n i t o r i n g  and feedback t o  con tend  w i t h  i n p u t  and 

per formance v a r i a b i l i t y  i n  m e e t i n g  w a t e r  qua l  i t y  s tandards .  

An i m p o r t a n t  w a t e r  q u a l i t y  management prob lem wh ich  has r e c e i v e d  

l i m i t e d  a t t e n t i o n  i s  t h a t  o f  d e t e r m i n i n g  t h e  s i z e ,  number and l o c a t i o n  o f  

r e g i o n a l  t r e a t m e n t  f a c i l i t i e s .  P rev ious  approaches t o  t h e  prob lem have 

been d e t e r m i n i s t i c  w i t h  i t s  usua l  f o r m u l a t i o n  as an o p t i m i z a t i o n  p rob lem 

w i t h  t h e  o b j e c t i v e  o f  m i n i m i z i n g  t h e  system c o s t  w i t h  o r  w i t h o u t  w a t e r  



q u a l i t y  cons t ra in t s  ( 2 ) .  Most o f  these s tud ies  have concluded t h a t  the 

opt imal reg iona l  system i s  a  h i g h l y  c e n t r a l i z e d  one. Th is  conc lus ion  i s  

l a r g e l y  due t o  an incomplete water q u a l i t y  eva lua t ion  o f  a l t e r n a t i v e  

degrees o f  c e n t r a l i z a t i o n .  This  example i s  used t o  demonstrate t h a t  a  

d e t e r m i n i s t i c  eva lua t ion  o f  a  water q u a l i t y  management problem may d i f f e r  

s u b s t a n t i a l l y  from a  s tochas t i c  eva lua t i on  o f  t h e  same problem. 

A water q u a l i t y  eva lua t ion  o f  reg iona l  wastewater system 

c e n t r a l i z a t i o n  was undertaken t o  t e s t  the  hypothesis t h a t  water q u a l i t y  

improvement may r e s u l t  from the s p a t i a l  and tempera1 v a r i a t i o n s  o f  

wasteloads a t t r i b u t e d  t o  decent ra l i zed  reg iona l  systems. The eva lua t i on  

employed water q u a l i t y  models developed f o r  bo th  d e t e r m i n i s t i c  and 

s tochas t i c  analyses. Each ana lys is  considered a  s e t  o f  experiments 

which i nvo l ved  a  de terminat ion  o f  water q u a l i t i e s  r e s u l t i n g  from 

a l t e r n a t i v e  degrees o f  reg iona l  wastewater t reatment  c e n t r a l i z a t i o n  as 

manifested by t h e  number o f  p lan ts  i n  t h e  system (1-32 p l a n t s ) .  As the  

water q u a l i t y  response i s  dependent on t h e  l eng th  o f  the  stream over  

which the  waste i s  discharged,and t h e  r a t i o  o f  streamflow t o  wastewater 

f l ow ,  a  v a r i e t y  o f  stream lengths (64-384 m i les )  and d i l u t i o n  r a t i o s  

(111-8011) were explored. The experiments assumed t h a t  t h e  t reatment  

p lan ts  were un i fo rm ly  d i s t r i b u t e d  along the  l eng th  o f  t h e  stream a-nd 

t h a t  the  t o t a l  wasteload was un i fo rm ly  d i s t r i b u t e d  among t h e  t reatment  

p lan ts  i n  t h e  systems. 

The d e t e r m i n i s t i c  ana lys i s  employed a  Streeter-Phelps DO sag 

type o f  water q u a l i t y  model. For each computer run  o f  t h e  water  q u a l i t y  

model, each reach o f  the  system was searched f o r  i t s  minimum DO 

concentrat ion,  and t h e  minimum 00 (DOmin) o f  a l l  reaches was determined. 

