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ABSTRACT 

I n s t r e a m  f l o w  a s s e s s m e n t s  have t r a d i t i o n a l l y  r e s u l t e d  i n  t h e  
recommendation of a  t h r e s h o l d  v a l u e  f o r  t h e  f i s h e r y  r e s o u r c e :  a  mini-  
mum f low.  More r e c e n t l y ,  a n  i n c r e m e n t a l  methodology h a s  been used t o  
q u a n t i f y  t h e  amount of p o t e n t i a l  h a b i t a t  a v a i l a b l e  f o r  each l i f e  h i s t o r y  
s t a t e  of a  s p e c i e s  as a  f u n c t i o n  of s t reamflow.  A framework h a s  been 
developed i n  t h i s  s t u d y  t o  a d d r e s s  t h e  impact of w a t e r  q u a l i t y  f l u c t u a -  
t i o n s  and t h u s  mesh h y d r o l o g i c ,  b i o l o g i c  and w a t e r  q u a l i t y  a s p e c t s  i n  
d e t e r m i n i n g  i n s t r e a m  f low s t r a t e g i e s .  These f l u c t u a t i o n s  a r e  due t o  
v a r i a b l e  p o l l u t a n t  l o a d s  and h y d r o l o g i c  i n p u t s .  Continuous h y d r o l o g i c  
and w a t e r  q u a l i t y  s i m u l a t i o n  models a r e  used t o  d e r i v e  t h e  f requency  
and d u r a t i o n  of v i o l a t i o n s  of e s t a b l i s h e d  s t ream saandards  ( e . g . ,  mini-  
mum d i s s o l v e d  oxygen c o n c e n t r a t i o n )  a c c o r d i n g  t o  S t a t e  s t ream u s e  c l a s s i -  
f i c a t i o n s .  Rece iv ing  w a t e r  c a u s e  and e f f e c t  r e l a t i o n s h i p s  a r e  viewed 
th rough  t h e  u s e  of th ree -d imens iona l  computer g r a p h i c s ,  as w e l l  as cumu- 
l a t i v e  s t r e a n f l o w  and w a t e r  q u a l i t y  f requency  c u r v e s .  

An a p p l i c a t i o n  t o  Salem Creek and Muddy Creek,  Yadkin-Pee Dee River  
Basin ,  North C a r o l i n a  i s  p r e s e n t e d  f o r  a  r i v e r  r e a c h  c l a s s i f i e d  s u i t a b l e  
f o r  f i s h  and w i l d l i f e  p r o p a g a t i o n .  For a  p a r t i c u l a r  h y d r o l o g i c  t ime  
s e r i e s  and p e r i o d  of s i m u l a t i o n ,  a  5 . 0  mg/ l  d i s s o l v e d  oxygen s t a n d a r d  
was e q u a l l e d  o r  exceeded 78 p e r c e n t  of t h e  t i m e ;  however, t h e  same s t a n d -  
a r d  was v i o l a t e d  57 p e r c e n t  of t h e  t ime  d u r i n g  s to rm f low c o n d i t i o n s  i n  
Salem Creek.  A complete  f requency  d i s t r i b u t i o n  of d u r a t i o n  of consecu- 
t i v e  h o u r s  of v i o l a t i o n  i s  a l s o  p r e s e n t e d .  For example,  t h e r e  were 
8 o c c u r r e n c e s  ( d u r i n g  a  10 month p e r i o d )  d u r i n g  which t h e  s t a n d a r d  was 
v i o l a t e d  f o r  1 2  c o n s e c u t i v e  hours ,  w i t h  d u r a t i o n s  as l e n g t h y  a s  60 
c o n s e c u t i v e  hours .  Flow d u r a t i o n  c u r v e s  a r e  a l s o  p r e s e n t e d ,  arid w a t e r  
q u a l i t y  c r i t e r i a  f o r  f r e s h w a t e r  f i s h  a r e  d i s c u s s e d  and i n t e r p r e t e d .  
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SUMMARY, CONCLUSIONS 

AND RECOMMENDATIONS 

A comprehensive approach h a s  been p r e s e n t e d  and i s  proposed t o  
i n t e g r a t e  t h e  impact  o f  w a t e r  q u a l i t y  and i t s  f l u c t u a t i o n s  i n t o  t h e  
decision-making p r o c e s s  f o r  i n s t r e a m  f low s t r a t e g i e s .  Due t o  t h e  n a t u r e  
o f  h y d r o l o g i c  phenomena, m u l t i p l e  l a n d  u s e s  i n  a  d r a i n a g e  b a s i n  and 
changing human a c t i v i t y ,  b o t h  nonpoint  and p o i n t  s o u r c e s  o f  p o l l u t a n t s  
a r e  h i g h l y  v a r i a b l e  i n  t i m e  and space .  Continuous h y d r o l o g i c  and w a t e r  
q u a l i t y  s i m u l a t i o n  e s t a b l i s h e s  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  of e v e n t s  
of v a r i o u s  magni tudes .  Synopt ic  r a i n f a l l  d a t a  a n a l y s i s  of a  long-term 
r e c o r d  of h o u r l y  v a l u e s  a l l o w s  s t a t i s t i c a l  c h a r a c t e r i z a t i o n  o f  i m p o r t a n t  
s to rm e v e n t  v a r i a b l e s :  average  i n t e n s i t y ,  volume, d u r a t i o n  and t i m e  
s i n c e  t h e  p r e v i o u s  e v e n t .  A con t inuous  d i s t r i b u t e d  r o u t i n g  r a i n f a l l -  
r u n o f f  model i s  used t o  o b t a i n  t h e  r u n o f f  t ime  s e r i e s  a t  a  number o f  
s e l e c t e d  p o i n t s  th roughout  t h e  r i v e r  b a s i n .  A con t inuous  p o l l u t a n t  
washoff model g e n e r a t e s  t h e  s tormwater  l o a d s ,  r e a d  by a con t inuous  
r e c e i v i n g  w a t e r  q u a l i t y  model t h a t  a p p l i e s  t h e  one-dimensional t r a n s i e n t  
c o n s e r v a t i o n  of mass e q u a t i o n  t o  r e p r e s e n t :  t h e  movement, decay ,  
s t o r a g e  and t r e a t m e n t  o f  a l l  w a s t e  f lows  through b o t h  n a t u r a l  and eng i -  
neered  t r a n s p o r t  sys tems .  

Whereas s t a t e  v a r i a b l e s  ( d e n s i t y ,  volume, t e m p e r a t u r e ,  e t c . )  
d e f i n e  t h e  c o n d i t i o n  of sys tem components, d e c i s i o n  v a r i a b l e s  a c t  t o  
modify t h e  s t a t e .  S t o r a g e  and t r e a t m e n t  may modify t h e  c o n c e n t r a t i o n  
and mass r a t e  of p o l l u t a n t s  i n  an  a c c e l e r a t e d  manner t o  p r e v e n t  damaging 
shock l o a d i n g s  from e n t e r i n g  r e c e i v i n g  b o d i e s  o f  w a t e r .  The d e g r e e  o f  
c o n t r o l  d e f i n e s  an  a s p e c t  o f  t h e  management problem. The r e c e i v i n g  
body of w a t e r  may be  c l a s s i f i e d  i n  terms of t h e  p r imary  i n t e n d e d  u s e  o f  
t h e  w a t e r  i n  a p a r t i c u l a r  r e a c h ,  and a  minimum s t r e a m  w a t e r  q u a l i t y  
s t a n d a r d  o r  maximum p o l l u t a n t  c o n c e n t r a t i o n  i s  e s t a b l i s h e d  t o  i n s u r e  
s u i t a b i l i t y  f o r  such u s e ( s )  i s  m a i n t a i n e d .  Model r e s u l t s  may b e  i n t e r -  
p r e t e d  i n  t e r m s  o f :  c l a s s i c a l  t ime h i s t o r i e s  ( p o l l u t o g r a p h s )  of 
p r e d i c t e d  mass r a t e s  and c o n c e n t r a t i o n s ,  o r  f requency  h i s t o g r a m s  and 
cumula t ive  f requency  c u r v e s ;  f requency  h i s tograms  of t h e  d u r a t i o n  o f  
c o n s e c u t i v e  s t r e a m  s t a n d a r d  v i o l a t i o n s ;  and th ree -d imens iona l  ensembles 
o f  w a t e r  q u a l i t y  c o n c e n t r a t i o n s  i n  space  and t ime .  The methodology i s  
independent  of s t r e a m  c l a s s i f i c a t i o n ;  f o r  example, a  r a n g e  of d i s s o l v e d  
oxygen c o n c e n t r a t i o n s  may be  e v a l u a t e d  t o  de te rmine  s u i t a b i l i t y  of t h e  
r i v e r  r e a c h  t o  s u p p o r t  d i f f e r e n t  u s e s :  f i s h  and w i l d l i f e  p r o p a g a t i o n ,  
w a t e r  supp ly  (domes t ic ,  i n d u s t r i a l ) ,  r e c r e a t i o n ,  w a s t e  a s s i m u l a t i o n ,  
e t c .  That i s ,  t h e  s t r e a m  s t a n d a r d  i s  d e f i n e d  by t h e  a n a l y s t  a t  t h e  
t ime  of  program e x e c u t i o n  f o r  t h e  f requency  d i s t r i b u t i o n  of d u r a t i o n  
of c o n s e c u t i v e  h o u r s  of v i o l a t i o n .  The cumula t ive  f requency  c u r v e s  
a l l o w  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i n  t h e  range  from 0 t o  1 5  mglR 
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of d i s s o l v e d  oxygen i n  i n t e r v a l s  of 0 . 5  mglR . 
An a p p l i c a t i o n  t o  Salem Creek,  t r i b u t a r y  t o  Muddy Creek,  

Yadkin-Pee Dee River  B a s i n ,  North C a r o l i n a  i s  p r e s e n t e d  f o r  a r i v e r  
r e a c h  c l a s s i f i e d  by t h e  S t a t e  as s u i t a b l e  f o r  -- f i s h  and w i l d l i f e  
p r o p a g a t i o n .  For  a p e r i o d  of s i m u l a t i o n  from November 4 ,  1980 t o  
August 31, 1981  a 5 .0  mglR d i s s o l v e d  oxygen s t a n d a r d  was e q u a l l e d  o r  
exceeded 78 p e r c e n t  of t h e  t ime  on a n  h o u r l y  account ing  b a s i s :  however, 
t h e  same s t a n d a r d  was v i o l a t e d  57 p e r c e n t  of t h e  t ime  d u r i n g  s to rm f low 
c o n d i t i o n s  i n  Salem Creek.  Based on d i s s o l v e d  oxygen c r i t e r i a  f o r  
f r e s h w a t e r  f i s h ,  s p e c i e s  such  a s  largemouth b a s s  would have s u r v i v e d  
(no f i s h  k i l l s  were r e p o r t e d  d u r i n g  1981  due t o  n a t u r a l  h y d r o l o g i c  
phenomena). P e r i o d s  of d e p r e s s e d  d i s s o l v e d  oxygen l e v e l s  (below 
3 .0  mglR) were s h o r t  i n  d u r a t i o n  ( 2  t o  3 h o u r s  a t  a t i m e ) .  Whether 
avoidance r e a c t i o n s  were  t a k e n  by f i s h  o r  n o t  i s  unknown, b u t  c e r t a i n l y  
p o s s i b l e :  t h e r e  were  8  o c c u r r e n c e s  d u r i n g  which t h e  s t r e a m  s t a n d a r d  
was v i o l a t e d  f o r  1 2  c o n s e c u t i v e  h o u r s ,  3  o c c u r r e n c e s  each of d u r a t i o n s  
o f  v i o l a t i o n s  f o r  20 and 24  hour  p e r i o d s ,  and s i n g l e  o c c u r r e n c e s  of 
d u r a t i o n s  as l e n g t h y  a s  48, 52 and 60 h o u r s .  

