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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 



given  d i s t i n c t  p o i n t s  

v a l u e s  of a f u n c t i o n  f ( x )  a t  t h e s e  
p o i n t s  f o r  

on t h e  b a s i s  of a n  e r r o r  t o l e r a n c e .  

The s u b r o u t i n e  p r o d u c t i n g  t h e  d i v i d e d - d i f f e r e n c e  t a b l e  i s  a l s o  
used i n  STO/TRT RECEIVING t o  o b t a i n  s t r e a m  dep th  from known d i s c h a r g e  
and known s t a g e - d i s c h a r g e  power r e l a t i o n s h i p s ,  d i s c u s s e d  i n  a  l a t e r  
s e c t i o n .  

3 . 3  WATER QUALITY MODELING 

R a i n f a l l  on a n  impervious  a r e a  must f i r s t  wet t h e  s u r f a c e  and 
d e p r e s s i o n  s t o r a g e  must be  f i l l e d  b e f o r e  any s tormwater  r u n o f f  i s  gen- 
e r a t e d .  The i n i t i a l  amounts of r a i n  b e g i n  t o  d i s s o l v e  t h e  a v a i l a b l e  
w a t e r  s o l u b l e  p o l l u t a n t s .  A s  r a i n f a l l  c o n t i n u e s ,  s u r f a c e  r u n o f f  
deve lops  and c a r r i e s  d i s s o l v e d  m a t e r i a l  w i t h  i t  i n  b o t h  t h e  o v e r l a n d  
f low and channe l  f low phases .  With i n c r e a s e d  f l o w  and v e l o c i t y ,  t h e  
suspended s o l i d s  f r a c t i o n  i s  c a r r i e d  o f f  t h e  wa te r shed  ( p o l l u t a n t  
washof f ) .  I n  t h e  p e r v i o u s  f r a c t i o n  o f  a d r a i n a g e  b a s i n ,  s tormwater  
runof f  and a s s o c i a t e d  p o l l u t a n t  removal a r e  s i m i l a r  b u t  a d d i t i o n a l  r a i n -  
f a l l  i s  l o s t  t o  i n f i l t r a t i o n .  Thus, even though p o l l u t a n t  concen t ra -  
t i o n s  may b e  j u s t  a s  g r e a t  a t  g iven  d i s c h a r g e s ,  fewer t o t a l  p o l l u t a n t s  
a r e  removed. Of c o u r s e ,  n o t  a l l  t h e  a v a i l a b l e  p o l l u t a n t s  a r e  removed 
d u r i n g  a  s to rm e v e n t .  The p e r c e n t a g e  removed depends on c o n s t i t u e n t  
p r o p e r t i e s ,  t h e  l a n d  s u r f a c e  ( t y p e  o f  c o v e r ) ,  t h e  r a i n f a l l  i n t e n s i t y  
( r a i n f a l l  s p l a s h  d e t a c h e s  s o i l  p a r t i c l e s ) ,  and p a r t i c u l a r l y  t h e  storm- 
w a t e r  volume f low r a t e  (Overton and Meadows, 1976) .  

The wate r shed  p o l l u t a n t  washoff model i s  fo l lowed  by 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 which u s u a l l y  p r e d i c t s  c o n c e n t r a t i o n s  i n  t i m e  and 
space .  Degrada t ion  of s t r e a m  w a t e r  q u a l i t y  must t h e n  b e  e v a l u a t e d  i n  
terms of d e g r e e  of impairment of i t s  b e n e f i c i a l  u s e s  f o r  e i t h e r  i n s t r e a m  
o r  o f f - s t r e a m  purposes .  Again, e i t h e r  d e t e r m i n i s t i c  o r  s t o c h a s t i c  
approaches  may b e  t a k e n  i n  deve lop ing  methods o r  models f o r  p r e d i c t i o n  
of p o l l u t a n t  l o a d s ,  c o n c e n t r a t i o n s  and r e s u l t a n t  w a t e r  q u a l i t y  impac t s .  
However, d e r i v e d  p r o b a b i l i t y  d i s t r i b u t i o n  methods r e q u i r e  w a t e r  q u a l i t y  
r e c o r d s  f o r  a t  l e a s t  5 y e a r s  ( p r e f e r a b l y  much l o n g e r )  i f  e s t i m a t e s  o f  
r e t u r n  p e r i o d s  f o r  i n f r e q u e n t  e v e n t s  a r e  t o  b e  r e l i a b l e .  

Computation - of S u r f a c e  Runoff Q u a l i t y  

I n  t h e  computat ion o f  s u r f a c e  r u n o f f  q u a l i t y  a  number o f  assump- 
t i o n s  a r e  g e n e r a l l y  made: (1)  t h e  amount of p o l l u t a n t  which can  be  
removed d u r i n g  a  s to rm e v e n t  i s  dependent  on r a i n f a l l  d u r a t i o n  and 
i n i t i a l  q u a n t i t y  of p o l l u t a n t  a v a i l a b l e  f o r  removal;  ( 2 )  no p o l l u t a n t s  
decay due t o  chemica l  changes  o r  b i o l o g i c a l  d e g r a d a t i o n  d u r i n g  t h e  



runoff  process ,  and ( 3 )  t h e  amounts of p o l l u t a n t s  pe rco la t ing  i n t o  t h e  
s o i l  by i n f i l t r a t i o n  a r e  n o t  s i g n i f i c a n t .  The f i r s t  assumption can be  
r e f i n e d  f o r  mathematical d e r i v a t i o n  such t h a t  t he  r a t e  of removal of 
p o l l u t a n t s  by s u r f a c e  runoff  is  p ropor t iona l  t o  t he  amount of p o l l u t a n t  
remaining, and t o  t h e  runoff i n t e n s i t y .  The process  can be modeled by 
a  f i r s t - o r d e r  d i f f e r e n t i a l  equat ion:  

which i n t e g r a t e s  t o  

where P = p o l l u t a n t  o r i g i n a l l y  on ground, mg 
0 

P = p o l l u t a n t  a f t e r  time t ,  mg 
k = cons t an t ,  and i s  assumed t o  be d i r e c t l y  propor- 

t i o n a l  t o  t h e  r a t e  of runof f ,  
= b r  

r = runoff  i n t e n s i t y  
b = cons t an t .  

For each time s t e p ,  t h e  runoff  r a t e  i s  determined from t h e  hydrograph 
and a  va lue  of P , which becomes the  new va lue  of P f o r  t h e  next  

0 
time s t e p ,  i s  computed. 

The watershed p o l l u t a n t  washoff model chosen was STORM because of 
ea se  of da t a  p repa ra t ion ,  ea se  of l inkage  w i t h  a n  hour ly  r e c e i v i n g  
water  q u a l i t y  model, and a p p l i c a b i l i t y  t o  dra inage  bas ins  w i th  urban 
and non-urban f r a c t i o n s  and m u l t i p l e  land uses  ( e - g . ,  r e s i d e n t i a l ,  
commercial, i n d u s t r i a l ,  open space and r u r a l ,  pa s tu re s ,  farming, and 
f o r e s t s ) .  Since a  s i g n i f i c a n t  p o r t i o n  of t h e  p o l l u t a n t s  i n  t h e  s tudy  
s i t e  come from non-urban land uses  ( s ee  Chapter LV), t h e  d a i l y  p o l l u t a n t  
accumulation method was used (Hydrologic Engineering Center ,  1977): 

where P = p o l l u t a n t  p  a t  beginning of storm, t o t a l  pounds 
P 

P = accumulation of p o l l u t a n t  p  on land use  i, lbs / ac re /day  
p i  

A' = t o t a l  a r e a  i n b a s i n ,  a c r e s  

PTi 
= pe rcen t  of b a s i n  i n  land use  i 

- 

ND 
= number of days without  runoff  s i n c e  l a s t  storm 

P = p o l l u t a n t  p  remaining a t  end of t h e  l a s t  storm, 
t o t a l  pounds, 

L = number of land use  types .  



Accurate  l a n d  u s e  t y p e s  and p e r c e n t a g e s  were  o b t a i n e d  from t h e  
Land Resources  I n f o r m a t i o n  S e r v i c e ,  S t a t e  of North  C a r o l i n a ,  f o r  t h e  
Salem Creek b a s i n ,  d i s c u s s e d  f u r t h e r  i n  Chapter  I V .  