For a l l  stream lengths examined, t he re  was a  steady increase i n  water 

q u a l i t y  w i t h  an increase i n  the number o f  p l a n t s  i n  t h e  system as 

i l l u s t r a t e d  by Fig.  3  f o r  a  d i l u t i o n  r a t i o  o f  211. While water q u a l i t y  

improvement i s  s i g n i f i c a n t  a t  long stream lengths ,  i t  i s  n e g l i g i b l e  a t  

s h o r t  stream lengths.  Furthermore, t h e  marginal water q u a l i t y  improvement 

o f  systems w i t h  g rea te r  than about 8  p l a n t s  becomes n e g l i g i b l e  a t  a l l  



system lengths  explored. F ig .  4  presents a  f a m i l y  o f  curves d e p i c t i n g  

water  q u a l i t y  response f o r  a  v a r i e t y  of d i l u t i o n  r a t i o s  f o r  t h e  64 m i l e  

stream system. It i s  ev iden t  t h a t  t h e  water q u a l i t y  improvement due t o  

d isaggregat ion  o f  p l a n t s  i s  g rea te r  a t  smal le r  d i l u t i o n  r a t i o s  and 

becomes n e g l i g i b l e  a t  h igher  d i l u t i o n  r a t i o s .  Again, a  b r e a k o f f  i n  

water q u a l i t y  improvement appears a t  an aggregat ion s t a t e  o f  about 8 

p l a n t s .  

The d e t e r m i n i s t i c  ana l ys i s  examined the  water  q u a l i t y  impact 

o f  w a s t e ~ a t e r  t reatment  c e n t r a l i z a t i o n  assuming constant  wastewater and 

stream water q u a l i t y  and q u a n t i t y  v a r i a b l e s .  Th is  impact i s  now examined 

when these va r i ab les  behave i n  a  s tochas t i c  manner. I n  o rder  t o  assess 

t h e  e f f e c t s  o f  v a r i a b l e  wasteloads and r e c e i v i n g  water behaviour.  

s tochas t i c  models were employed t o  generate va lues f o r  these v a r i a b l e s ( 2 ) .  

The system was s imulated i n  t h e  tempera1 framework o f  t h e  lowest  average 

7 consecutive-day f l o w  occu r r i ng  i n  10 years,  a  common f l o w  c o n d i t i o n  

employed by  water  q u a l i t y  standards. With t h e  s tochas t i c  i n p u t  models 

inc luded i n  t h e  water q u a l i t y  s imu la t i on  model, t h e  minimum DO frequency 

response o f  t he  r e c e i v i n g  waters was determined a f t e r  each s e t  o f  

s imu la t i on  runs.  These s imu la t ions  were concerned w i t h  t h e  day-to-day 

v a r i a b i l i t y  o f  t he  system, and each s imu la t i on  i s  t h a t  o f  a  steady' s t a t e  

system. Experiments were again conducted on stream systems o f  d i f f e r e n t  

leng ths  and d i l u t i o n  r a t i o s .  F ig .  5 presents t h e  water  q u a l i t y  f requency 

response f u n c t i o n s  f o r  t he  64 m i l e  stream system a t  a  2/1 d i l u t i o n  r a t i o  

as cumulat ive frequency d i s t r i b u t i o n  func t i ons  ( c d f ' s )  f o r  t he  var ious  

systems o f  p l a n t s .  The ?enera1 observa t ion  i s  made t h a t  t he  lower t h e  

frequency the g rea te r  t he  d i f f e r e n c e  between t h e  minimum DO l e v e l s  o f  

t he  s i n g l e  and m u l t i p l e  p l a n t  systems. The e f f e c t  o f  stream system 

l e n g t h  on the water q u a l i t y  f requency response o f  t he  1  and 32 p l a n t  

systems i s  i l l u s t r a t e d  i n  F ig .  6  f o r  a  2/1 d i l u t i o n  r a t i o .  The l e n g t h  

o f  t h e  system does no t  a f f e c t  t he  frequency response o f  t h e  s i n g l e  p l a n t  

system. However, w i t h  more than one p l a n t  i n  t he  system, a  g iven minimum 