Model p r e d i c t i o n s  s u g g e s t  t h a t  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n s  
cou ld  b e  f i t t e d  t o  t h e  f requency  h i s t o g r a m s  and cumula t ive  w a t e r  q u a l i t y  
f requency  c u r v e s .  The f e a s i b i l i t y  of t h i s  approach and t h a t  of 
independen t ly -der ived  d i s t r i b u t i o n  approaches  s h o u l d  b e  c o n s i d e r e d  f o r  
f u t u r e  r e s e a r c h .  Although s t o c h a s t i c  approaches  a r e  w e l l  unders tood  
f o r  s y n t h e t i c  f low g e n e r a t i o n ,  e x p e r i e n c e  w i t h  p r o b a b i l i t y  d e n s i t y  
f u n c t i o n s  of p o l l u t a n t  c o n c e n t r a t i o n s  and w a t e r  q u a l i t y  c o n c e n t r a t i o n s  
i s  v e r y  l i m i t e d .  The c o s t s  of long-term con t inuous  s i m u l a t i o n  w i t h  
r e l a t i v e l y  s h o r t  t ime-s teps  ( r e q u i r e d  t o  d e r i v e  t r a n s i e n t  w a t e r  q u a l i t y  
and d u r a t i o n  p r e d i c t i o n s )  a r e  h i g h  and a n  a l t e r n a t i v e  when p o s s i b l e  i s  
a t t r a c t i v e .  Data requ i rements  a r e  s u b s t a n t i a l  and w i l l  r e q u i r e  c a r e f u l  
c o o r d i n a t i o n  between d a t a  c o l l e c t i o n  p e r s o n n e l  and model u s e r s .  The 
models p r e s e n t e d  i n  t h i s  s t u d y  depend on d a t a  which i s  r o u t i n e l y  b e i n g  
c o l l e c t e d  by v a r i o u s  f e d e r a l ,  s t a t e ,  o r  r e g i o n a l  a g e n c i e s .  U n f o r t u n a t e l y ,  
t h e  d e n s i t y  of t h e  gag ing l sampl ing  network i s  o f t e n  i n a d e q u a t e  and 
c o n c u r r e n t  t i m e  s e r i e s  f o r  a l l  t h e  i m p o r t a n t  v a r i a b l e s  ( r a i n f a l l ,  
s t r eamf low,  r e c e i v i n g  w a t e r  q u a l i t y ,  e t c . )  are d i f f i c u l t  t o  f i n d  i n  t h e  
l e s s - p o p u l a t e d  areas. Even though t h e  r e s u l t s  of s i m u l a t i o n  are pre-  
s e n t e d  i n  a  v e r y  conven ien t  fo rmat ,  b i o l o g i c a l  damage i s  d i f f i c u l t  t o  
q u a n t i f y .  The e x p e c t a t i o n s  of i n e x p e r i e n c e d  modelers  o r  model u s e r s  
a r e  q u i t e  o f t e n  unreasonab ly  h i g h  w i t h  r e g a r d  t o  t h e  accuracy  of model 
p r e d i c t i o n s  and t h e  t r a n s f e r a b i l i t y  of r e s u l t s  t o  o t h e r  s i t e s .  A 
d e l i b e r a t e  h i e r a r c h i c a l  approach ,  from s imple  order-of-magnitude 
a n a l y s i s  t o  a p p l i c a t i o n  of t h e  more complex computer models,  i s  h i g h l y  
recommended. 

Toxic p o l l u t a n t s  a r e  i n c r e a s i n g l y  of concern ,  and North C a r o l i n a  
h a s  e s t a b l i s h e d  s t r e a m  s t a n d a r d s  f o r  c o n c e n t r a t i o n s ,  f o r  a l a r g e  number 
of t h e s e  s u b s t a n c e s .  Although t h e  t y p e  of a n a l y s i s  p r e s e n t e d  i n  t h i s  
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s t u d y  can and shou ld  be  extended t o  account  f o r  t o x i c s ,  a d e q u a t e  c a l i -  
b r a t i o n  and v e r i f i c a t i o n  of model p r e d i c t i o n s  i s  d o u b t f u l  f o r  t h e  n e a r  
f u t u r e  w i t h  f o r e s e e a b l e  r e s o u r c e s .  A h i g h  d e g r e e  of u n c e r t a i n t y  w i t h  
r e g a r d  t o  r e a c t i o n  r a t e s ,  synergism,  e t c . ,  e x i s t s .  On t h e  o t h e r  hand,  
c r i t e r i a  f o r  f r e s h w a t e r  f i s h  (dose-response c u r v e s )  have been developed 
and t h e  number of c o n t r o l l e d  exper iments  h a s  r i s e n  i n  r e c e n t  y e a r s .  
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CHAPTER I 

INTRODUCTION AND OVERVIEW OF 

MODELS 

1.1 INTRODUCTION 

On June  6 ,  1978 t h e  P r e s i d e n t  of t h e  Uni ted S t a t e s  d e l i v e r e d  a  
message t o  t h e  Congress [House Doc. 95-3471 i n  which h e  expressed  h e  
was " . . . p a r t i c u l a r l y  concerned abou t  t h e  need t o  improve t h e  p r o t e c t i o n  
o f  i n s t r e a m  f lows  ...," and i s s u e d  a  d i r e c t i v e  t o  t h e  Chairman and 
Members of t h e  Water Resources  Counci l  on J u l y  1 2 ,  1978 t o  p r e p a r e  a 
r e p o r t  on t h e  s t e p s  t a k e n  " . . . t o  develop e f f e c t i v e  o p e r a t i o n  and man- 
agement t e c h n i q u e s  f o r  p r o t e c t i n g  i n s t r e a m  u s e s  ..." (Smith ,  1979) .  The 
Instream-Flows Working Group, formed t o  implement t h e  P r e s i d e n t ' s  
d i r e c t i v e ,  c l a s s i f i e d  problems i n  ins t ream-f low i n t o  f o u r  c a t e g o r i e s :  
(1 )  i n a d e q u a t e  q u a n t i t y ,  ( 2 )  i n a d e q u a t e  q u a l i t y ,  (3) p h y s i c a l  
b a r r i e r s ,  and (4 )  f l o w  f l u c t u a t i o n s  (Instream-Flow Task Force ,  1979) .  
Inadequa te  q u a n t i t y  h a s  a n  i n f l u e n c e  on w a t e r  q u a l i t y  by a d v e r s e l y  
a f f e c t i n g  w a s t e  a s s i m i l a t i o n .  T h e r e f o r e ,  t h e  two a s p e c t s  cannot  b e  
s e p a r a t e d  r e a l i s t i c a l l y ,  Water q u a l i t y  problems a r e  t h e  r e s u l t  of b o t h  
p o i n t  and nonpoin t  p o l l u t i o n  s o u r c e s ,  i n a d e q u a t e  d e s i g n  of r e s e r v o i r  
o u t l e t s ,  a l g a l  blooms i n  r e s e r v o i r s ,  and o t h e r s .  P h y s i c a l  b a r r i e r s  
(e .g . ,dams,  w e i r s )  i n t e r f e r e  w i t h  mi.gratory f i s h  and t h e i r  r e p r o d u c t i v e  
c y c l e .  Flow f l u c t u a t i o n  problems i n v o l v e  r e s e r v o i r  r e g u l a t i o n .  

I n s t r e a m  f low needs  u s u a l l y  r e f e r  t o  amounts -- of f low r e q u i r e d  f o r  
t r a d i t i o n a l  b e n e f i c i a l  u s e s  of w a t e r  such a s :  n a v i g a t i o n ,  hydropower 
g e n e r a t i o n ,  w a s t e  l o a d  a s s i m i l a t i o n  ( w a t e r  q u a l i t y ) ,  f i s h  and w i i d l i f e  
(wa te r  q u a n t i t y  and q u a l i t y ) ,  r e c r e a t i o n  (wate r  q u a n t i t y  and q u a l i t y )  
and consumptive u s e s  ( e . g . ,  v e g e t a t i o n ) .  The most d e s i r a b l e  f low re-  
quirement  would b e  t h a t  which s a t i s f i e s  s e v e r a l  u s e s  a t  once;  however, 
a  p a r t i c u l a r  u s e  i s  o f t e n  d e f i n e d  a s  t h e  most c r i t i c a l .  With f e d e r a l  
a p p r o v a l ,  s t a t e s  have c l a s s i f i e d  s t r e a m  segments as t o  t h e i r  d e s i r e d  
u s e  and b o t h  w a t e r  q u a l i t y  s t a n d a r d s  and e f f l u e n t  ( d i s c h a r g e )  
s t a n d a r d s  a r e  i n t i m a t e l y  r e l a t e d  t o  such  i n t e n d e d  u s e s .  