P o l l u t a n t  T r a n s p o r t  Systems 

The u n i f y i n g  p r i n c i p l e  of c o n s e r v a t i o n  of mass may b e  a p p l i e d  t o  
each  subsystem of  t h e  u rban  and non-urban ( n a t u r a l )  environments  t o  
d e s c r i b e  t h e  t r a n s p o r t  o f  p o l l u t a n t s .  F i g u r e  111-1 r e p r e s e n t s  a  
g e n e r a l i z e d  component of t h e  p h y s i c a l  sys tem t o  b e  modeled, which may 
c h a r a c t e r i z e :  (1) a  p i p e  segment of t h e  s a n i t a r y  sewer sys tem,  
(2 )  a  s t o r a g e l t r e a t m e n t  u n i t  ( e . g . ,  pr imary c l a r i f i e r  i n  t h e  m u n i c i p a l  
was tewate r  t r e a t m e n t  p l a n t ) ,  o r  (3 )  a  r e a c h  of t h e  r e c e i v i n g  body of  
w a t e r .  I n  e s s e n c e ,  each  of t h e s e  subsystems p r o v i d e s  eng ineered  o r  
n a t u r a l  s t o r a g e l t r e a t m e n t ;  t h e r e f o r e ,  a l l  of t h e s e  subsystems may b e  
approximated by t h e  one-dimensional v e r s i o n  of t h e  c l a s s i c a l  
c o n v e c t i v e - d i s p e r s i o n  e q u a t i o n ,  

ac a - = -  a c [E ax - UC] t ZSi 
a t  ax 

3  
where C = c o n c e n t r a t i o n  of w a t e r  q u a l i t y  pa ramete r  ( p o l l u t a n t ) ,  M/L  , 

t = t ime ,  T, 
ac 

-E- = mass f l u x  due t o  l o n g i t u d i n a l  d i s p e r s i o n  a l o n g  t h e  f low 
ax 

a x i s ,  t h e  x direction, M / L ~ T ,  
UC = m a s s  f l u x  due t o  a d v e c t i o n  by t h e  f l u i d  c o n t a i n i n g  t h e  

mass of p o l l u t a n t ,  M J L ~ T ,  3  
'i 

= s o u r c e s  o r  s i n k s  of t h e  s u b s t a n c e  C ,  M/L T, 

i = 1, 2, . . ., n ,  
n  = number of s o u r c e s  o r  s i n k s ,  
U = f l o w  v e l o c i t y ,  LIT, and 

2  
E = l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t ,  L IT. 

T h e  s o u r c e / s i n k  t e r m  a c c o u n t s  f o r  b iochemica l  p r o c e s s e s  ( e . g . ,  decay ,  
p h o t o s y n t h e s i s ,  a l g a l  r e s p i r a t i o n ) ,  boundary l o s s e s  such a s  s t r e a m  
b e n t h i c  d e p o s i t s ,  and boundary g a i n s  ( e . g . ,  r e a e r a t i o n ,  and p o i n t  o r  
d i s t r i b u t e d  w a s t e  d i s c h a r g e s ) .  Assuming t h a t  t h e  l o n g i t u d i n a l  d i s p e r -  
s i o n  c o e f f i c i e n t  and t h e  a d v e c t i v e  v e l o c i t y  a r e  c o n s t a n t  a long  t h e  
f l o w  a x i s ,  e q u a t i o n  (3.28) may be  expanded f o r  t h e  g e n e r a l i z e d  compo- 
n e n t  i n  F i g u r e  111-1 t o :  



FLOW BALANCE : 

MASS B A L A N C E :  

F i g u r e  111-1. A Genera l i zed  Component of t h e  
P h y s i c a l  Sys tern 



where K = first-order reaction rate coefficient, 1/T,2 
q1 = influent fluid flow rate per unit length, L IT, 

3 
c = concentration of water quality parameter in the inflow, M/L , 

and 2 
A = wetted cross-sectional area in the component, L . 

In equation (3.29) the influent fluid flow rate per unit length, 
influent concentration, and the wetted cross-sectional area may all be 
variable functions of time. 

Solutions to differential equations derived from equation (3.28), 
and governing the behavior of conventional dry-weather flow storage/ 
treatment systems and a receiving body of water are presented in the 
following sections. All of the systems described by the generalized 
component in Figure 111-1 are essentially characterized by: 

(1) a flow velocity U, 
(2) a reaction rate coefficient K, 
(3) a residence (detention) time t and 
(4) a longitudinal dispersion d ' 

coefficient E, 

all of which are a function of the system geometry (volume V, cross- 
sectional area A, length x). The essence of the StorageITreatment and 
Receiving Water Quality Frequency and Duration Model (STOITRT RECEIVING) 
is the capability of combining stormwater pollutant washoff with 
municipal wastewater effluent (for drainage basins containing urban 
areas) simulating appropriate mixing in the receiving stream, and pre- 
dicting the frequency and duration of water quality violations in terms 
of a selected stream standard. 

The particular site chosen for this study (Salem Creek, 
Winston-Salem, North Carolina, see Chapter IV) was subject to a variety 
of both point and nonpoint sources of pollutants. The largest point 
source, the municipal wastewater treatment plant, may be represented by 
a combination of mathematical models derived from equation (3.28). With 
an increasing population (see Section 4.4), the wastewater pollutant 
loads will increase. The utility of the mathematical model for pre- 
diction and evaluation of the best configuration was the motivating 
factor for developing such models for use in this study. 



Dry-Weather - Flow ~ t o r a g e / ~ r e a t m e n t  Models 

The use r  is  given the  op t ion  of bypassing d e t a i l e d  s imu la t ion  of 
t h e  convent iona l  dry-weather flow (DWF) s to rage l t r ea tmen t  u n i t s  by 
simply supplying t h e  measured e f f l u e n t  t ime s e r i e s  t o  t h e  r ece iv ing  
water  q u a l i t y  module. However, t h e  u t i l i t y  of d e t a i l e d  s imu la t ion  of 
t h e  p o l l u t a n t  removal e f f i c i e n c y  of t h e  DWF f a c i l i t y  r e s i d e s  i n  t h e  
need f o r  long range r i v e r  bas in  planning.  Ul t imate ly ,  c o s t s  of water  
p o l l u t i o n  c o n t r o l  must be weighed i n  terms of t he  b e n e f i t s  der ived  -- 
t h e i r  e f f e c t i v e n e s s  i n  reducing water q u a l i t y  impacts downstream and 
meeting t h e  q u a l i t y  requirements f o r  ins t ream flow uses  o r  withdrawls .  

Three conf igu ra t ions  a r e  allowed f o r  f l e x i b i l i t y :  

1 )  a  primary c l a r i f i e r  is  
followed by a  t r i c k l i n g  f i l t e r ,  
a s  shown i n  F igure  111-2 ; 

2) a  primary c l a r i f i e r  i s  followed 
by an  a c t i v a t e d  s ludge tank;  and 

3)  a  primary c l a r i f i e r  i s  followed 
by a  roughing t r i c k l i n g  f i l t e r ,  
followed i n  t u r n  by an a c t i v a t e d  
s ludge  tank.  

I n  essence ,  only two d i f f e r e n t  types  of mathematical models a r e  needed 
f o r  the  t h r e e  con f igu ra t ions .  An advec t ive-d ispers ive ,  v a r i a b l e  volume 
model i s  proposed t o  s imu la t e  t h e  nonidea l  mixing cond i t i ons  i n  both 
t h e  primary c l a r i f i e r  and t h e  a c t i v a t e d  s ludge  tank.  The magnitude of 
t h e  va r ious  parameters;  however, would be  d i f f e r e n t .  A flow ba lance  
a s  w e l l  a s  a  mass balance is  r equ i r ed  i n  such a  system: s t o r a g e  
e f f e c t s  a r e  p re sen t ,  and i f  de t en t ion  i s  s u f f i c i e n t l y  long,  h igh  con- 
c e n t r a t i o n s  mixed w i t h  low concent ra t ions  r e s u l t  i n  an e f f l u e n t  w i th  
concen t r a t ions  c l o s e r  t o  t h e  average.  For non-conservative subs tances ,  
t h e  degree of t reatment  t h a t  occurs  dur ing  s t o r a g e  i s  a  func t ion  of 
f i r s t - o r d e r  decay. 

From a  flow ba lance  ac ros s  t h e  u n i t  ( s ee  F igure  111-I ) ,  f o r  
vo lumetr ic  r a t e s  of flow i n t o  and out  of t h e  system which a r e  unequal 
func t ions  of time : 





where d f =  d t  
3  time r a t e  of change i n  volume, L  I T ,  

f l u i d  flow r a t e  i n t o  tank,  a s  a  continuous funct ion  of 
t ime, L ~ / T ,  
f l u i d  flow r a t e  out  of t h e  tank,  a s  a  continuous 
func t ion  of time, L 3 / ~ .  

I t  i s  f u r t h e r  assumed t h a t  t h e  outflow i s  a  l i n e a r  funct ion  of t h e  
volume t o  al low a s o l u t i o n  t o  t h e  c o n t i n u i t y  equat ion ,  thus  

Q 2 ( t )  = aV(t> (3.31) 

where a = time cons tan t ,  1 / T ,  and 
3  V( t )  = time-varying volume of t h e  b a s i n ,  L . 

From equat ions (3.30) and (3.31),  an expression f o r  t h e  outflow a s  a  
funct ion  of t h e  inf low, i n  d i f f e r e n t i a l  form, may be obtained:  

dQ2 - + a Q 2 ( t )  = aQl( t )  d t  
(3.32) 

where Q ( t )  i s  a  known func t ion  of time. Therefore,  equat ion (3.32) 
1 

i s  d i r e c t l y  i n t e g r a b l e  by applying an  i n t e g r a t i n g  f a c t o r  

3  
where Q2(t=O) = i n i t i a l  outflow of t h e  system, L /T .  