DO level is violated increasingly less frequently with an increase in 

distance between plants. The mean responses also improve in accordance 
with the results of the deterministic analysis. The effect of the 
dilution ratio on the water quality frequency response of the 1 and 32 
plant systems is illustrated in Fig. 7 for a 64 mile stream system. It 

is evident that the variance of the system response for any number of 

plants decreases as the dilution ratio increases and for any dilution 
ratio, decreases as the number of plants increases. Correspondingly, 
there is an increase in the mean response with an increase in dilution 
ratio or plant number or both in accordance with the results of the 

deterministic analysis. 
A comparison of the conclusions drawn from the deterministic 

and stochastic analyses of regional wastewater treatment alternatives 

may prove instructive. The water qua1 i ty improvements identified by 
the deterministic analysis were also identified by the stochastic 

analysis. In the case of long stream lengths, decentralized plant 

alternatives resulted in an improved mean water quality response and 

an improved variance of the response. Since decentralized plant 

a1 ternatives are more 1 i kely to be economically favorable for long 
stream systems, the impact of this observation will be diminished in 

these situations. However, in the case of short stream systems, the 
deterministic analysis revealed a negligible water quality improvement 

by decentralization on the basis of mean response, particularly at 

high dilution ratios. This is in contrast to the stochastic analysis 
which revealed the high variance of water quality response produced by 

centralized systems. This observation is significant in situations 
of short stream system lengths where the economics of centralization 
become competitive and centralized alternatives become serious candidates 

for consideration. 

SUMMARY AND CONCLUSIONS 

The broad objective of a water quality management program is to 

increase the accessibility and user benefit of a water resource. Since 
most water uses depend not only on the average water quality but also on 

the variability of water quality, the evaluation of water quality 

managerlent alternatives without consideration for their performance 



v a r i a b i l i t y  i s  t o  neg lec t  an important  a t t r i b u t e  o f  the  system. Th i s  

neglect  may be ser ious  enough t o  negate the v a l i d i t y  of a d e t e r m i n i s t i c  

eva lua t i on  as demonstrated by a reg iona l  wastewater management example. 

An assessment of t h e  degree o f  v a r i a b i l i t y  i n  t h e  performance 

o f  t h e  system and the  s e n s i t i v i t y  o f  p lanning dec is ions  t o  performance 

v a r i a b i l i t y  must precede a commitment t o  s tochas t i c  model 1 i ng .  Examples 

o f  t h e  de terminat ion  o f  treatment p l a n t  performance v a r i a b i l i t y  were 

g iven (1.37). James e t  a1 (15) have presented a study o f  t h e  r e l a t i v e  

importance o f  va r i ab les  i n  water resource p lann ing  dec is ions  t o  determine 

which v a r i a b l e s  have the  g rea tes t  r e l a t i v e  impact on p lann ing  dec is ions .  

Such f i n d i n g s  may be used as a guide t o  t h e  a l l o c a t i o n  o f  p lann ing  

resources f o r  s tudying those va r iab les  (34) .  McCuen (24) demonstrated 

the  value o f  component s e n s i t i v i t y  ana lys i s  f o r  s e l e c t i n g  a l t e r n a t i v e  

water resource management p lans t h a t  p rov ide  the  opt imal  balance between 

minimum expected cos t  and p r o j e c t  r i s k  due t o  performance v a r i a b i l i t y .  

The mode l l ing  e f f o r t  i n  water q u a l i t y  management p r o v i d g a  

forum f o r  the  q u a n t i t a t i v e  cons idera t ion  o f  perfonnance v a r i a b i l i t y ;  

t h e  importance o f  t h i s  v a r i a b i l i t y  should be recognized and addressed. 

S tochast ic  models a re  n o t  merely a ref inement  i n  t h e  p r e c i s i o n  o f  t h e  

mode l l ing  e f f o r t  bu t  represent  system a t t r i b u t e s  t h a t  would be oth'erwise 

unconsidered. Consequently, water  q u a l i t y  i n fo rma t ion  needs f o r  

s tochas t i c  mode l l ing  should be a n t i c i p a t e d  i n  t h e  design o f  water q u a l i t y  

s u r v e i l l a n c e  systems and i n  t h e  ana lys i s  o f  water q u a l i t y  data. 
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APPENDIX 1 1  - NOTATION 
The following symbols are used in this paper: 

coefficient 

coefficient 

coefficient of variation 

rate of deoxygenation 

rate of reaeration 

effluent biochemical oxygen demand concentration 

mean L 
number of treatment plants 

mean wastewater flow 

standard deviation of plant performance 

standard deviation of system performance 

time 

random shock +NID(O,l) 
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F igure  6.  Water Q u a l i t y  Frequency Response f o r  Various System Lengths 

(Stochast ic  Model) 