I n s t r e a m  f low a s s e s s m e n t s  have t r a d i t i o n a l l y  r e s u l t e d  i n  t h e  re- 
commendation o f  a t h r e s h o l d  v a l u e  f o r  t h e  f i s h e r y  r e s o u r c e :  a minimum 
f low,  u s u a l l y  de te rmined  from a n a l y s i s  of h y d r o l o g i c  r e c o r d s .  T h i s  
approach r e l i e s  on t h e  e r roneous  assumption t h a t  o n l y  f lows below t h i s  
1 1  i n s t a n t a n e o u s  minimum" w i l l  be  d e t r i m e n t a l  t o  t h e  f i s h  (Smith,  
December 1979) .  The IFG i n c r e m e n t a l  methodology (IFGIM) a t t e m p t s  t o  
q u a n t i f y  t h e  amount of p o t e n t i a l  h a b i t a t  a v a i l a b l e  f o r  each  l i f e  h i s t o r y  
s t a t e  of a  s p e c i e s  a s  a  f u n c t i o n  of s t reamflow.  The IFGLM i s  i n t e n d e d  
t o  b e  used o n l y  where t h e  f low regime i s  t h e  dominant d e t e r m i n a n t  of 



t h e  q u a l i t y  of t h e  ins t ream f i s h e r y  o r  r e c r e a t i o n  resource  and where 
hydrau l i c  cond i t i ons  a r e  compatible wi th  t h e  t h e o r e t i c a l  b a s i s  of t h e  
models ( i . e . ,  s teady  flow wi th in  a  r i g i d  boundary). This method i s  
composed of fou r  b a s i c  components: (1) f i e l d  measurement of s t ream 
channel c h a r a c t e r i s t i c s  using a  m u l t i p l e  t r a n s e c t  approach; 
( 2 )  hyd rau l i c  s imu la t ion  t o  determine t h e  s p a t i a l  d i s t r i b u t i o n  of 
combinations of depths and v e l o c i t i e s  wi th  r e s p e c t  t o  s u b s t r a t e  (bed 
m a t e r i a l )  and cover o b j e c t s  under a l t e r n a t i v e  flow regimes; 
(3) a p p l i c a t i o n  of h a b i t a t  s u i t a b i l i t y  c r i t e r i a  t o  determine weight ing 
f a c t o r s ;  and (4 )  c a l c u l a t i o n  of weighted usable  a r e a  (g ros s  h a b i t a t  
index) f o r  t h e  s imulated s t ream flows based on phys i ca l  c h a r a c t e r i s t i c s  
of t h e  s t ream. The l a t t e r  procedure roughly equates  t h e  t o t a l  s u r f a c e  
a r e a  of t h e  s imulated reach  t o  an  equiva len t  a r e a  of opt imal  (p re fe r r ed )  
h a b i t a t ,  Weighted usable  a r e a  (WUA) can be d isp layed  a s  a  func t ion  of 
streamflow f o r  each l i f e  h i s t o r y  s t a t e  of t h e  t a r g e t  spec i e s ,  a s  shown 
i n  Figure 1-1 f o r  smallmouth bass  a t  a  p a r t i c u l a r  s tudy  s i t e .  From 
streamflow reco rds ,  WUA may be presented a s  a  func t ion  of mean monthly 
flow r a t e s  t o  f a c i l i t a t e  comparison of changes i n  h a b i t a t  p o t e n t i a l  
between average and drought year  conditions ( s ee  Figure 1-2).  

Four primary v a r i a b l e s  can be i d e n t i f i e d  which determine t h e  
c h a r a c t e r  of insteam h a b i t a t  cond i t i ons :  (1) water  chemistry;  
( 2 )  food web r e l a t i o n s ;  (3) flow regime; and ( 4 )  channel s t r u c t u r e .  
Associated wi th  each of t h e s e  major v a r i a b l e s  a r e  t h e  r e s p e c t i v e  
subse t s  of v a r i a b l e s  which i n t e r a c t  t o  provide t h e  myriad of 
physical-chemical condi t ions  t o  which t h e  stream b i o t a  respond. I n t e r -  
a c t i o n s  among t h e s e  r ep re sen t  t h e  cha l lenge  i n  t h e  d i f f i c u l t  t a s k  of 
quan t i fy ing  t h e  e f f e c t s  of land  and water  management dec i s ions  on 
instream f i s h e r y  resources .  

Again, t h e  IFGTM i s  very u s e f u l  once i t  has been determined t h a t  ---- 
flow regime i s  t h e  dominant v a r i a b l e  (assuming a l s o  t h a t  s t eady  flow 
is  compatible w i th  streamflow cond i t i ons ) .  Standard surveying and - - 
stream measuring techniques a r e  used t o  o b t a i n  c a l i b r a t i o n  d a t a  f o r  
IFG hydrau l i c  s imula t ion  models. Transec ts  a r e  placed t o  c h a r a c t e r i z e  
both hydrau l i c  and instream r e s o u r c e ( f i s h e r y  h a b i t a t )  cond i t i ons .  
Deta i led  informat ion  is  obta ined  on t h e  stream channel geometry and 
hydrau l i c  cond i t i ons  us ing  a  m u l t i p l e  t r a n s e c t  approach f o r  mic rohab i t a t  
d e s c r i p t i o n .  The h a b i t a t  s u i t a b i l i t y  curves used i n  conjunct ion  wi th  
t h e  IFG methodology a r e  based on t h e  understanding t h a t  i n d i v i d u a l s  of 
a  spec i e s  tend t o  s e l e c t  t h e  most favorable  cond i t i ons  a v a i l a b l e  
w i t h i n  a  s t ream f o r  h a b i t a t i o n ,  b u t  w i l l  use  l e s s  favorable  cond i t i ons  
wi th  l e s s  frequency, even tua l ly  l eav ing  an  a r e a  i f  p o s s i b l e  be fo re  
condi t ions  become l e t h a l .  Subsequently,  i nd iv idua l s  would be most 
f r equen t ly  observed (sampled) i n  n a t u r e  i n h a b i t i n g  t h e i r  most p r e f e r r e d  
h a b i t a t  cond i t i ons .  I m p l i c i t  i n  t h e  use  of t h e s e  c r i t e r i a  is t h e  
assumption t h a t  frequency of observa t ion  i s ,  i n  f a c t ,  i n d i c a t i v e  of 
h a b i t a t  p reference  and t h e  understanding t h a t  t h e  d a t a  base  used t o  
c o n s t r u c t  t h e  curves was obtained i n  an unbiased manner. These c r i t e r i a  



F i g u r e  1-1. Weighted  U s a b l e  Area V e r s u s  D i s c h a r g e  
f o r  Smallmouth Bass  (Smi th ,  1 9 7 9 ) .  
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were prepared by l i f e  h i s t o r y  s t a g e  f o r  t hose  streamflow parameters 
d i r e c t l y  inf luenced by changes i n  flow regime o r  channel  geometry and 
which were considered t o  most d i r e c t l y  a f f e c t  f i s h  d i s t r i b u t i o n :  
depth,  v e l o c i t y ,  s u b s t r a t e  and temperature.  

The IFG framework was developed f o r  r e l a t i v e l y  p r i s t i n e  western 
s t reams and does no t  address  t h e  impact of water  q u a l i t y  f l u c t u a t i o n s .  
The IFGIM has been app l i ed  t o  some e a s t e r n  s t reams,  f o r  example: t h e  
Greenbr ie r ,  Meadow and New Rivers  of West V i rg in i a  (Joy,  e t  a l . ,  1981) 
and the  L i t t l e  Wabash River i n  I l l i n o i s  (Herr icks ,  -- e t  a l . ,  1980). 
Nei ther  s tudy  eva lua ted  water  qua1i"ty cond i t i ons ,  which may no t  have 
been l i m i t i n g  f a c t o r s .  However, t h e  need f o r  i nco rpora t ing  water  
q u a l i t y  i n t o  t h e  a n a l y s i s  procedure f o r  s t ream resource  flow requi re -  
ments was recognized e a r l i e r  by Grenney, P o r c e l l a  and Cleave i n  an 
assessment of e x i s t i n g  methodologies,  prepared f o r  t h e  Fish and 
W i l d l i f e  Serv ice  ( e d i t e d  by S ta lnake r  and Arne t t e ,  1976).  A spectrum 
of water  q u a l i t y  methodologies was recommended by a  pane l  l e d  by Mar i n  
a  workshop devoted t o  instream flow h a b i t a t  c r i t e r i a  and modeling 
( ed i t ed  by Smith, 1979).  Grenney, P o r c e l l a  and Cleave a l s o  i d e n t i f i e d  
d isso lved  oxygen (DO) a s  probably t h e  s i n g l e  most important  water  
q u a l i t y  parameter i n  f i s h e r i e s  management. Stream use c l a s s i f i c a t i o n s  
( inc lud ing  f i s h  propagat ion)  and corresponding water  q u a l i t y  s t anda rds  
f o r  t h e  s tudy  s i t e  a r e  presented i n  Chapter TV. 

Water q u a l i t y  f l u c t u a t i o n s  i n  a  r i v e r  reach a r e  due t o  both v a r i a -  
t i o n s  i n  p o l l u t a n t  loadings  (from po in t  and nonpoint sources)  and 
hydrologic  i n p u t s  ( r a i n f a l l ,  streamflow). Continuous hydrologic  and 
water  q u a l i t y  s imula t ion  i s  proposed t o  d e r i v e  frequency and d u r a t i o n  
of  water  q u a l i t y  v i o l a t i o n s  i n  a  s t ream reach,  a s  a  means of determining:  
t h e  adequacy of e x i s t i n g  o r  proposed flow cond i t i ons  and l e v e l s  of 
water  p o l l u t i o n  c o n t r o l  upstream t o  support  t h e  intended uses  of water  
i n  t h e  s e l e c t e d  segment. 

1 . 2  OVERVIEW - OF MODELS 

The use of frequency a n a l y s i s  i n  hydrologic  and water  q u a l i t y  
modeling i s  t r e a t e d  i n  d e t a i l  i n  Chapter 11. The c e n t r a l  theme i s  t h e  
p r e d i c t i o n  of frequency of occurrence of even t s  of va r ious  magnitudes, 
both i n  terms of hydrau l i c  and water  q u a l i t y  v a r i a b l e s .  Hydrologic 
frequency curves  ( e .g . ,  f low-duration curves)  may be der ived  by 
continuous s imu la t ion  of t h e  r a i n f a l l - r u n o f f  process  o r  by s t a t i s t i c a l  
eva lua t ion  of long-term hydrologic  records .  The d e r i v a t i o n  of cumu- 
l a t i v e  water  q u a l i t y  frequency curves and frequency d i s t r i b u t i o n s  of 
du ra t ion  r e q u i r e s  cont inuous s imula t ion  of bo th  q u a n t i t y  and q u a l i t y  
parameters.  The modeling package presented  i n  t h i s  s tudy  inc ludes  
t h e  development and ref inement  of some computer models and t h e  
a p p l i c a t i o n  of o t h e r  wel l -es tab l i shed  models. The mathematical b a s i s  
f o r  each model is  presented  i n  Chapter 111, model a p p l i c a t i o n s  and 



r e s u l t s  i n  Chapter V,  ope ra t ion  of models and i n s t r u c t i o n s  f o r  d a t a  
p repa ra t ion  i n  Chapter V I ,  and corresponding source  program l i s t i n g s  
and da t a  s e t s  i n  t h e  va r ious  appendices t o  t h i s  r e p o r t .  