Forcing funct ions  a r e  assumed t o  b e  s t e p  func t ion  inpu t s .  Thus, from 
equat ion (3.33) and a f t e r  i n t e g r a t i o n  over t h e  time s t e p  length ,  A t ,  

Q2( t i  + At) = Qi [ 1  

where Q2(ti + At) = 

Qi = 

Q2(ti)  = 

- exp(-a At) ]  + Q2(ti)exp(-a At) (3.34) 

output  flow r a t e  a t  t h e  end of t h e  time s t e p ,  
L3 /T,  
va lue  of input  flow r a t e  from ti t o  ( t i  f At),  
L 3 / ~ ,  and 
outflow va lue  a t  t h e  end of t h e  previous time 
s t e p ,  ~ 3 / t .  

The average outflow r a t e  f o r  each time s t e p  may be obtained by in t eg ra -  
t i n g  equat ion (3.34) over the  l eng th  of t h e  time s t e p .  That i s ,  



- A t  l 
Q ( t .  +-) = -  2 1  2 A t  Q2 (TI  d r  

Jo 
and a f t e r  a p p r o p r i a t e  s u b s t i t u t i o n  and subsequen t  i n t e g r a t i o n ,  

- A t  
where Q ( t  + -) = t ime-averaged o u t f l o w  r a t e  f o r  each  t ime  s t e p ,  * L ~ / T .  

The governing mass b a l a n c e  e q u a t i o n  f o r  t h e  a d v e c t i v e - d i s p e r s i v e ,  
v a r i a b l e  volume model may b e  d e r i v e d  from t h e  g e n e r a l  e x p r e s s i o n  
i l l u s t r a t e d  i n  F i g u r e  111-1, cor responding  t o  e q u a t i o n  (3 .28) .  For a  
c o n s t a n t  l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  and f i r s t - o r d e r  decay 
( s i n k  t e rm) ,  i t  may b e  r e w r i t t e n  a s :  

3  
where C = c o n c e n t r a t i o n  of p o l l u t n a t  i n  t h e  f l u i d  medium, MIL , 

- -  3 - temporal  v a r i a t i o n  i n  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 ,  M/L T ,  
a t  

E = l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t ,  c o n s t a n t  a l o n g  t h e  
f low a x i s ,  L ~ / T ,  

U = l o n g i t u d i n a l  v e l o c i t y  i n  t h e  s t o r a g e l t r e a t m e n t  sys tem,  LIT, 

- 3 4 
s p a t i a l  v a r i a t i o n  i n  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 ,  M/L , and ax 

K = f i r s t - o r d e r  decay r a t e  of p o l l u t a n t  i n  t h e  f l u i d  medium, 
1/T. 

Equat ion (3.37) i s  a  l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  p a r a b o l i c ,  
of  t h e  second o r d e r ,  and i s  f o r m a l l y  e q u i v a l e n t  t o  t h e  one-dimensional  
h e a t  e q u a t i o n  (Berg and MeGregor, 1966) .  The fundamental  mathemat ica l  
t e c h n i q u e s  t o  s o l v e  t h e  F i c k i a n  e q u a t i o n s  of h e a t  conduc t ion  a r e  g i v e n  
r i g o r o u s  t r e a t m e n t  by Carslaw and J a e g e r  (1959).  

A s o l u t i o n  i s  p r e s e n t e d  by Har lenan  (1971) f o r  t h e  c o n t i n u o u s l y  
d i s c h a r g i n g  p l a n e  s o u r c e  by a t ime i n t e g r a t i o n  of t h e  i n s t a n t a n e o u s  
p l a n e  s o u r c e  s o l u t i o n  f o r  a c o n s t a n t  t i m e  r a t e  o f  i n j e c t i o n .  Thus, 



K*(t -T)  d~  I 
where q" (T )  = v a r i a b l e  t ime r a t e  of mass i n j e c t i o n  per  u n i t  a r e a  

a t  t h e  p lane  source,  M / L ~ T ,  and 
3  p = d e n s i t y  of t h e  r ece iv ing  f l u i d ,  M/L . 

Most a n a l y t i c a l  s o l u t i o n s  t o  t h e  convec t ive  d i s p e r s i o n  equat ion  a r e  f o r  
a  cons tan t  advec t ive  v e l o c i t y .  It i s  common t o  c o n t r o l  t h e  v e l o c i t y  i n  
many wastewater t rea tment  p l a n t  u n i t s  by i n s t a l l i n g  proport ional-f low 
(Sutro)  we i r s  a t  t h e  o u t l e t .  I f  t h e  time r a t e  of i n j e c t i o n  p e r  u n i t  
a r e a  is  c o n s t a n t ,  then  the  s o l u t i o n  t o  equat ion  (3.38) f o r  any time t 
g r e a t e r  than  o r  equal  t o  t h e  d u r a t i o n  of i n j e c t i o n  t is  

1 ' 
r i 

where c  ( x , t - t  ) = p o l l u t a n t  concen t r a t ion  a t  d i s t a n c e  x  along t h e  
2 

flow a x i s  and time t l  t 1 ' mass of po l lu tan t /mass  

of f l u i d ,  dimensionless ,  
2  Q = JU + 4KE, has t h e  dimensions of v e l o c i t y ,  LIT, 

and 
tl = d u r a t i o n  of i n j e c t i o n ,  T. 

However, i t  i s  of i n t e r e s t  t o  adapt  t h e s e  s o l u t i o n s  beyond one 
continuous i n j e c t i o n  f o r  a  d u r a t i o n  equal  t o  t 1 : t o  t h e  ca se  where 

a  success ion  of i n j e c t i o n s ,  r ep re sen t ing  d i f f e r e n t  mass loadings  lagged 
i n  t ime, occurs .  I t  should be  noted t h a t  



where 
3 

91 = i n f l u e n t  f l u i d  flow r a t e ,  L T, 

c  = concen t r a t ion  of p o l l u t a n t  i n  t h e  inf low,  dimensionless ,  
and 

A = c ros s - sec t iona l  a r e a  of t h e  p lane  source ,  equal  t o  t h e  
width of t h e  s t o r a g e l t  eatment system times t h e  depth h of flow i n  t h e  tank,  L . 

Also, s i n c e  t h e  system has  a  v a r i a b l e  volume and a  cons tan t  v e l o c i t y ,  

where U = l o n g i t u d i n a l  v e l o c i t y ,  LIT, 3  
Ql(t)  = f l u c t u a t i n g  i n f l u e n t  f l u i d  flow r a t e ,  L I T ,  

A(t)  = f l u c t u a t i n g  c ros s - sec t iona l  a r e a  due t o  a  v a r i a b l e  
depth,  L ~ ,  

L = l eng th  of t h e  s to rage l t r ea tmen t  bas in ,  u n i t s  of L, and 
tD = d i s p e r s i v e  v a r i a b l e  volume system de ten t ion  time, T.  

Therefore,  i t  i s  convenient  t o  de f ine  an input  func t ion  t o  t h e  system 
(Medina -- e t  a l . ,  August 1981): 

u Cl (TI 
L(T) = 2R (3.42) 

where I (T)  = system inpu t  func t ion ,  dimensionless ,  and 
c  (T) = concent ra t ion  fo rc ing  func t ion ,  dimensionless .  
1 

From equat ion  (3.39),  a  system response func t ion  may a l s o  be def ined  
(Medina -- e t  a l . ,  August 1951): 



where f ( t - T )  = system s t e p  response ,  d imens ionless .  

The e s sence  of l i n e a r i t y  is t h e  p r i n c i p l e  of s u p e r p o s i t i o n .  The 
d i s p e r s i v e  v a r i a b l e  volume s t o r a g e l t r e a t m e n t  system is s u b j e c t e d  t o  a  
s t e p  f u n c t i o n  i n p u t  of p o l l u t a n t  concen t r a t ion ,  I ( T . ) .  I n d i v i d u a l  
s t e p  responses  t o  each i n j e c t i o n  a r e  c h a r a c t e r i z e d  $y f  ( t -T  .) . It 

1 
should  be  noted  t h a t  t h e  e f f e c t s  of t h e  v a r i o u s  i n j e c t i o n s  a r e  
a p p r o p r i a t e l y  lagged  i n  t ime.  Thus, t h e  g e n e r a l  form of t h e  d i s c r e t e  
convolu t ion  e q u a t i o n  i s  g iven  by: 

where C ( t )  = system c o n c e n t r a t i o n  d i s t r i b u t i o n  response t o  s t e p  
f u n c t i o n  i n p u t s ,  d imens ionless ,  

i = l , 2 , 3 ,  * . - ,  n ,  
n  = t o t a l  number of i n p u t s ,  and 

T = i A t ,  dimensions of t ime, T. 
i 

For computa t iona l  convenience t h e  s t e p  f u n c t i o n  i n p u t  i s  a g a i n  de f ined  
i n  terms of t h e  d i s c r e t e  f o r c i n g  f u n c t i o n  and cons t an t  terms,  a s  
fo l lows  : 



where c  (T.) = d i s c r e t e  concen t r a t ion  f o r c i n g  func t ion ,  dimensionless .  
1 1  

Since t h e  system response i s  of i n t e r e s t  only a t  t he  s to rage l t r ea tmen t  
u n i t ' s  o u t f a l l ,  then equat ion  (3.43) is  eva lua ted  f o r  x = L. The 
primary process  i n  t he  t r i c k l i n g  f i l t e r  i s  t h e  mass t r a n s f e r  of organic  
m a t e r i a l  t o  t he  b a c t e r i a l  f i l m  through i n t e r m i t t e n t  dosing over t h e  
f i l t e r  bed. The s imp les t  geometr ica l  model i s  a  -- plane f i l m  of l i q u i d  
i n  con tac t  w i th  a  p lane  b a c t e r i a l  f i l m  ( P e t r i e ,  1978).  Each dosing 
r e s u l t s  i n  a  uniform concen t r a t ion  ( c  ) being appl ied  t o  a  zone a t  t h e  

0 
top  of t h e  f i l t e r  bed. Assuming no decay, a  qu iescent  l i q u i d  f i l m  (no 
advec t ion ) ,  and f o r  flow normal t o  t h e  p lane  of t h e  f i l t e r  bed, 
equat ion  (3.37) becomes: 

2 
where D = molecular  d i f f u s i o n  c o e f f i c i e n t ,  L /T, and 

m 
z  = d i s t a n c e  from t h e  b a c t e r i a l  f i l m ,  u n i t s  of L. 

One i n i t i a l  and two boundary cond i t i ons  a r e  r equ i r ed  f o r  s o l u t i o n .  
Namely , 

(1) i n i t i a l  cond i t i on :  

( 2 )  boundary condi t ions  : 

i n  which d  i s  t h e  th i ckness  of t h e  f i l m  of l i q u i d  ( i l l u s t r a t e d  i n  
F igure  111-2). The f i r s t  boundary cond i t i on  imp l i e s  no mass t r a n s f e r  
through t h e  f r e e  s u r f a c e ,  and the  second t h a t  t h e  organic  m a t e r i a l  i s  
consumed by t h e  micro-organisms a s  soon a s  i t  reaches  t h e  s u r f a c e  of 
t h e  b a c t e r i a l  f i lm.  By the method of s e p a r a t i o n  of v a r i a b l e s ,  t h e  
s o l u t i o n  i s  ( P e t r i e ,  1978): 



The mean c o n c e n t r a t i o n  a t  t h e  end of t h e  dos ing  c y c l e ,  c  is  g iven  by 
m ' 

where T = t ime c y c l e  f o r  dos ing ,  T ,  
n  = number of terms i n  t h e  s e r i e s  needed, a  f u n c t i o n  of t h e  

v a l u e  of ( ~ , ~ / 4 d ~ ) .  

Only about  twelve terms a r e  needed, even a t  t h e  lower v a l u e s  of t h e  
d imens ionless  r a t i o .  A s o l u t i o n  t o  equa t ion  ( 3 , 4 6 ) ,  s u b j e c t  t o  t h e  
i n i t i a l  and boundary c o n d i t i o n s  g iven  i n  equa t ions  (3.47) through (3 .49 ) ,  
can  a l s o  b e  ob ta ined  w i t h  Laplace  t ransform methods. 

The t r i c k l i n g  f i l t e r  model p re sen ted  above is  u s u a l l y  adequate  f o r  
most des igns .  I n  a  deeper  f i l t e r  w i t h  longer  d e t e n t i o n  t i m e ,  p o l l u t a n t  
removal by decay may be  a  f a c t o r  t o  be  cons idered .  Thus, t h e  u s e r  can  
s e l e c t  a n  advec t ive -d i spe r s ive  v a r i a b l e  volume model by s imply spec i -  
fy ing  a  nonzero v a l u e  f o r  t h e  t r i c k l i n g  f i l t e r  f i r s t - o r d e r  decay r a t e  
c o e f f i c i e n t .  The h y d r a u l i c  d e t e n t i o n  t ime i s  s t i l l  l i k e l y  t o  be re -  
l a t i v e l y  s m a l l  (20 minutes ,  w i th  a  5 minute dos ing  c y c l e )  such t h a t  
s t o r a g e  e f f e c t s  a r e  n e g l i g i b l e .  Hydraul ic  d e t e n t i o n  t imes i n  t h e  pr imary 
c l a r i f i e r  and a c t i v a t e d  s ludge  tank  a r e ,  on t h e  o t h e r  hand, 4 t o  6  hour s .  
The pr imary c l a r i f i e r  f u n c t i o n s  e s s e n t i a l l y  a s  a n  e q u a l i z a t i o n  b a s i n .  
Novotny and S t e i n  (1976) r e p o r t e d  a  l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  
of 68 f  t 2 / h r  (6 .3  m2/hr) i n  a  r e l a t i v e l y  wel l - func t ioning  e q u a l i z a t i o n  
b a s i n  a t  a  ba t ch  o rgan ic  chemical wastewater  t r ea tmen t  p l a n t .  



Murphy and Timpany (1967) r e p o r t e d  a n  average  a x i a l  d i s p e r s i o n  co- 
e f f i c i e n t  of 5,730 f  t 2 / h r  (532 m2/hr) i n  an  a c t i v a t e d  s ludge  a e r a t i o n  
tank  sub jec t ed  t o  c o n s t a n t  a i r f l o w  from sparger - type  a i r  d i f f u s e r s  
inducing  s p i r a l  mixing. By c o n t r a s t ,  t h e  molecular  d i f f u s i o n  co- 
e f f i c i e n t  i n  t h e  t r i c k l i n g  f i l t e r  has  been r epor t ed  t o  have a  t y p i c a l  
v a l u e  of 1 .08  x  l ov8  f t 2 / s e c  ( lom3 mm2/sec) by P e t r i e  (1978).  P e t r i e  
a l s o  r e p o r t e d  a  t y p i c a l  va lue  f o r  t h e  t r i c k l i n g  f i l t e r  b a c t e r i a l  f i l m  
th i ckness  of 0.08 inches  (2 m). 

Receiving Body of Water 

A non- t ida l  r e c e i v i n g  s t r eam can  b e  adequate ly  r ep re sen ted  by a  
one-dimensional, advec t ive -d i spe r s ive  system w i t h  a c o n s t a n t ,  uniform 
c r o s s - s e c t i o n a l  a r e a ,  c o n s t a n t  v e l o c i t y  and l o n g i t u d i n a l  d i spers ion- -  
over  each  s t ream segment (Ax) and t ime s t e p  (At) .  The governing 
equa t ions  f o r  t h e  biochemical  oxygen demand (BOD)-dissolved oxygen (DO) 
coupled r e a c t i o n  a r e  de r ived  from equa t ion  (3.28) f o r  cont inuously-  
d i scha rg ing  p l ane  sources  i n  t h e  y-z p lane :  

where L = BOD c o n c e n t r a t i o n ,  
KI3 = biochemical  o x i d a t i o n  r a t e  and sed imen ta t ion  r a t e  

c o e f f i c i e n t  f o r  carbonaceous BOD, 
D = DO d e f i c i t  E C - C ,  

S C = s a t u r a t i o n  c o n c e n t r a t i o n  of DO a t  s t ream tempera ture ,  
s 
C = c o n c e n t r a t i o n  of DO i n  stream, and 

K 2  = r e a e r a t i o n  r a t e  c o e f f i c i e n t .  

It can be shown by us ing  common t r ans fo rma t ion  techniques  ( e . g . ,  
Bennet t ,  1971) t h a t  equa t ion  (3.52) i s  fo rma l ly  e q u i v a l e n t  t o  t h e  
c l a s s i c a l  h e a t  equa t ion ,  f o r  which many formal  s o l u t i o n s  have been 
de r ived  f o r  v a r i o u s  boundary c o n d i t i o n s  (Carslaw and J a e g e r ,  1959).  
For a n  in s t an t aneous  p l ane  sou rce  a t  t h e  o r i g i n ,  x  = o ,  t h e  s o l u t i o n  t o  
equa t ion  (3.52) is: 



where p i s  t h e  f l u i d  medium d e n s i t y  and m" t h e  i n s t an t aneous  mass of 
BOD pe r  u n i t  a r e a .  S u b s t i t u t i n g  t h e  in s t an t aneous  p l ane  sou rce  s o l u t i o n  
f o r  BOD f o r  t h e  "L" term i n  t h e  DO d e f i c i t  equa t ion  and apply ing  t h e  
formal  s o l u t i o n  t o  t h e  h e a t  equa t ion  (Carslaw and J a e g e r ,  1959) t h e  
fo l lowing  expres s ion  is  obta ined  f o r  a n  in s t an t aneous  p l ane  sou rce :  

where n" = i n s t an t aneous  mass of DO d e f i c i t / u n i t  a r e a ,  and t h e  DO 
d e f i c i t  sou rce  is  assumed t o  b e  a t  t h e  o r i g i n .  

For cont inuous  (long-term) s i m u l a t i o n  of r e c e i v i n g  water  q u a l i t y ,  
s o l u t i o n s  f o r  cont inuous  p lane  sou rces  of BOD and d i s so lved  oxygen 
d e f i c i t  a r e  r equ i r ed .  S o l u t i o n s  f o r  con t inuous ly  d i scha rg ing  sou rces  
can be  b u i l t  up by summing t h e  e f f e c t  of c l o s e l y  spaced ( i n  t ime) 
i n s t a n t a n e o u s  i n j e c t i o n s  (Harleman, 1971).  F igu re  111-3 demonst ra tes  
t h i s  concept .  Thus, t h e  s o l u t i o n  f o r  a  cont inuous  p l ane  sou rce  can  be 
obta ined  by a  t ime i n t e g r a t i o n  of t h e  in s t an t aneous  p l ane  source .  