Models developed and r e f i n e d  by t h e  p r i n c i p a l  i n v e s t i g a t o r  f o r  use 
i n  t h i s  s tudy  inc lude :  t h e  STORAGE/TREATMENT AID RECEIVING WATER 
QUALITY FREQUENCY AND DURATTON MODEL (STO/TRT RECEIVING); program RFREQ 
f o r  r a i n f a l l  f requency a n a l y s i s ;  and program RATING which conver t s  
streamflow s t a g e  d a t a  t o  d ischarge  by d iv ided  d i f f e r e n c e  i n t e r p o l a t i o n .  
The SYNOPTIC RAINFALL DATA ANALYSIS PROGRAM (SYNOP), developed by 
Hydroscience f o r  t h e  U.S. Environmental P r o t e c t i o n  Agency (Areawide 
Assessment Procedures Manual, U.S. EPA, 1976),  was modified t o  auto- 
ma t i ca l ly  d e f i n e  minimum i n t e r e v e n t  t ime by a u t o c o r r e l a t i o n  a n a l y s i s .  
Other gene ra l i zed  computer programs app l i ed  t o  t h e  s tudy  s i t e  were: 
t he  U.S. Geological  Survey 's  DISTRIBUTED ROUTING RAINFALL-RUNOFF MODEL- 
VERSION 11 (DR3M) (Alley and Smith, 1982) and t h e  U.S. Army Corps of 
Engineers '  STORAGE, TREATMENT, OVERFLOW, RUNOFF MODEL (STORM)(Hydrologic 
Engineering Center ,  1977).  Three-dimensional c o l o r  and b l ack  and wh i t e  
p l o t s  of water  q u a l i t y  concen t r a t ion  i n  t ime and space were obta ined  
by s t o r i n g  t h e  r e s u l t s  of STO/TRT RECEIVING s imula t ion  i n  f i l e s ,  then  
execut ing SAS/GRAPH: t h e  computer graphics  module of t h e  S t a t i s t i c a l  
Analysis  System (SAS I n s t i t u t e ,  1981).  Seve ra l  computerized d a t a  base  
systems were accessed:  t h e  North Caro l ina  HYDROLOGIC INFORMATION 
STORAGE AND RETRIEVAL SYSTEM (HISARS) (Wiser, 1975); t h e  U.S. Geological  
Survey NATIONAL WATER DATA STORAGE AND RETRIEVAL SYSTEM (WATSTORE) and 
t h e  U.S. Environmental P r o t e c t i o n  Agency STORAGE AND RETRIEVAL SYSTEM 
(STORET) through t h e  Nat iona l  Water Data Exchange (NAWDEX) (Edwards, 
1977).  

Program RFREQ reads  hour ly  p r e c i p i t a t i o n  from an NOAA r a i n f a l l  
t ape  and produces y e a r l y  frequency his tograms a s  w e l l  a s  a n  average 
frequency h is togram f o r  t h e  per iod  of record .  This procedure a l lows  
s e l e c t i o n  of t h e  most r e p r e s e n t a t i v e  year  i n  t h e  t ime s e r i e s  f o r  more 
d e t a i l e d  a u t o c o r r e l a t i o n  a n a l y s i s .  Autocorre la t ion  i s  used t o  d e f i n e  
a minimum i n t e r e v e n t  t ime,  a s  d i scussed  i n  Chapter 111. This va lue  i s  
r equ i r ed  f o r  a more gene ra l  and complete s torm event  s t a t i s t i c a l  
a n a l y s i s  w i th  SYNOP, presented  f o r  t h e  s tudy  s i t e  i n  Chapter I V .  The 
runoff  time s e r i e s  i s  subsequent ly obta ined  by applying DR3M t o  t h e  
dra inage  bas in :  by a network of d i s c r e t e  overland flow and streamflow 
segments, f o r  a given r a i n f a l l  time s e r i e s .  C a l i b r a t i o n  and v e r i f i c a -  
t i o n  of t h e  DR3M p r e d i c t i o n s  i s  accomplished by comparison wi th  f i e l d  
measured s t a g e  d a t a ,  converted a c c u r a t e l y  t o  hydrographs by program 
RATING. STORM genera tes  t h e  p o l l u t a n t  loadings  i n  t h e  dra inage  bas in .  
STO/TRT RECEIVING combines t h e  p o i n t  and nonpoint sou rce  p o l l u t a n t  loads  
and s imu la t e s  mixing wi th  r ece iv ing  s t ream upstream loads  t o  o b t a i n  
water  q u a l i t y  concen t r a t ions  i n  time and space ,  cumulative water  
q u a l i t y  frequency curves and frequency d i s t r i b u t i o n s .  Thus, t h e  re -  
s u l t s  may be  i n t e r p r e t e d  i n  terms of t h e  frequency of occurrence of 
water  q u a l i t y  v i o l a t i o n s  i n  a s t ream reach ,  a s  w e l l  a s  t h e  du ra t ion  



of these violations. Violations are defined by a minimum stream 
standard, but a range of standards may be investigated. The standards 
are set by state enforcement agencies in accordance with the stream 
use classification. An application to Salem Creek and Muddy Creek, 
Yadkin-Pee Dee River Basin, North Carolina is presented for a river 
reach classified suitable for fish and wildlife propagation. 



CHAPTER I1 

FREQUENCY ANALYSIS I N  

HYDROLOGIC AND WATER QUALITY 

MODELING 

2 .1  HISTORICAL REVIEW 

The random component of hydrologic  s i g n a l s  r e q u i r e s  t h a t  r a t i o n a l  
water  r e sou rce  management t o o l s  account  f o r  hydrologic  u n c e r t a i n t y  and 
a s soc i a t ed  water  q u a l i t y  v a r i a b i l i t y .  The p r a c t i c e  of performing f r e -  
quency a n a l y s i s  on h i s t o r i c a l  d a t a  c o l l e c t e d  from n a t u r a l  phenomena has 
been i n  e x i s t e n c e  f o r  almost a  century .  Frequency a n a l y s i s  of stream- 
flow d a t a  i s  be l i eved  t o  have been f i r s t  app l i ed  t o  f lood  s t u d i e s  by 
Herschel and Freeman (Fos t e r ,  1934). Today, modern e l e c t r o n i c  computers 
a r e  used t o  gene ra t e  s y n t h e t i c  streamflows because i n  many cases  e x i s t -  
ing  r eco rds  a r e  no t  s u f f i c i e n t l y  ex t ens ive  t o  provide e s t ima te s  of 
important  s t a t i s t i c s .  Such approximate models a r e  s u f f i c i e n t l y  r e a l i s -  
t i c  t o  improve t h e  planning process  s i g n i f i c a n t l y  (F i e r ing  and Jackson,  
1971).  Simulated streamflow d a t a  have been obta ined  f o r  most r i v e r  
b a s i n s  i n  North Caro l ina  (Wiser, 1981).  Model parameters  r equ i r ed  f o r  
s imu la t ion  a r e  obta ined  by comparing p red ic t ed  d a t a  wi th  observed d a t a  
when a v a i l a b l e .  P r e c i s e l y ,  t h e  j u s t i f i c a t i o n  f o r  cont inuous (long-term) 
s imu la t ion  i n  dea l ing  wi th  r e c e i v i n g  water q u a n t i t y  and q u a l i t y  i s  t h e  
p r o b a b i l i t y  of occurrence of hydrologic  even t s  of va r ious  magnitudes 
(Linsley and Crawford, 1974).  

The convent iona l  approach of s e l e c t i n g  s i n g l e  des ign  even t s  dur ing  
c r i t i c a l  t ime pe r iods  (low-flow cond i t i ons )  f o r  water resource  manage- 
ment i s  inadequate  f o r  s e v e r a l  important reasons:  

No r e l i a b l e  p r o b a b i l i t y  o r  frequency of occurrence 
can  be determined f o r  t h e  s i n g l e  event  (Lins ley  
and Crawford, 1974).  

The most c r i t i c a l  impact on r e c e i v i n g  water  q u a l i t y  
does n o t  n e c e s s a r i l y  occur  under low flow cond i t i ons ,  
because of i n t e r m i t t e n t  runoff p o l l u t a n t  shock 
loads  (Heaney, e t  a l . ,  1977).  

No accepted des ign  event  cond i t i on  e x i s t s  which a l s o  
s p e c i f i e s  a  design antecedent  dry-weather per iod  
(Heaney, e t  a l . ,  1977).  



Worst-case c o n d i t i o n s  of r e c e i v i n g  w a t e r  q u a l i t y  have  been a r b i t r a r i l y  
d e f i n e d  ( e . g . ,  7-day, 10-year low f low) i n  c o n v e n t i o n a l  w a s t e  a l l o c a t i o n  
s t u d i e s .  The u s e  of con t inuous  computer s i m u l a t i o n  t o  deve lop  w a t e r  
q u a l i t y  f requency  c u r v e s  t o  s c r e e n  a l t e r n a t i v e  c o n t r o l  s t r a t e g i e s  i s  
becoming w e l l  e s t a b l i s h e d  ( e . g . ,  Black and Veatch,  1974; Heaney, 
e t  a l . ,  1977; Donigian and L i n s l e y ,  1979; Medina, 1979; S c h o l l ,  e t  a l . ,  
1980; Medina, e t  a l . ,  1981; Medina and Buzun, 1981; Medina and Buzun, 
1982) .  Continuous s i m u l a t i o n  produces  r e s u l t s  which can  be  i n t e r p r e t e d  
f o r  a  wide r a n g e  of w a t e r  q u a l i t y  s t a n d a r d s  r a t h e r  t h a n  a  f i x e d  m y t h i c a l  
s t a n d a r d  ( e . g . ,  5 mglR of DO), and a  wide r a n g e  of s t reamf low condi-  
t i o n s .  E x t e n s i o n  of t h e  methodology f o r  i n s t r e a m  f l o w  s t r a t e g i e s  
a p p e a r s  t o  o f f e r  p a r t i c u l a r  advan tages  i f  f r equency  and d u r a t i o n  of 
w a t e r  q u a l i t y  v i o l a t i o n s  c a n  be  more c l o s e l y  c o r r e l a t e d  t o  i n s t r e a m  u s e s  
such  a s  f i s h e r y  management. 

2 . 2  HYDROLOGIC FREQUENCY STUDIES 

The t r a d i t i o n a l  approach t o  t h e  problem of de te rmin ing  t h e o r e t i c a l  
p r o b a b i l i t i e s  of h y d r o l o g i c  e v e n t s  h a s  been t h e  d e r i v a t i o n  o f  &quencLj 
cut lvU.  These c u r v e s  r e l a t e  t h e  magnitude of a v a r i a b l e  t o  @zquency 
06 UCCWLtLenCe, and a r e  a n  e s t i m a t e  of t h e  cumula t ive  d i s t r i b u t i o n  o f  
t h e  p o p u l a t i o n  of t h a t  v a r i a b l e  a s  p repared  from a sample of d a t a  
(Riggs ,  1968) .  The p r o b a b i l i t y  of a  s i n g l e  e v e n t ,  s a y  xl ,  i s  d e f i n e d  
a s  t h e  r e l a t i v e  number of o c c u r r e n c e s  o f  t h e  e v e n t  a f t e r  a  l o n g  s e r i e s  
of t r i a l s  o r  o b s e r v a t i o n s  from a  h i s t o r i c a l  r e c o r d :  

where X = d e n o t e s  a h y d r o l o g i c  eve&, s a y  s t reamf low 

x = m u g w e  of t h a t  e v e n t  

fl1 = number o f  o c c u r r e n c e s  o f  e v e n t  o f  magni tude x 
1 

N = t o t a l  number of o b s e r v a t i o n s  of e v e n t  X. 