To ach ieve  t h i s  t ime i n t e g r a t i o n  of t h e  in s t an t aneous  p l a n e  s o u r c e  
s o l u t i o n  f o r  t h e  BOD governing equat ion ,  equa t ion  (3.54) can  b e  w r i t t e n  
a s  (Buzun, 1980):  

dL = dm1! exp - 1 
4 E  t + K i p  - (3.56) 

p J 4 a ~ x ( t  - T )  

Defin ing  



t measured from start  of iniectlon serlcs 

11 -duration of injection serles 

d T  - incremen.tal amount of time for eoch instantaneous inlection 

dM - incremental amount of  mass injected during eoch instantaneous 
injection 

Figure 111-3. S e r i e s  of Instantaneous I n j e c t i o n s  Forming a 
Continuous I n j e c t i o n  Source ( a f t e r  Marleman, 
1970) 



and assuming a c o n s t a n t  i n j e c t i o n  over  a t ime pe r iod  from 
T = 0 t o  T = T equa t ion  (3.56) can b e  i n t e g r a t e d  w i t h  r e s p e c t  t o  

1: t ime and y i e l d s .  

2 
where 0 =JU + 4K13EX . 

S i m i l a r l y ,  t o  o b t a i n  an  a n a l y t i c  s o l u t i o n  f o r  a cont inuous  p l ane  
sou rce  of DO d e f i c i t ,  equa t ion  ( 3 . 5 5 )  i s  w r i t t e n  as 

dm" K13  , - K 1 & t  - T) . dm" K13 - K 2 ( t  - r )  e 
K2 - K1 3 K 2  - K1 3 

t o  r e f l e c t  t h e  concept  of a cont inuous sou rce  a s  a s e r i e s  of i n s t a n t a -  
neous sou rces .  Then, t h e  assumption i s  made t h a t  pH r e p r e s e n t s  t h e  
t ime r a t e  of mass i n j e c t i o n  of DO d e f i c i t  p e r  u n i t  a r e a  a t  t h e  p l a n e  
sou rce ,  p" = d n l ' / d ~ .  For a c o n s t a n t  i n j e c t i o n  over  a pe r iod  from 
T = o t o  r = t , equa t ion  (3.59) can be  i n t e g r a t e d  w i t h  r e s p e c t  t o  t ime 
a f  t e r  s e v e r a l  kransf  ormations t o  y i e l d :  



This  e q u a t i o n  can 

-K ( t  - r) - e  1 3  '" K13 -K ( t  - r )  e  2  ] d ~ .  
K2 - K1 3 

be  expressed  a s  t h r e e  s e p a r a t e  i n t e g r a l s :  

exp - r )  I d T  

Using t h e  fo l lowing  s u b s t i t u t i o n s ,  

and 



the :i rst integral then becomes : 

, r exo - I rf. i 

and its solution is 

The second 

above. Us 

integral can be solved by using the same substitutions as given 

ing the following transformations, 

and 



the t n i  rd integral then 3econes : 

and i t s  s o l u t i o n  i s  

The combined s o l u t i o n s  f i n a l l y  y i e l d  (Medina and Buzun, 1981) : 



which is  t h e  cont inuous  p l a n e  sou rce  s o l u t i o n  f o r  DO d e f i c i t .  The 
advantages of apply ing  equa t ions  (3.58) and (3.71) over  t h e  use  of 
f i n i t e  d i f f e r e n c e  numerical  techniques  a r e  t h a t  t h e  l a t t e r  o f t e n  e x h i b i t  
s t a b i l i t y  and numerical  d i s p e r s i o n  problems. 

Model implementat ion of t h e  s o l u t i o n s  t o  t h e  r e c e i v i n g  body of 
water  governing equa t ions  c o n s i s t s  of memory s t o r a g e  of a  d i s tance- t ime 
m a t r i x  (10 d i s t a n c e s ,  50 hour ly  t ime v a l u e s ) .  The number of m a t r i x  
columns was s e t  a t  f i f t y  because,  f o r  t h e  s t ream v e l o c i t i e s  involved ,  
t h e  e f f e c t s  of any p a r t i c u l a r  hour ly  p o l l u t a n t  i n p u t  were n e g l i g i b l e  a t  
t h e  f a r t h e r e s t  s e l e c t e d  d i s t a n c e  downstream fo r ty -n ine  hours  beyond t h e  
c u r r e n t  t ime-step.  S i t e - s p e c i f i c  c o n d i t i o n s  may r e q u i r e  l onge r  s i m -  
u l a t i o n  o r  r e s i d u a l  waste  l oads ,  and t h e  s i z e  of t h e  a r r a y  may simply 
be inc reased  a s  neces sa ry .  F igu re  111-4 i l l u s t r a t e s  t h e  a p p r o p r i a t e  
l agg ing  of s t ream response  f o r  a  d i s t a n c e  d . 

n 

3 .4  KEY WATER QUALITY MODEL PARAMETERS -- 

Seve ra l  key parameters  i n  STO/TRT RECEIVING must e i t h e r  b e  s u p p l i e d  
by t h e  u s e r  a s  i n p u t  d a t a  o r  c a l c u l a t e d  by t h e  program a s  a f u n c t i o n  of 
o t h e r  model v a r i a b l e s .  Some of t h e s e  parameters  may be  used i n  t h e  
c a l i b r a t i o n  procedure w i t h  f ie ld-measured d a t a .  

Stream Depth and Ve loc i ty  

Depth and v e l o c i t y  of flow a r e  key h y d r a u l i c  parameters ,  p a r t i c -  
l a r l y  w i t h  r e s p e c t  t o  i n s t r eam f low s t u d i e s  (Bovee and Milhous, 1978).  
The c l a s s i c a f  work of Leopold and Maddock (1953) demonstrated t h a t  a n  
approximation can  be made which uses  s t r o n g  c o r r e l a t i o n s  between 
v e l o c i t y  v e r s u s  flow and depth ve r sus  flow, f o r  example: 



----- Effect of pollutant input for hour: 
Row d, 

(current hour 1 1 - f 3 hours) ,at d~stonce dn 
t - 3  t - 3 + I  1-342 I -3+31-3+4  I -%48  1 - 3 4 9  

Row dn -- - - ~ R B O D  Effect of pollutonl input lor hour : 
(current hour t 1- ( 2 hours 1, of distonce dn 

t - 2  1 - 2 4 1  1-2+2 1-2431-2+4 t -2+48 1-2449 

+ + + +  + + 

Row dn ----- Er l  RBOD Effect of pollutant input for hour = 
(current hour I )- ( t  hour ),a1 dlstonce dn 

t - l 1 - l + l  1-142 I -1+3  t-l+48 1-1+49 

- ---- Effect of pollutont input for current 
Row dn 

hour t at distance d, 
t ! + I  t 4 2 t + 3  1 4 4  t + 4 8  t r 4 9  

Row d, ------ Cumulofive affect of pollutont In- 
puts for current hours t ond a l l  

I f + l  1 4 2  t + 3  1 + 4  1 4 4  8 I+ 4 9  previous hours 

Figure 111-4. Program Implementation of Linear 
Superposition of Concentrations Over 
Time, for a Distance d . (Buzun, 1980) 

n 



where Q = streamflow, c f s ,  and 
al,a2 = r eg re s s ion  c o e f f i c i e n t s .  

Equation (3.72) is  a power func t ion ,  and r e p r e s e n t s  a  s tage-discharge 
r e l a t i o n s h i p .  The use r  may indeed choose t h i s  equat ion  t o  determine 
s t ream depth from known d ischarge  (from t h e  hydrologic  s imu la t ion  model). 
Two o t h e r  curve  f i t t i n g  op t ions  may be used: 

(1) pa rabo l i c  r eg re s s ion  

(2)  a  combination of power 
curve f i t t i n g  and l i n e a r  
r e g r e s s i o n  

>'c 
where Q i s  t h e  p o i n t  a t  which the  two curves j o i n  and a 3 Y B 1 9  and a 

2  
a r e  t h e  o the r  r e g r e s s i o n  c o e f f i c i e n t s .  Any of t h e  above r e g r e s s i o n  
c o e f f i c i e n t s  a r e  easy t o  determine from a  given s tage-discharge r e l a t i o n -  
s h i p ,  inc luding  t h e  degree of c o r r e l a t i o n  of t he  f i t ,  and programs f o r  
hand-held c a l c u l a t o r s  a r e  r e a d i l y  a v a i l a b l e .  

Never the less ,  a  f o u r t h  and s u p e r i o r  op t ion  i s  t o  supply t h e  model 
wi th  t h e  va lues  of t he  r a t i n g  t a b l e ,  and t o  compute s t ream depth from 
discharge  by d iv ided-d i f fe rence  i n t e r p o l a t i o n  using t h e  Newton form 
f o r  t h e  i n t e r p o l a t i n g  polynomial, t h e  r e v e r s e  process  of t h a t  d i scussed  
previous ly  i n  Sec t ion  3.2,  equat ion  (3.24) .  

Stream v e l o c i t y  is  subsequent ly computed, a t  every hourly t ime 
s t e p ,  a s  a  func t ion  of depth ,  s lope  of t h e  r i v e r  p r o f i l e  and channel 
roughness us ing  t h e  Planning equat ion:  

where H = stream depth ,  approximately equal  t o  
hydrau l i c  mean r ad ius  f o r  n a t u r a l  
r i v e r  s e c t i o n s ,  f t  

S  = bed s lope ,  dimensionless  
n  = Manning's r i v e r  channel  roughness,  

dimensionless ,  and 
V = mean v e l o c i t y ,  f t / s e c .  



It  i s  recognized  t h a t  t h e  s l o p e  S i n  e q u a t i o n  (3.76) shou ld  b e  t h e  
s l o p e  of t h e  energy g r a d e  l i n e .  For p r a c t i c a l  purposes ,  and s h o r t  
t ime  s t e p s  ( 1  h o u r ) ,  t h e  e q u a t i o n  i s  s u f f i c i e n t l y  a c c u r a t e .  

L o n g i t u d i n a l  --- D i s p e r s i o n  - C o e f f i c i e n t  

The l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  c h a r a c t e r i z e s  t h e  combined 
e f f e c t s  o f  b o t h  d i s p e r s i o n  and d i f f u s i o n .  I t  can  e i t h e r  b e  s u p p l i e d  as 
a c o n s t a n t  t o  t h e  program, based on d a t a  o r  o t h e r  a v a i l a b l e  i n f o r m a t i o n ,  
o r  i t  can  b e  c a l c u l a t e d  w i t h i n  t h e  program. I f  c a l c u l a t e d  by t h e  
program, t h e  computat ions  a r e  performed f o r  each h o u r l y  t ime  s t e p  
a c c o r d i n g  t o  (L iu ,  1977) :  

where DL = l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t ,  

R = h y d r a u l i c  r a d i u s  of s t r e a m ,  
U, = f r i c t i o n a l  o r  s h e a r  v e l o c i t y  

= G, where 
g = g r a v i t a t i o n a l  c o n s t a n t ,  and 
S = s l o p e  of s t r e a m ,  and 

where V = mean f low v e l o c i t y .  

I n h e r e n t  i n  t h i s  approach i s  t h e  assumption t h a t  

f o r  a  wide c h a n n e l ,  where 

A = a r e a  o f  channe l  c r o s s - s e c t i o n  
W = w i d t h  of c h a n n e l ,  and 

H = mean d e p t h  o f  f low.  
m 

T h i s  a l l o w s  s u b s t i t u t i o n  of R f o r  H . Conversely ,  t h e  formula  t o  
m p r e d i c t  d i s p e r s i o n  becomes: 



where 2  
Ex 

= l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t ,  f t  / s ec ,  

Q = t o t a l  flow, c f s ,  
H = mean depth of flow, f t ,  
U* = shea r  v e l o c i t y ,  f t l s e c  

=@ where 
g  = g r a v i t a t i o n a l  cons t an t ,  

= 32.174 f t / s e c 2  and 
S = s t ream s l o p e ,  d i m e n s i o n l e ~ s ,  and 
V = mean flow v e l o c i t y ,  f t l s e c .  

Deoxygenation and Reaera t ion  Rates  - --- -- 
The deoxygenation c o e f f i c i e n t ,  K1, r e p r e s e n t s  t h e  l o s s  of DO i n  

t h e  waterway due t o  r educ t ion  of BOD. It i s  expressed a s  a  cons t an t  
f r a c t i o n  of t h e  remaining unoxidized organic  ma t t e r  i n  any a r b i t r a r y  
u n i t  of t ime. The average domestic sewage deoxygenates a t  about 0 .23 
per  day a t  20°C under s tandard ized  l abo ra to ry  cond i t i ons .  I n  f reshwater  
s t reams,  t h e  r e a c t i o n  c o e f f i c i e n t  f o r  BOD ranges from 0.2 t o  2.0 per  
day f o r  water  temperatures  from 20°C t o  25OC (Hydroscience, I n c . ,  1971).  
There a r e  a t  l e a s t  fou r  gene ra l ly  accepted methcds t o  determine t h e  
va lue  of K from t h e  BOD curve ,  f o r  a  wastewater sample. These inc lude :  

1 (1) t h e  l ea s t - squa res  technique,  (2) t h e  s lope  method, ( 3 )  t h e  moments 
method, and (4) t h e  logar i thmic  method (Nemerow, 1974).  

The magnitude of K1 i n  s t reams is  r e l a t e d  t o  t h e  average water  
depth.  The explana t ion  behind t h i s  c o r r e l a t i o n  l i e s  i n  t h e  f a c t  t h a t  
t h e  sma l l e r  t h e  depth  t h e  g r e a t e r  t h e  con tac t  wi th  b i o l o g i c a l  f i l m  i n  
t h e  s t ream bed, one of t h e  most important  f a c t o r s  i n  n a t u r a l  ox ida t ive  
processes  (Hydroscience, I n c . ,  1971).  From d a t a  r epo r t ed  i n  t h e  
l i t e r a t u r e ,  a  s t r a i g h t - l i n e  p l o t  between t h e  v a r i a b l e s  i s  obta ined  
(wi th in  c e r t a i n  bounds) a s  shown i n  F igure  111-5. A mathematical  re-  
p r e s e n t a t i o n  i s  given by: 

-1 
where K1 = deoxygenation c o e f f i c i e n t  a t  20°C, day , 

Y2 
= r eg re s s ion  c o e f f i c i e n t s .  

The above r e l a t i o n s h i p  appears  reasonable  w i t h i n  a  range of depths  from 
1 foo t  t o  10 f e e t .  Thus, K must be l i m i t e d  by program v a r i a b l e s  1 
(XKLMAX and XKlMIN) t o  upper and lower bounds, r e s p e c t i v e l y .  These may 
be s e l e c t e d  by t h e  use r ,  and suppl ied  t o  t h e  model a s  i npu t  d a t a ,  s o  
a s  t o  f u r t h e r  extend o r  r e s t r i c t  t h e  range of a p p l i c a b i l i t y  of 
equat ion (3.81) t o  s u i t  l o c a l  stream cond i t i ons .  A temperature correc-  
t i o n  y i e l d s :  

T-20 
K1(T) = K1(200) 1.047 (3.82) 



DEPTH, H, ft. 

Figure 1x1-5. Deoxygenation Rate As A Function of Stream 
Depth (modified after Hydroscience, Inc., 
1971). Equation shown is a specific function 
which corresponds to y = 0.99 and y = -0.28 

1 2 



where T  = water  temperature,  O C ,  and conversion is  made t o  u n i t s  of 
hour-I i n  t h e  model. The magnitude of XKlMAX, X K I M I N ,  yl and y may be  
ad jus t ed  during c a l i b r a t i o n  procedures .  2  

The r e a e r a t i o n  r a t e ,  K2 ,  i s  a l s o  ca l cu la t ed  w i t h i n  t h e  program 
during each hourly t ime-step. One of four  formulas may be s e l e c t e d ,  o r  
a s  another  op t ion ,  t h e  program i t s e l f  s e l e c t s  t h e  b e s t  r e l a t i o n s h i p  on 
t h e  b a s i s  of s t ream depth and v e l o c i t y  c r i t e r i a  (Covar, 1976).  The 
four  p r e d i c t i v e  r e l a t i o n s h i p s  a r e :  

(1) t h e  Owens-Edwards-Gibbs formula 
(1964)- 

(2) t h e  Langbein-Durum formula 
(1967)- 

(3) t h e  of connor-Dobbins formula (1958)- 

and 

( 4 )  t h e  Churchill-Elmore-Buckingham 
formula (1962)- 

where, i n  a l l  of t h e  above, 

r e a e r a t i o n  c o e f f i c i e n t  a t  
20°C, t o  t h e  base e ,  
hour-I , 
stream v e l o c i t y ,  f t / s e c ,  
s t ream depth ,  f t ,  and 
molecular  d i f f u s i o n  c o e f f i c i e n t ,  
f t 2 / h r .  

The molecular  d i f f u s i o n  c o e f f i c i e n t ,  Dm 
i s  equal  t o  0.000081 f t L / h r  

54 



(Thomann, 1972) .  The r e a e r a t i o n  r a t e  is  a d j u s t e d  f o r  v a r y i n g  tempera- 
t u r e  a c c o r d i n g  t o  

where T is t h e  s t r e a m  t e m p e r a t u r e  d u r i n g  each h o u r l y  t i m e  s t e p .  