The number o f  o c c u r r e n c e s  k2 is  t h e  f requency ,  whereas  M IN is  t h e  
1 1 

n d d v e  &quencfj. When t h e  number of v a l u e s  a  random v a r i a b l e  can 
t a k e  on i s  r e s t r i c t e d  t o  a n  i n t e g e r  number ( s a y  0 ,  1, 2 ,  ...), t h e  
random v a r i a b l e  i s  c a l l e d  dinche,te and i t s  p r o b a b i l i t y  law i s  u s u a l l y  
p r e s e n t e d  i n  t h e  form of a p r o b a b i l i t y  mass f u n c t i o n  (PMF): 



and, by d e f i n i t i o n  

where x = d i s c r e t e  va lues  of random v a r i a b l e  X. 
i 

Equation (2.2)  d e s c r i b e s  t h e  p r o b a b i l i t y  o r  frequency d i s t r i b u t i o n  of a  
random v a r i a b l e .  An equ iva l en t  means i s  obta ined  through t h e  use  of 
t h e  c u m w v e  din&tibukian @nc;tion (CDF) : 

f o r  d i s c r e t e  random v a r i a b l e s ,  and t h e  func t ion  inc reases  monotonical ly  
from a lower l i m i t  of zero t o  an upper bound of un i ty .  

Unlike t h e  d i s c r e t e  v a r i a b l e ,  t h e  continuous random v a r i a b l e  i s  
f r e e  t o  t a k e  on any va lue  on t h e  r e a l  a x i s .  I f  t h e  a b s c i s s a  (x a x i s )  
is  separa ted  i n t o  a  l a r g e  number of s h o r t  i n t e r v a l s  Ax, and t h e  o r d i n a t e  
i s  t h e  f u n c t i o n  f  ( x ) ,  such t h a t  t h e  a r e a  under t h e  curve i n  an i n t e r v a l  
r e p r e s e n t s  t h e  p r % a b i l i t y  t h a t  t h e  random v a r i a b l e  w i l l  t ake  on a  va lue  
i n  t h a t  i n t e r v a l ,  then:  

f X2 

where 
f X W  1. 0 

and 

= p r o b a b i l i t y  d e n s i t y  func t ion  (PDF). 

The cumulative d i s t r i b u t i o n  func t ion  i s  def ined  i n  terms of t h e  PDF a s  



F (x) = P(X<x) 
X - 

where u  = dummy v a r i a b l e  of i n t e g r a t i o n .  

The r e l a t i o n s h i p  between t h e  PDF and CDF of a  random v a r i a b l e  i s  i l l u s -  
t r a t e d  i n  F i g u r e  11-1. 

The cumula t ive  d i s t r i b u t i o n  f u n c t i o n  h a s  been d e f i n e d  a s  t h e  ex- 

p e c t e d  number of o c c u r r e n c e s  l e s s  t h a n  a g i v e n  v a l u e ;  however, i t  is  
a l s o  conven ien t  t o  examine i t s  complement -- t h e  expec ted  number g r e a t e r  
t h a n  o r  e q u a l  t o  t h e  g i v e n  magnitude: 

GX(x) = 1 - F (x) = P (X>x) 
X - 

I t  shou ld  b e  no ted  a g a i n  t h a t  f o r  h y d r o l o g i c  a p p l i c a t i o n s  t h e  CDF o r  i t s  
complement may be  r e f e r r e d  t o  a s  f requency  c u r v e s .  E a r l i e r  s ta t i s t i -  
c i a n s  a l s o  used t h e  term cumula t ive  f requency  f u n c t i o n  (Bur r ,  1942) .  
The a r e a  under e i t h e r  t h e  CDF c u r v e  o r  i t s  complement i s  mean ing less :  
expec ted  f r e q u e n c i e s  i n  any g i v e n  r a n g e  a r e  found by s imply t a k i n g  t h e  
d i f f e r e n c e  between o r d i n a t e s .  For example, P ( x  <X<x ) i s  e v a l u a t e d  as 

I- - 2 
FX(x2) - F (x l ) .  The p r o b a b i l i t y  d i s t r i b u t i o n  of sampled d a t a  t a k e n  
from a  conr inuous  d i s t r i b u t i o n  i s  a  s p e c i a l  c a s e  of d i s c r e t e  d i s t r i b u -  
t i o n s  and may b e  computed i n  t h e  form of t h e  a r i t h m e t i c  summations 
p r e s e n t e d  e a r l i e r  (Benjamin and C o r n e l l ,  1970) .  

Hydrologic  a p p l i c a t i o n s  of f requency  c u r v e s  i n c l u d e :  t h e  d e s i g n  
o f  b r i d g e  open ings ,  channe l  c a p a c i t i e s ,  f l o o d - p l a i n  zoning,  i n d u s t r i a l  
and domest ic  water-supply sys tems ,  s t o r a g e  r e s e r v o i r s ,  and f o r e c a s t i n g  
problems (Riggs ,  1968) .  The flow-frequency, o r  f low-dura t ion ,  c u r v e  
s p e c i f i c a l l y  a c c o u n t s  f o r  h y d r o l o g i c  u n c e r t a i n t y  i n  t h e  d e s i g n  and 
p l a n n i n g  of f l o o d - c o n t r o l  o r  d r o u g h t - r e l i e f  f a c i l i t i e s .  The d u r a t i o n  
c u r v e  is  t h e  i n t e g r a l  of t h e  p r o b a b i l i t y  c u r v e ,  and e a r l y  i n v e s t i g a t o r s  
concluded t h e  l a t t e r  t o  b e  d e s c r i b e d  b e s t  by t h e  Gauss-Laplace normal 
d i s t r i b u t i o n  c u r v e  (Beard,  1943) .  A t y p i c a l  f low-dura t ion  c u r v e  f o r  a  
h y p o t h e t i c a l  wa te r shed  i s  shown i n  F i g u r e  11-2. 

I n  l a t e r  s t u d i e s ,  an  index  of t h e  v a r i a t i o n  o f  f low i n  a  s t r e a m  
was developed from d u r a t i o n  c u r v e s  of d i s c h a r g e  (Lane and L e i ,  1950) .  
An e x t e n s i v e  t r e a t i s e  on f low-dura t ion  c u r v e s  is  a v a i l a b l e  e l s e w h e r e  
(Searcy ,  1959) .  These c u r v e s  a r e  c o n s i d e r e d  u s e f u l  even  though t h e  
e v e n t s  may not b e  comple te ly  independent  o f  each o t h e r ;  t h a t  i s ,  t h e y  
may b e  s e r i a l l y  c o r r e l a t e d  (Riggs,  1968) .  
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Bes ides  t h e  obvious  u s e f u l n e s s  of f requency  a n a l y s i s  i n  a v e r t i n g  
f l o o d  d i s a s t e r ,  i t  i s  a  means of a c h i e v i n g  e f f i c i e n t  d e s i g n s  f o r  hydrau- 
l i c  s t r u c t u r e s .  I f  a  h y d r a u l i c  s t r u c t u r e  i s  underdesigned th rough  
i n a d e q u a t e  o r  i n a c c u r a t e  d a t a  o r  methods, t h e  r e s u l t s  may b e  r e g r e t t a b l y  
c a t a s t r o p h i c  i n  terms of l o s s  of p r o p e r t y  and l i v e s .  However, 
n o n - f a i l u r e  i s  o f t e n  t h e  r e s u l t  of overdes igned ,  v e r y  s a f e ,  b u t  a l s o  
ve ry  expens ive  s t r u c t u r e s .  A  t r u l y  e f f i c i e n t  d e s i g n  w i l l  b e  ach ieved  
on ly  i f  c o s t s  a r e  r e l a t e d  t o  r i s k  and f requency  a n a l y s i s  ( K i t e ,  1977) .  
An analogy c a n  b e  drawn t o  t h e  t r a d i t i o n a l  approach of s e l e c t i n g  s i n g l e  
d e s i g n  e v e n t s  d u r i n g  presumed c r i t i c a l  t ime p e r i o d s  (wors t -case  7-day, 
10-year low f low c o n d i t i o n s  i n  w a s t e  a l l o c a t i o n  ' s t u d i e s ) ,  w i t h o u t  con- 
s i d e r a t i o n  f o r  o p t i m a l i t y  between c o s t s  and r i s k s .  The concep t  of w a t e r  
q u a l i t y  f requency  c u r v e s  and f requency  d i s t r i b u t i o n s  of d u r a t i o n  a r e  
exp lored  i n  t h e  n e x t  s e c t i o n .  

2 . 3  WATER QUALITY FREQUENCY CURVES 

F i g u r e  11-3 i l l u s t r a t e s  w a t e r  q u a l i t y  f requency  c u r v e s  f o r  two 
l e v e l s  of upst ream w a t e r  p o l l u t i o n  c o n t r o l  schemes, f o r  a  h y p o t h e t i c a l  
wa te r shed ,  i n  t e rms  of an  e s t a b l i s h e d  r e c e i v i n g  wate r  q u a l i t y  s t a n d a r d .  
A t  t h e  h i g h e r  l e v e l  o f  c o n t r o l ,  i t  i s  expec ted  t h a t  a  h i g h e r  number o f  
e v e n t s  e q u a l  o r  exceed t h e  e s t a b l i s h e d  w a t e r  q u a l i t y  s t a n d a r d  minimum 
c o n c e n t r a t i o n .  Thus, fewer occur rences  of w a t e r  q u a l i t y  s t a n d a r d  v i o l a -  
t i o n s  a r e  p r e d i c t e d .  Along w i t h  t h e  f requency  d i s t r i b u t i o n  of consec- 
u t i v e  t i m e  p e r i o d s  of v i o l a t i o n  o f  a  s e l e c t e d  s t ream s t a n d a r d  ( s e e  
F i g u r e  11-4),  cumula t ive  w a t e r  q u a l i t y  f requency  c u r v e s  form a n  i n t e g r a l  
p a r t  o f  t h e  methodology proposed f o r  i n s t r e a m  f low s t r a t e g i e s  i n  
Chapter  111 and demonstra ted i n  Chapter  V .  

The p e r c e n t  o f  t ime  equa led  o r  exceeded f o r  a g i v e n  magnitude of 
t h e  s t r e a m  s t a n d a r d  i s  computed from: 

where ni = cumula t ive  f requency  of o c c u r r e n c e  ( s u c c e s s i v e  
p a r t i a l  sums) i n  c l a s s  i n t e r v a l  i 

I = number o f  c l a s s  i n t e r v a l s .  F requenc ies  of d i s s o l v e d  oxygen 
c o n c e n t r a t i o n s  a r e  computed i n  t h e  r e c e i v i n g  w a t e r  q u a l i t y  model f o r  
c l a s s  i n t e r v a l s  of 0 . 5  mglR , from 0 . 0  t o  15 .0  mglR ( i . e . ,  3 1  c l a s s  
i n t e r v a l s  a r e  d e f i n e d ) .  