I f  t h e  u s e r  chooses  t o  l e t  t h e  program s e l e c t  t h e  most  a p p r o p r i a t e  
fo rmula  f o r  computing K2  , c r i t e r i a  s e t  by (Covar,  1976) w i t h  r e g a r d  
t o  ( I ) ,  (3 )  and (4)  above are implemented. For a l l  t ime  s t e p s  d u r i n g  
which t h e  s t r e a m  d e p t h  is  l e s s  t h a n  - two f e e t ,  t h e  Owens-Edwards-Gibbs 
fo rmula  i s  used.  At h i g h e r  s t ream d e p t h s ,  t h e  stream v e l o c i t y  d e t e r -  
mines whether  t h e  OvConnor-Dobbins o r  t h e  Churchill-Elmore-Buckingham 
formula  i s  s e l e c t e d .  The " d i v i d i n g  l i n e "  between t h e  two fo rmulas  c a n  
be  approximated by t h e  r e l a t i o n s h i p  

d e p t h  = 0.59 ( v e l o c i t y )  
2.63 

(3.88) 

such  t h a t  i f  s t r e a m  d e p t h  is  l e s s  t h a n  o r  e q u a l  t o  t h a t  p r e d i c t e d  by 
e q u a t i o n  (3 .88) ,  t h e  Churchill-Elmore-Buckingham formula  i s  chosen.  
Otherwise ,  t h e  OvConnor-Dobbins formula  i s  used t o  p r e d i c t  K 

2  

S a t u r a t i o n  C o n c e n t r a t i o n  of Disso lved  Oxygen 

The s a t u r a t i o n  c o n c e n t r a t i o n  i s  de te rmined  from t h e  r e g r e s s i o n  
r e l a t i o n s h i p  (Elmore and Hayes, 1960) : 

Cs 
= 14.652 - 0.41022 (T) + o . o o ~ ~ ~ ~ o ( T ) ~  - 0 .000077774(~)  (3.89) 

where T  = w a t e r  t e m p e r a t u r e ,  O C ,  and C i s  i n  mglR of d i s s o l v e d  
S 

oxygen. I f  a c o r r e c t i o n  f o r  b a r o m e t r i c  p r e s s u r e  and s a l i n i t y  a r e  re- 
q u i r e d ,  program m o d i f i c a t i o n  is needed; however, e q u a t i o n  (3.89) i s  
a d e q u a t e  f o r  most p r a c t i c a l  purposes ,  f o r  s t a n d a r d  p r e s s u r e  and z e r o  
s a l i n i t y .  

S e v e r a l  i n v e s t i g a t o r s  have q u a n t i f i e d  t h e  s o l u b i l i t y  o f  d i s s o l v e d  
oxygen a s  a  f u n c t i o n  of s a l t  c o n t e n t ,  a s  w e l l  as tempera tu re .  F a i r ,  
e t  a l .  (1968) found t h a t  oxygen s o l u b i l i t y  i n  s a l i n e  w a t e r s  cou ld  b e  - -- 
approximated by m u l t i p l y i n g  t h e  s o l u b i l i t y  i n  f r e s h w a t e r  by a  r e d u c t i o n  
f a c t o r .  The f o l l o w i n g  r e l a t i o n s h i p  r e s u l t s :  



where C = s o l u b i l i t y  a t  zero s a l i n i t y ,  mg/l 
S O  
- 
s = s a l i n i t y  of water  expressed a s  ch lo r ide ,  mg/l. 

The c o r r e c t i o n  f o r  barometr ic  p r e s s u r e  i s  (APHA, 1971): 

where C = s a t u r a t i o n  va lue  a t  s e a  l e v e l ,  a t  t he  temperature 
S of t he  wa te r ,  mg/l  

C ' = co r rec t ed  va lue  a t  t h e  a l t i t u d e  of t h e  r i v e r ,  mg/l 
s 

Pb = barometr ic  p re s su re  a t  r i v e r  a l t i t u d e ,  mm Hg 

P = s a t u r a t i o n  vapor p re s su re  of water  a t  t h e  r i v e r  
v  temperature,  mm Hg 

A s  a n  approximation of t h e  in f luence  of a l t i t u d e ,  C decreases  about  7% 
s 

per  2,000 f e e t  of e l e v a t i o n  inc rease .  An exhaus t ive  t r e a t i s e  on measure- 
ment of d i s so lved  oxygen and r e l a t e d  dependencies i s  presented  by 
Hitchman (1978).  



CHAPTER I V  

DESCRIPTION OF STUDY AREA 
AND HYDROLOGIC TIME SERIES 

Even a thorough d e s c r i p t i o n  of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of a 
d r a i n a g e  b a s i n  is of l i m i t e d  v a l u e  f o r  w a t e r  q u a n t i t y ,  w a t e r  q u a l i t y ,  
and f l o o d p l a i n  management and p l a n n i n g  -- w i t h o u t  a c o n j u n c t i v e  r e v i e w  
of c l i m a t o l o g y  and h i s t o r i c a l  h y d r o l o g i c  i n p u t s .  Coupling such i n p u t s  
w i t h  i n f o r m a t i o n  a b o u t  topography,  d r a i n a g e ,  l a n d  u s e  and demographic 
p r o j e c t i o n s  r e s u l t s  i n  a  b e t t e r  u n d e r s t a n d i n g  of t h e  s t r e s s e s  and 
demands p laced  upon a v a l u a b l e  n a t u r a l  r e s o u r c e  which h a s  been g e n e r a l l y  
a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y  and q u a l i t y  t o  s u p p o r t  a  wide v a r i e t y  of 
u s e s :  domes t ic  w a t e r  s u p p l y ,  i n d u s t r y ,  a g r i c u l t u r e ,  r e c r e a t i o n ,  w a s t e  
t r a n s p o r t  and a s s i m i l a t i o n .  

4.1 YADKIN-PEE DEE RIVER BASIN -- 
The Yadkin-Pee D e e  River  b a s i n  e x t e n d s  from V i r g i n i a ,  th rough  cen- 

t r a l  North C a r o l i n a ,  i n t o  South C a r o l i n a  a s  i l l u s t r a t e d  by t h e  shaded 
a r e a  i n  F i g u r e  IV-1 .  Most of t h a t  p o r t i o n  of t h e  b a s i n  which l i e s  i n  
North  C a r o l i n a  i s  i n  t h e  upper  and midd le  Piedmont phys iograph ic  r e g i o n .  
The Piedmont l i e s  between t h e  C o a s t a l  P l a i n  and t h e  Applachian Mountains,  
and i n c l u d e s  a b o u t  t w o - f i f t h s  of t h e  l a n d  a r e a  of North C a r o l i n a .  The 
topography c o n s i s t s  of rounded h i l l s  and l o n g ,  rounded r i d g e s  w i t h  a 
nor theas t - sou thwes t  t r e n d .  The Yadkin River  o r i g i n a t e s  on t h e  g e n e r a l l y  
s t e e p  s l o p e s  of t h e  Blue Ridge Mountains of North  C a r o l i n a ,  w i t h  e l e v a -  
t i o n s  exceed ing  3500 f e e t  (1067 m e t e r s ) .  The r i v e r  f lows  e a s t  f o r  a b o u t  
100 m i l e s  (161 km) b e f o r e  t u r n i n g  s h a r p l y  s o u t h  n e a r  Winston-Salem, North 
C a r o l i n a ,  as shown i n  F i g u r e  IV-2. I n  s o u t h - c e n t r a l  North C a r o l i n a ,  t h e  
Yadkin River  j o i n s  t h e  Uwharrie River  from t h e  east,  upst ream of Lake 
T i l l e r y .  Downstream from t h e i r  c o n f l u e n c e ,  t h e  r i v e r  i s  known as t h e  
Pee Dee R i v e r .  Most of t h e  r e s t  of t h e  b a s i n  i s  i n  t h e  C o a s t a l  P l a i n ,  
i n c l u d i n g  major  t r i b u t a r i e s  such a s  t h e  Lumber R i v e r ,  which d r a i n s  south-  
e a s t e r n  North C a r o l i n a  and j o i n s  t h e  Pee Dee R i v e r  i n  e a s t e r n  South Caro- 
l i n a .  The combined d r a i n a g e  a r e a  of t h e  Yadkin-Pee Dee and Lumber R i v e r s  
is  10,556 mi2 (27,340 km2).  

Streams w i t h i n  t h e  Piedmont u rban  a r e a s  a r e  r e l a t i v e l y  s m a l l  w i t h  
w e l l  en t renched  c h a n n e l s  and sandy bot toms.  In  a few l o c a t i o n s ,  s t r e a m  
channe l s  a r e  c u t  i n t o  bedrock.  Streams a r e  a l s o  f a i r l y  s t e e p  w i t h  main 
channe l  s l o p e s  of more t h a n  15 f e e t  pe r  m i l e  and small t r i b u t a r y  s l o p e s  
o f  over  100 f e e t  p e r  m i l e  (Putnam, 1972) .  I n  t h e  n a t u r a l  s t a t e ,  most 
f l o o d  p l a i n s  are covered  w i t h  a  d e n s e  growth of b r u s h .  However, en- 
croachment of e x t e n s i v e  developments h a s  caused d r a i n a g e  and f l o o d i n g  
problems, which a r e  expec ted  t o  i n c r e a s e .  Of p a r t i c u l a r  i n t e r e s t  i n  
t h i s  s t u d y  a r e  b o t h  Salem Creek and Muddy Creek. Salem Creek d r a i n s  
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Figure I V - 1 .  Yadkin-Pee Dee River Basin, 
North Carol ina,  South Carol ina and 
Vi rg in i a  
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THE MAIN BRANCH OF THE YADKIN - PEE DEE 
RIVER IN NORTH CAROLINA 

F i g u r e  I V - 2 .  The Main Branch of t h e  Yadkin-Pee Dee R i v e r  
i n  North C a r o l i n a  



much of  t h e  c i t y  of Winston-Salem and is  a t r i b u t a r y  t o  Muddy Creek 
which d i s c h a r g e s  i n t o  t h e  Yadkin River  ( ske tched  i n  F i g u r e  IV-2). 