I n  c o n t r a s t  t o  t h e  cen tury-o ld  p r a c t i c e  of f requency  a n a l y s i s  f o r  
f l o o d  c o n t r o l ,  d rought  s e v e r i t y ,  and o t h e r  q u a n t i t a t i v e  h y d r o l o g i c  
a p p l i c a t i o n s ,  i t s  u s e  i n  w a t e r  q u a l i t y  c o n t r o l  h a s  developed w i t h i n  t h e  



Figure 11-3. Cumulative Water Quality Frequency 
Curves for Hypothetical Watershed 
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las t  decade.  Downstream damages, i n  terms of w a t e r  t r e a t m e n t  c o s t s  a t  
a  p o i n t ,  have been r e l a t e d  t o  p r o b a b i l i t y  o f  o c c u r r e n c e  o r  exceedance 
(Kneese and Bower, 1968) .  The damages v a r i e d  a c c o r d i n g  t o  t h e  d i l u t i o n  
p rov ided  by s t reamf low.  Cumulative f requency  c u r v e s  have been proposed 
t o  r e l a t e  p r o b a b i l i t y  t o  a n n u a l ,  s t r eam w a s t e - a s s i m i l a t i v e  c a p a c i t y  
(Velz ,  1970) under  n a t u r a l  h y d r o l o g i c  v a r i a t i o n s .  I n  a s t u d y  by 
Hydrocomp I n t e r n a t i o n a l  and BlackSiVeatch o f  t h e  South P l a t t e  River  
(where t h e  modeling a r e a  was c e n t e r e d  around Denver, Colorado) minimum 
d i s s o l v e d  oxygen cumula t ive  f requency  c u r v e s  were compared f o r  v a r i o u s  
dry-weather wastewater  t r e a t m e n t  p l a n t  c o n f i g u r a t i o n s  (Denver Regional  
Counc i l  of Governments, 1974) .  

2.4 DETERMINISTIC SIMULATION VERSUS DERIVED DISTRIBUTION APPROACHES 

The u s e  o f  a s i n g l e  e v e n t  f o r  d e s i g n  o r  w a t e r  r e s o u r c e  management 
h a s  been d i s c a r d e d  f o r  s e v e r a l  r e a s o n s  s t a t e d  e a r l i e r  i n  S e c t i o n  2 .1 .  
Long-term c h a r a c t e r i z a t i o n  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  and d e r i v a t i o n  
of b o t h  h y d r o l o g i c  and w a t e r  q u a l i t y  f requency  c u r v e s  can be  ach ieved  
by e i t h e r  d e t e r m i n i s t i c  (phys ica l ly -based)  s i m u l a t i o n  o r  p r o b a b i l i s t i c  
( d e r i v e d  d i s t r i b u t i o n )  methods. Continuous d e t e r m i n i s t i c  s i m u l a t i o n  
h a s  been chosen f o r  t h i s  s t u d y  and i s  c o n s i d e r e d  by many i n v e s t i g a t o r s  
t o  be  t h e  more r e f i n e d  approach because :  (1)  i t  a c c o u n t s  f o r  t h e  a c t u a l  
sequencing of s to rm e v e n t  l o a d s ;  (2)  produces  a  complete  t i m e  h i s t o r y  of 
sys tem r e s p o n s e  t o  e x c i t a t i o n ;  and (3) r e f l e c t s  n o t  o n l y  i n d i v i d u a l  
s to rm p r o p e r t i e s  b u t  a l s o  t h e  cumula t ive  e f f e c t s  o f  c l o s e l y  spaced 
e v e n t s .  However, t h e s e  models a r e  expens ive ,  d a t a  i n t e n s i v e  and r e q u i r e  
l a r g e  memory d e v i c e s  f o r  d a t a  m a n i p u l a t i o n  and s t o r a g e .  

Derived d i s t r i b u t i o n  approaches  r e q u i r e  t h a t  a n  assumption b e  made 
of a  t h e o r e t i c a l  f requency  d i s t r i b u t i o n  f o r  t h e  p o p u l a t i o n  of e v e n t s ,  
and t h e  s t a t i s t i c a l  pa ramete rs  of t h e  d i s t r i b u t i o n  must t h e n  b e  computed 
from t h e  sample d a t a .  For example, from knowledge of h y d r o l o g i c  r e l a -  
t i o n s h i p s ,  s t a t i s t i c a l  d i s t r i b u t i o n s  c a n  b e  d e r i v e d  f o r  s to rm e v e n t  
dependent  v a r i a b l e s  such  a s  s u r f a c e  r u n o f f  and over f low t o  r e c e i v i n g  
s t r e a m s .  Th is  approach i s  h i g h l y  dependent  on how w e l l  t h e  d i s t r i b u t i o n s  
of t h e  o r i g i n a l  v a r i a b l e s  can be  hypothes ized  (Loganathan and D e l l e u r ,  
1982) .  Q u i t e  o f t e n  t h e s e  methods y i e l d  c l o s e d  form s o l u t i o n s  which a r e  
u s e f u l  f o r  p r e l i m i n a r y  w a t e r  r e s o u r c e  assessment .  

Both approaches  a r e  d a t a  dependent ,  b u t  t h e  d e r i v e d  d i s t r i b u t i o n  
approach i s  c o m p u t a t i o n a l l y  l e s s  demanding. Of c o u r s e ,  phys ica l ly -based  
models a r e  n o t  comple te ly  d e t e r m i n i s t i c  because  many model pa ramete rs  
( i n f i l t r a t i o n ,  r e a c t i o n  r a t e s ,  e t c . )  a r e  q u i t e  d i f f i c u l t  t o  e s t i m a t e  
f o r  most p r a c t i c a l  a p p l i c a t i o n s .  Loganathan and D e l l e u r  (1982) have 
demonstra ted t h e r e  is  s t r o n g  ev idence  t h a t  h y d r o l o g i c  v a r i a b l e s  such  as 
s u r f a c e  runof f  volume, d u r a t i o n  and i n t e r e v e n t  t ime  a r e  e x p o n e n t i a l l y  
d i s t r i b u t e d .  They proposed t h e  lognormal d i s t r i b u t i o n  and t h e  b e t a  
d i s t r i b u t i o n  f o r  t h e  p o l l u t a n t  c o n c e n t r a t i o n s  i n  t h e  r e c e i v i n g  s t ream.  



However, p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  r ece iv ing  s t ream p o l l u t a n t  con- 
c e n t r a t i o n s  a r e  n o t  w e l l  e s t a b l i s h e d  i n  t h e  l i t e r a t u r e  and a r e  c u r r e n t l y  
t h e  s u b j e c t  of a c t i v e  r e sea rch .  Appl ica t ion  of both gene ra l  techniques 
f o r  water  q u a l i t y  modeling purposes t o  a  s p e c i f i c  s i t e ,  f o r  a  given 
hydrologic  time s e r i e s ,  may indeed prove t o  be  q u i t e  r evea l ing  and hold 
g r e a t  promise f o r  t h e  development of a  h i e r a r c h i c a l  procedure t o  d e f i n e  
ins t ream flow requirements .  



CHAPTER T I E  

METHODOLOGY 

T h i s  c h a p t e r  i s  devoted p r i m a r i l y  t o  d e s c r i p t i o n  of t h e  mathemat- 
i c a l  f o u n d a t i o n  of models developed o r  modi f i ed  f o r  u s e  i n  t h i s  s t u d y :  
t h e  STORAGE/TREATMENT AND RECEIVING WATER QUALITY FREQUENCY AND 
DURATION MODEL (STO/TRT RECEIVING); program RATING which c o n v e r t s  
s t reamf low s t a g e  d a t a  t o  d i s c h a r g e  by d i v i d e d  d i f f e r e n c e  i n t e r p o l a t i o n ;  
t h e  SYNOPTIC RAINFALL DATA ANALYSIS PROGRAM (SYNOP), modi f i ed  t o  d e f i n e  
a  minimum i n t e r e v e n t  t ime  by a u t o c o r r e l a t i o n  a n a l y s i s ;  and program 
RFREQ, which was w r i t t e n  t o  supplement SYNOP by produc ing  y e a r l y  f r e -  
quency h i s togram p l o t s  of NOAA r a i n f a l l  d a t a .  The f e a t u r e s  of o t h e r  
models developed and documented e l sewhere  ( e . g . ,  HISARS, STORM, DR3M) 
a r e  b r i e f l y  summarized and t h e i r  mathemat ica l  b a s i s  i s  d i s c u s s e d  
where a p p r o p r i a t e .  An a n a l y s i s  o f  t h e  h o u r l y  r a i n f a l l  t ime  s e r i e s  
from 1948 t o  1975 ( r e c o r d e d  n e a r  Winston-Salem, North C a r o l i n a  a t  a  
f i r s t - o r d e r  weather  s t a t i o n )  i s  p r e s e n t e d  i n  Chapter  I V  a s  a n  i n t e g r a l  
p a r t  of t h e  d e s c r i p t i o n  of t h e  s t u d y  a r e a  and i t s  c l i m a t o l o g y .  Other  
model a p p l i c a t i o n s  t o  Salem Creek and Muddy Creek (Yadkin-Pee Dee River  
Bas in )  a r e  p r e s e n t e d  and r e s u l t s  i n t e r p r e t e d  i n  Chapter  V .  O p e r a t i o n  
of models,  p e r t i n e n t  i n p u t  d a t a  i n s t r u c t i o n s  and programming cons idera -  
t i o n s  a r e  p r e s e n t e d  i n  Chapter  V I .  

3 . 1  RAINFALL TIME SERIES ANALYSIS 

An i n t e g r a l  p a r t  of t h e  assessment  o f  s torm-der ived p o l l u t a n t  l o a d s  
on r e c e i v i n g  w a t e r  q u a l i t y  is  t h e  s t a t i s t i c a l  e v a l u a t i o n  of r a i n f a l l  
r e c o r d s .  The purpose  of SYNOP is  t o  summarize t h e  v a r i a b l e s  o f  i n t e r e s t  
(volume, d u r a t i o n ,  i n t e n s i t y  and t i m e  between s t o r m  e v e n t s )  and s t a t i s -  
t i c a l l y  c h a r a c t e r i z e  t h e  r a i n f a l l  r e c o r d  t o  de te rmine  s e a s o n a l  t r e n d s  
(Areawide Assessment Procedures  Manual, U.S. EPA, 1976) .  The h o u r l y  
r a i n f a l l  d a t a  a r e  summarized by s t o r m  e v e n t s ,  each  w i t h  a n  a s s o c i a t e d  
u n i t  volume, d u r a t i o n ,  a v e r a g e  i n t e n s i t y  and t i m e  s i n c e  t h e  p r e c e d i n g  
s t o r m  (measured from t h e  midpoin t  of t h e  s u c c e s s i v e  s t o r m s ) .  Thus, a  
s to rm d e f i n i t i o n  must b e  e s t a b l i s h e d  t o  de te rmine  when i n  t h e  h o u r l y  
r e c o r d  a  s to rm b e g i n s  and ends .  Program SYNOP d e l i n e a t e s  s t o r m  e v e n t s  
a s  r a i n f a l l  p e r i o d s  s e p a r a t e d  by a  f i x e d  minimum number of c o n s e c u t i v e  
h o u r s  w i t h o u t  r a i n f a l l  ( u s e r - d e f i n e d ) .  To a v o i d  a n  a r b i t r a r y  d e f i n i -  
t i o n  of independence,  t h e  program h a s  been modi f i ed  t o  s t a t i s t i c a l l y  
d e r i v e  a  minimum i n t e r e v e n t  t ime (MIT) on t h e  b a s i s  of a u t o c o r r e l a t i o n  
a n a l y s i s  of t h e  h o u r l y  r a i n f a l l  of a  r e p r e s e n t a t i v e  y e a r  i n  t h e  t ime  
s e r i e s  . 

For h y d r o l o g i c  p r o c e s s e s ,  i t  i s  p r a c t i c a l  t o  e s t i m a t e  t h e  



a u t o c o r r e l a t i o n  c o e f f i c i e n t s  by a n  open-se r ies  approach (Yevjevich,  
1972 and F i e r i n g  and Jackson ,  1971) :  

n-k - -  
i=l -- - 

n-k 2  
i n-k i n-k i=l 

where r (k )  = sample e s t i m a t e  of lag-k a u t o c o r r e l a t i o n  
I 

c o e f f i c i e n t  f o r  h y d r o l o g i c  p r o c e s s  I ,  

x = d i s c r e t e  d a t a  s e r i e s  ( o b s e r v a t i o n s )  of 
i 

h y d r o l o g i c  p r o c e s s  I ,  f o r  i = 1, 2 ,  . . ., n ,  

n  = t o t a l  number of d a t a  p o i n t s  o r  o b s e r v a t i o n s ,  
and 

k  = number of h o u r l y  l a g s .  

The t o l e r a n c e  l i m i t s  f o r  a normal random t ime  s e r i e s  which i s  c i r c u l a r  
and of l a g  1, T L [ r I ( l ) ] ,  a r e  g i v e n  by (Anderson, 1942) :  

where 
t a  

= s t a n d a r d i z e d  normal v a r i a t e  cor responding  t o  
p r o b a b i l i t y  l e v e l  (1 - a ) .  

A c i r c u l a r  t i m e  series is d e f i n e d  a s  a  s e r i e s  where t h e  l a s t  v a l u e  i s  
fo l lowed  by t h e  f i r s t  s o  t h a t  t h e  t ime  s e r i e s  r e p e a t s  i t s e l f .  Equa t ion  
Equa t ion  (3 .2)  h a s  been extended f o r  u s e  w i t h  a n  open s e r i e s ,  f o r  t h e  
g e n e r a l  l a g  c a s e  (Yevjevich,  1972) .  A t  a 95 p e r c e n t  p r o b a b i l i t y  l e v e l ,  
t h e  t o l e r a n c e  l i m i t s  a r e  g iven  by: 

A p l o t  o f  t h e  s e r i a l  c o r r e l a t i o n  c o e f f i c i e n t s ,  r ( k ) ,  a g a i n s t  t h e  
number of l a g s ,  k ,  i s  c a l l e d  a  cor re logram.  The t e c h n i q u e  o f  a u t o -  
c o r r e l a t i o n  a n a l y s i s  i s  e s s e n t i a l l y  a  s t u d y  of t h e  b e h a v i o r  o f  t h e  
cor re logram of t h e  p r o c e s s  under i n v e s t i g a t i o n  (Quimpo, 1968) .  The 
model compares t h e  v a l u e  of r ( k )  o b t a i n e d  from e q u a t i o n  (3 .1)  w i t h  
TL[r , (k ) ] ,  computed by e q u a t i o n  ( 3 . 3 ) ,  f o r  t h e  cor responding  number of 

J. 

h o u r l y  l a g s  k .  The minimum i n t e r e v e n t  t ime  (MIT) which s e p a r a t e s  



independent  wet-weather e v e n t s  i s  d e f i n e d  as t h e  minimum v a l u e  f o r  k 
f o r  which r ( k )  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o  a t  a  95 p e r c e n t  
p r o b a b i l i t y  l e v e l .  

Once t h e  MTT h a s  been d e f i n e d ,  t h e  s to rms  a r e  s e p a r a t e d  a c c o r d i n g l y  
and t h e  s t a t i s t i c s  o f  t h e  s to rm paramete rs  a r e  t h e n  computed. The mean 
s t a n d a r d  d e v i a t i o n  and c o e f f i c i e n t  o f  v a r i a t i o n  ( s t a n d a r d  d e v i a t i o n  / 
mean) a r e  determined f o r  s to rm i n t e n s i t y ,  d u r a t i o n ,  u n i t  volume and 
t ime  between s to rms .  I f  s to rm i n t e n s i t i e s  and d u r a t i o n s  a r e  independen t ,  
t h e  mean s to rm volume w i l l  e q u a l  t h e  p r o d u c t  of mean s to rm i n t e n s i t y  
and mean d u r a t i o n .  However, i n  many a r e a s  and d u r i n g  c e r t a i n  s e a s o n s  
t h e y  a r e  n o t  independent :  f o r  example, long l e s s - i n t e n s e  s to rms  t e n d  
t o  o c c u r  i n  t h e  w i n t e r ,  and s h o r t  h i g h - i n t e n s i t y  s to rms  t end  t o  occur  i n  
t h e  summer. To avo id  t h i s  p o t e n t i a l  e r r o r ,  t h e  r a i n f a l l  a n a l y s i s  
program d e t e r m i n e s  t h e  mean u n i t  volume from t h e  i n d i v i d u a l  s to rm 
volumes. 

It shou ld  be  n o t e d  t h a t  i n  North C a r o l i n a  i n t e n s e  r a i n s t o r m s  occur  
i n  s t e e p  mountain t e r r a i n  ( o r o g r a p h i c  p r e c i p i t a t i o n ) ,  e s p e c i a l l y  i n  t h e  
s o u t h e r n  p o r t i o n .  I n  t h e  Piedmont r e g i o n  ( l o c a t i o n  of s t u d y  s i t e ,  s e e  
Chapter  IV) t h e  s e a s o n a l  (summer, w i n t e r )  b e h a v i o r  d e s c r i b e d  above i s  
c l e a r l y  o b s e r v a b l e  i n  monthly summaries and p l o t s  of a v e r a g e  i n t e n s i t y  
and d u r a t i o n .  A p a r t i c u l a r  advan tage  of t h i s  t y p e  o f  a n a l y s i s  i s  t h a t  
i f  a  p a r t i c u l a r  season  o r  p e r i o d  i s  c o n s i d e r e d  c r i t i c a l  due t o  a d v e r s e  
r e c e i v i n g  wate r  c h a r a c t e r i s t i c s  o r  g r e a t e r  p o l l u t a n t  accumula t ion  rates, 
t h e  r e p r e s e n t a t i v e  summary may s imply b e  made on t h e  long  term r e c o r d  
o f  s to rms  o c c u r r i n g  d u r i n g  t h e  s e l e c t e d  season .  

The f requency  d i s t r i b u t i o n  o f  a  random v a r i a b l e  was d e f i n e d  i n  
Chapter 11 and an  example was p rov ided .  I t  was s t a t e d  e a r l i e r  t h a t  
a u t o c o r r e l a t i o n  a n a l y s i s  of t h e  h o u r l y  r a i n f a l l  o f  a r e p r e s e n t a t i v e  
y e a r  i n  t h e  t ime  s e r i e s  l e d  t o  t h e  d e f i n i t i o n  of t h e  minimum i n t e r e v e n t  
t ime. The program RFREQ was developed t o  produce a f requency  h i s togram 
of h o u r l y  r a i n f a l l  f o r  each  y e a r  of t h e  e n t i r e  t ime  s e r i e s  s u b j e c t e d  t o  
a n a l y s i s  by SYNOP, p l u s  a n  a v e r a g e  f requency h i s t o g r a m  of  h o u r l y  r a i n -  
f a l l  f o r  t h e  e n t i r e  t i m e  s e r i e s .  Thus t h e  most r e p r e s e n t a t i v e  y e a r  may 
b e  s e l e c t e d  f o r  d e t a i l e d  p r o c e s s i n g  by e q u a t i o n s  (3 .1)  and (3.3) a t  a 
s a v i n g s  i n  computer t ime.  

Although i t  is  n o t  w i t h i n  t h e  scope of t h i s  s t u d y  t o  do s o ,  i t  i s  
i m p o r t a n t  t o  n o t e  t h a t :  once t h e  s t a t i s t i c s  (mean, c o e f f i c i e n t  of 
v a r i a t i o n )  have been determined f o r  t h e  r a i n f a l l  v a r i a b l e s  ( i n t e n s i t y ,  
d u r a t i o n ,  volume, t ime  between e v e n t s ) ,  cumula t ive  p r o b a b i l i t y  d e n s i t y  
f u n c t i o n s  can b e  assumed o r  d e r i v e d  -- and f i t t e d  t o  sample d a t a .  I f  
s to rm i n t e n s i t y ,  d u r a t i o n  and t ime  between s to rms  a r e  gamma d i s t r i b u t e d ,  
t h e n  s t o r m  volume would have a  d i s t r i b u t i o n  de te rmined  by t h e  p r o d u c t  
of two gamma d i s t r i b u t e d  random v a r i a b l e s  ( s to rm i n t e n s i t y  and d u r a t i o n )  
-- assuming independence.  Howard (1976) assumed t h a t  s to rm r u n o f f  
volumes and t ime  between e v e n t s  a r e  e x p o n e n t i a l l y  d i s t r i b u t e d .  DiToro 



and Small (1979) assumed runoff  flows, du ra t ion  and time between events  
t o  be g a m a  d i s t r i b u t e d .  A s  s t a t e d  i n  Chapter 11, Loganathan and 
Del leur  (1982) suggested t h e r e  i s  s t rong  evidence t h a t  runoff volume, 
du ra t ion  and time between events  a r e  indeed exponent ia l ly  d i s t r i b u t e d  -- 
and v e r i f i e d  t h e  s t a t i s t i c a l  independence of t h e  hydrologic  v a r i a b l e s  
f o r  r a i n f a l l  over West La faye t t e ,  Ind iana ,  f o r  t h e  per iods  1953-1974 
and 1977-1979. 

3.2 HYDROLOGIC MODELING 

Problems i n  ins t ream flows have been c l a s s i f i e d  i n t o  four  c a t e g o r i e s :  
(1) inadequate  q u a n t i t y ,  (2) inadequate  q u a l i t y ,  (3) phys i ca l  b a r r i e r s ,  
and (4) flow f l u c t u a t i o n s .  Inadequate  q u a n t i t y  of flow has a n  in f luence  
on water q u a l i t y  by adverse ly  a f f e c t i n g  waste  a s s i m i l a t i o n .  A compre- 
hensive watershed model i s  r equ i r ed  t h a t :  f a i t h f u l l y  r e p r e s e n t s  t h e  
phys i ca l  system; can process  t he  r a i n f a l l  t ime s e r i e s ,  account f o r  a l l  
t h e  hydrologic  a b s t r a c t i o n s ,  and p r e d i c t  s u r f a c e  runoff  i n  t ime and 
space a s  a  r e s i d u a l  of t h e  g ros s  p r e c i p i t a t i o n  inpu t .  

Hydraulic Simulat ion 

Hydraulic s imu la t ion  f o r  instream flow s t u d i e s  i s  def ined  a s  t h e  
d e s c r i p t i o n  of t h e  changes i n  d i s t r i b u t i o n  of v e l o c i t i e s ,  depths and 
s u b s t r a t e s  a s  a  func t ion  of d i scharge  (Bovee and Milhous, 1978).  Depth 
and v e l o c i t y  of flow a r e ,  of course ,  a  func t ion  of channel geometry a l s o .  
An accu ra t e  r e p r e s e n t a t i o n  of v e l o c i t y  and depth of flow i s  governed 
by t h e  S t .  Venant equat ions ,  r e s p e c t i v e l y ,  t h e  dynamic and c o n t i n u i t y  
equat ions f o r  gradual ly  v a r i e d ,  unsteady flow: 

where y = 
v = 

depth of flow 
v e l o c i t y  of flow 
l o n g i t u d i n a l  d i s t a n c e  
time 
g r a v i t a t i o n a l  a c c e l e r a t i o n  cons t an t  
i n v e r t  s l o p e  

f r i c t i o n  s lope ,  and 

flow a r e a .  

However, numerical  s o l u t i o n s  of t hese  equat ions  a r e  c o s t l y  i n  terms of 
computer t ime. Most modern hydrologic  s i l u l a t i o n  models adopt a  
kinematic  wave approach i n  which d i s tu rbances  a r e  allowed t o  propagate  
only i n  t h e  downstream d i r e c t i o n .  A s  a  consequence, downstream 



c o n d i t i o n s  do n o t  a f f e c t  upst ream computa t ions .  

For b o t h  o v e r l a n d  f low and open c h a n n e l  f l o w  segments ,  l a t e r a l  
i n f l o w  must be  c o n s i d e r e d .  The over land  f low segments r e c e i v e  l a t e r a l  
i n f l o w  i n  t h e  form of e x c e s s  p r e c i p i t a t i o n .  Thus, e q u a t i o n s  (3 .4)  and 
(3.5) become 

v av 1 av a+-  + - - =  ( i  - f  + 2qL/b) - V + So - Sf 
ax g  ax g a t  gy 

where q = - 
41, 

- 
i = 

f  = 

b = 

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

r a i n f a l l  i n t e n s i t y ,  volume p e r  u n i t  t i m e  p e r  u n i t  
a r e a ,  s a y  f t / s e c  
i n f i l t r a t i o n  r a t e ,  volume p e r  u n i t  t i m e  p e r  u n i t  
a r e a ,  s a y  f t / s e c ,  and 
w i d t h  of f r e e  s u r f a c e ,  s a y  f t  ; 

f o r  assumptions  of a modera te ly  wide r e c t a n g u l a r  channe l  ( y / b < l ) ,  
s m a l l  bottom s l o p e ,  and uniform v e l o c i t y  d i s t r i b u t i o n .  The k i n e m a t i c  
wave approach m a i n t a i n s  t h e  c o n t i n u i t y  e q u a t i o n  as above,  b u t  t h e  
momentum e q u a t i o n  i s  r e p l a c e d  by a  s t a g e - d i s c h a r g e  r e l a t i o n  based on 
e i t h e r  t h e  Chezy o r  Manning f r i c t i o n  formula  

where,  t y p i c a l l y ,  

(1)  f o r  l aminar  f low,  

< 

where v = k i n e m a t i c  v i s c o s i t y ,  and 

(2 )  f o r  t u r b u l e n t  f low,  

Thus a and m, t h e  k i n e m a t i c  wave model p a r a m e t e r s ,  a r e  r e l a t e d  t o  t h e  
roughness  and geometry of t h e  b a s i n  and must b e  de te rmined  a c c o r d i n g l y .  
S i n c e  d i s t u r b a n c e s  can  o n l y  p ropaga te  downstream, n u m e r i c a l  s o l u t i o n s  
are s i m p l e r  w h i l e  s t i l l  r e t a i n i n g  some of t h e  n o n l i n e a r  e f f e c t s  of t h e  

2 3  



dynamic equation. The solution to overland-flow problems simplifies to 
the continuity and momentum equations with q = 0, respectively : 

L 

Any wavelike behavior must enter through the continuity equation and 
the approach precludes changes in surface profile due to dynamic varia- 
tions. The corresponding set of equations for stream segments, or 
channelized flows, to which the only significant inputs are continuous 
along the stream axis and consist of rainfall, infiltration, and over- 
land flow is 

where Q = discharge rate, say cfs 
A = flow cross-sectional area, say ft. 

2 

i 
= continuous lateral inflow rate of overland flow, 
say cfslft 

O1S yms 
= kinematic parameters for stream segments. 

Typically, the value of m = 3/2 for small streams. In a stream seg- 
ment, equation (3.14) mayS be replaced by the classical Manning 
relationship 

where R = hydraulic mean radius. 

Routing through reservoirs is commonly accomplished by application 
of the continuity equation (modified-Puls method), in difference form 
given by : 



where Q t 'Qt+~t  
= outf low r a t e s  a t  t imes t and t+At, c f s  

= t ' = t + A t  
= inf low r a t e s  a t  t imes t and t + A t ,  c f s  

+t %+A t 
= s t o r a g e  volumes a t  t and t + A t ,  f t  

A t  = t ime s t e p  used i n  t h e  kinematic  wave model. 

D i s t r i bu ted  Routing Rainfall-Runoff Model 

The U.S. Geological  Survey's D i s t r i b u t e d  Routing Rainfall-Runoff 
Model-Version I T  (DR M) p rovides  d e t a i l e d  s imu la t ion  of storm-runoff 
per iods  s e l e c t e d  by ?he user  and a  d a i l y  so i l -mois ture  accounting 
between s torms,  us ing  r a i n f a l l  and d a t a  desc r ib ing  t h e  phys i ca l  charac- 
t e r i s t i c s  of t h e  dra inage  b a s i n  a s  i npu t  (Alley and Smith, 1982).  A 
dra inage  b a s i n  i s  e s s e n t i a l l y  r ep re sen ted  a s  a  s e t  of overland-flow, 
channel and r e s e r v o i r  segments. Kinematic wave theory  i s  used f o r  
rou t ing  flows over c o n t r i b u t i n g  overland-flow a r e a s  and through t h e  
channel network, a s  descr ibed  mathematical ly  i n  t h e  preceding s e c t i o n .  
A d e t a i l e d  r e p r e s e n t a t i o n  of the  Salem Creek and Muddy Creek dra inage  
bas ins  near  Winston-Salem, North Caro l ina  i s  i l l u s t r a t e d  i n  Chapter V.  
A l l  model f e a t u r e s  a r e  w e l l  documented i n  t h e  u s e r ' s  manual; however, 
i t  i s  appropr i a t e  t o  comment on t h e  numerical s o l u t i o n  technique t o  t h e  ,, 
kinematic wave equat ions  found t o  be most p r a c t i c a l  f o r  long-term 
s imula t ion  (year  o r  longer )  o f a l a r g e  dra inage  bas in  (64 square  m i l e s ;  
16,576 h e c t a r e s ) .  

P r i o r  t o  r e l e a s e  of t h e  new ve r s ion ,  t he  1978 DR M provided only 
an  e x p l i c i t  f i n i t e - d i f f e r e n c e  scheme f o r  s o l u t i o n  of kinematic  wave 
rou t ing  i n  channels  and overland flow segments. Although c o r r e c t  
s o l u t i o n s  were ob ta inab le  f o r  t he  sma l l e r  sub-basins,  c a l i b r a t i o n  of 
t h e  model f o r  t h e  aggrega te  network r ep resen t ing  t h e  e n t i r e  b a s i n  was 
never accomplished. Such d i f f i c u l t i e s  were no t  encountered by choos- 
ing  the  method of c h a r a c t e r i s t i c s  op t ion  i n  t h e  newer v e r s i o n  of DR M. 3 The i m p l i c i t  f i n i t e - d i f f e r e n c e  scheme w a s  no t  chosen because of computer 
t ime cons ide ra t ions .  An exhaus t ive  i n v e s t i g a t i o n  of t h e  causes of t h e  
problems (choice of A t ,  segmentation, e t c . )  was no t  p o s s i b l e  due t o  
t ime l i m i t a t i o n s .  

Combining equat ions  (3.13) and (3.14) and dropping s u b s c r i p t s  f o r  
convenience y i e l d s  : 

a A m - l  aA - + a m A  - -  
a t  ax - c! (3.17) 

and i t s  s o l u t i o n  provides va lues  of a r e a  A t h a t  can be converted t o  
d ischarge  us ing  equat ion  (3.14) (Alley and Smith, 1982).  Equation (3.17) 
can be represented  by t h e  c h a r a c t e r i s t i c  equat ions  below (Eagleson, 
1970) : 



I n t e g r a t i o n  of equat ions  (3.18) and (3.19) can be performed e x p l i c i t l y  
i f  t h e  l a t e r a l  inf low,  q , i s  assumed uniform i n  t ime and space. For 
a g iven  model segment, q i s  indeed s p a t i a l l y  cons tan t  and piecewise 
cons tan t  i n  t ime. Thus, t he  assumption i s  v a l i d  by i n t e g r a t i n g  over  
t ime s t e p s  where q remains cons tan t .  The equat ions  a c t u a l l y  solved 
by DR M a r e :  

3 

f o r  q f 0 , and 

f o r  q = 0 . 
Equations (3.20) and (3.22) a r e  used t o  fo l low t h e  c h a r a c t e r i s t i c  pa ths  
i n  t h e  x- t  p lane .  The flow a r e a  i s  determined a t  p o i n t s  along t h e  
c h a r a c t e r i s t i c  pa ths  by equat ions ( 3.21) and ( 3.23). 

Rat ing Table I n t e r p o l a t i o n  

Any hydro logic  model must be c a l i b r a t e d  and v e r i f i e d  wi th  a c t u a l  
field-measured d a t a  due t o  t h e  u n c e r t a i n t y  introduced by t h e  mathematical 
a b s t r a c t i o n  of t h e  phys i ca l  system, unknown magnitude of c e r t a i n  co- 
e f f i c i e n t s ,  e t c .  Hourly stream gage h e i g h t  records  were a v a i l a b l e  
from t h e  U.S. Geological  Survey f o r  t h e  s tudy  s i t e  ( s ee  Chapters I V  and 
V ) ,  a s  w e l l  a s  s tage-d ischarge  r a t i n g  t a b l e s  updated r e g u l a r l y .  Program 
RATING was w r i t t e n  t o  conver t  gage h e i g h t  t o  d ischarge  by a n  a c c u r a t e  
i n t e r p o l a t i n g  scheme, w i th  a known to l e rance .  Based on a divided- 
d i f f e r e n c e  t a b l e  computed by using the  Newton form f o r  t h e  i n t e r p o l a t i n g  
polynomial (Conte and de Boor, 1972) numerical e r r o r  i s  minimized: 

Pk+l 
(x) = C  f [xi, ..., X I -J-J (X - x . )  

k+l J 
i = O  j=i+l 










































































































































































































































































































































































































































































































































































































































































































































































































































