Wastes e n t e r i n g  t h e  Yadkin River  from t h e  Winston-Salem a r e a ,  
p a r t i c u l a r l y  d u r i n g  heavy r a i n s ,  r e s u l t e d  i n  s e v e r a l  major  f i s h  k i l l s  i n  
t h e  l a t e  1 9 6 0 ' s  and t h e  e a r l y  1970 ' s  (Lindsicov, 1974) .  A more r e c e n t  
i n c i d e n t ,  n o t  connected t o  a  s torm e v e n t ,  i s  d e s c r i b e d  i n  a l a t e r  s e c t i o n .  

4.2 CLIMATE 

0 
North C a r o l i n a  l i e s  between 33% and 37' n o r t h  l a t i t u d e ,  and between 

75' and 84g0 w e s t  l o n g i t u d e .  The span  of l o n g i t u d e  i s  g r e a t e r  t h a n  t h a t  
of any o t h e r  s t a t e  east of t h e  M i s s i s s i p p i  R i v e r ,  w i t h  i t s  g r e a t e s t  l e n g t h  
(from e a s t  t o  w e s t )  b e i n g  503 m i l e s  (805 km) .  It a l s o  h a s  t h e  g r e a t e s t  
r ange  of a l t i t u d e  and t h e  most v a r i e d  c l i m a t e  of any e a s t e r n  s t a t e  
(Hardy, 1970) .  T h i s  i s  due p r i m a r i l y  t o  i t s  wide r a n g e  i n  e l e v a t i o n  and 
d i s t a n c e  from t h e  ocean,  w i t h  l e s s e r  i n f l u e n c e s  due t o :  l a t i t u d e ,  
i n l a n d  b o d i e s  o f  w a t e r ,  s o i l  s u r f a c e  and p l a n t  cover .  I n  - a l l  s e a s o n s  of 
t h e  y e a r  t h e  a v e r a g e  t e m p e r a t u r e  v a r i e s  more t h a n  20° from t h e  warmer 
lower c o a s t  t o  t h e  c o l d e r  h i g h e s t  mountain e l e v a t i o n s .  

A l t i t u d e  h a s  a n  impor tan t  e f f e c t  on r a i n f a l l .  Orographic  p r e c i p i -  
t a t i o n  is a s s o c i a t e d  w i t h  a  c o o l i n g  p r o c e s s  due t o  l i f t i n g  of m o i s t  
h o r i z o n t a l  a i r  masses  o v e r  n a t u r a l  topograph ic  b a r r i e r s  such  as mountain  
r a n g e s  ( e . g . ,  P a c i f i c  Nor thwes t ) .  The r a i n i e s t  p a r t  of t h e  e a s t e r n  
Uni ted  S t a t e s ,  w i t h  a n  a n n u a l  average  of more t h a n  80 i n c h e s  (2032 mm), 
i s  l o c a t e d  i n  s o u t h w e s t e r n  North C a r o l i n a  where m o i s t  s o u t h e r l y  winds  
a r e  f o r c e d  upward i n  p a s s i n g  over  t h e  Grea t  Smokies and t h e  Blue Ridge 
Range. E a s t  of t h e  mounta ins ,  a v e r a g e  a n n u a l  r a i n f a l l  r a n g e s  m o s t l y  from 
40 t o  55 i n c h e s  (1016 t o  1397 mm). The a n n u a l  a v e r a g e  p r e c i p i t a t i o n  a t  
t h e  Greensboro-Winston-Salem N a t i o n a l  Oceanic and Atmospheric Admini- 
s t r a t i o n  (NOAA) f i r s t - o r d e r  wea ther  s t a t i o n ,  based on a  p e r i o d  of r e c o r d  
from 1931 t o  1960, i s  42.16 i n c h e s  (1071 mm). It i s  t h e  h o u r l y  r a i n f a l l  
s t a t i o n ,  w i t h  a l o n g  p e r i o d  o f  r e c o r d ,  which i s  c l o s e s t  t o  t h e  s t u d y  
s i t e ,  An a n n u a l  a v e r a g e  t e m p e r a t u r e  of 58.2OF (14.56OC) was r e p o r t e d  
f o r  t h e  same p e r i o d  of r e c o r d  (Hardy, 1970) .  Hardy (1970) o f f e r s  a n  
e x c e l l e n t  d e s c r i p t i o n  of s e a s o n a l  p r e c i p i t a t i o n :  

" There  a r e  no d i s t i n c t  wet and d r y  s e a s o n s  i n  North 
C a r o l i n a .  There  i s  some s e a s o n a l  v a r i a t i o n  i n  a v e r a g e  
p r e c i p i t a t i o n .  Summer r a i n f a l l  i s  normal ly  t h e  g r e a t -  
e s t ,  and J u l y  t h e  w e t t e s t  month. S i n c e  t h e  r a i n  a t  
t h i s  time of y e a r  comes m o s t l y  w i t h  thunders to rms  and 
c o n v e c t i v e  showers ,  i t  is  a l s o  more v a r i a b l e  t h a n  a t  
o t h e r  s e a s o n s .  D a i l y  showers a r e  n o t  uncommon, nor  
are p e r i o d s  of one o r  two weeks w i t h o u t  r a i n .  Autumn 
is t h e  d r i e s t  s e a s o n ,  and October t h e  d r i e s t  month. 
P r e c i p i t a t i o n  i n  w i n t e r  and s p r i n g  o c c u r s  m o s t l y  w i t h  



m i g r a t o r y  low p r e s s u r e  s torms.  It a p p e a r s  w i t h  
g r e a t e r  r e g u l a r i t y  and more even  d i s t r i b u t i o n  
t h a n  summer showers . 

Winter  p r e c i p i t a t i o n  u s u a l l y  o c c u r s  w i t h  south-  
e r l y  th rough  e a s t e r l y  winds,  and i s  seldom asso-  
c i a t e d  w i t h  v e r y  c o l d  wea ther .  Snow and s l e e t  occur  
on a n  a v e r a g e  of once o r  t w i c e  a y e a r  n e a r  t h e  c o a s t ,  
and n o t  much more o f t e n  over  t h e  s o u t h e a s t e r n  h a l f  
of t h e  S t a t e .  Such occurences  a r e  n e a r l y  always 
cannecoed w i t h  n o r t h e a s t e r l y  winds ,  g e n e r a t e d  when 
h i g h  p r e s s u r e  o v e r  t h e  i n t e r i o r  of t h e  n o r t h e a s t e r n  
Uni ted S t a t e s  c a u s e s  a  f l o w  of c o l d  a i r  down p a r a l l e l  
t o  t h e  c o a s t l i n e ,  w h i l e  o f f s h o r e  low p r e s s u r e  b r i n g s  
i n  c o o l ,  m o i s t  a i r  from t h e  North A t l a n t i c .  Over t h e  
Mountains and w e s t e r n  Piedmont f r o z e n  p r e c i p i t a t i o n  
sometimes o c c u r s  w i t h  i n t e r i o r  low p r e s s u r e  s torms.  
I n  t h e  extreme west  it  can happen w i t h  a c o l d  f r o n t  
passage  from t h e  n o r t h w e s t .  Average w i n t e r  s n o w f a l l  
r a n g e s  from about  1 i n c h  p e r  year  on t h e  Outer  Banks 
and t h e  lower c o a s t ,  t o  abou t  9  i n c h e s  i n  t h e  n o r t h e r n  
Piedmont and s o u t h e r n  Mountains.  Some of t h e  h i g h e r  
mountain peaks  and upper s l o p e s  r e c e i v e  a n  a v e r a g e  of 
n e a r l y  50 i n c h e s  a  y e a r . "  

and a l s o  some g e n e r a l  comments on f l o o d i n g  and summer thunders to rms :  

' I  F loods  occur  f r e q u e n t l y ,  a f f e c t i n g  some p a r t  of 
North C a r o l i n a  each y e a r .  Loss of l i f e  i s  r a r e ,  and 
t h e  economic l o s s  n o t  g e n e r a l l y  l a r g e ,  b u t  t h e  c o s t  
of f l o o d s  i s  i n c r e a s i n g  as r i v e r  lowgrounds a r e  de- 
ve loped .  Floods  may occur  a t  any s e a s o n ,  b u t  a r e  
most f r e q u e n t  i n  e a r l y  s p r i n g ,  summer and e a r l y  f a l l .  
Rains  a s s o c i a t e d  w i t h  West I n d i a n  h u r r i c a n e s  a r e  t h e  
main c a u s e  of summer and f a l l  f l o o d s .  I n  mid-August 
1940, s e v e r e  f l o o d s  o c c u r r e d  a s  a r e s u l t  of h u r r i c a n e  
r a i n s .  L a t e r  i n  t h e  same month i n t e n s e  r a i n s  of 
l o c a l  o r i g i n  caused s e v e r e  f l o o d i n g  i n  w e s t e r n  North 
C a r o l i n a .  Maj o r  f l o o d s  a l s o  o c c u r r e d  i n  September 1945, 
October 1929, August 1928, and J u l y  1916. 

The g r e a t e s t  economic l o s s  e n t a i l e d  i n  North 
C a r o l i n a  because  of s tormy wea ther  i s  t h a t  due t o  summer 
thunders to rms .  These u s u a l l y  a f f e c t  on ly  l i m i t e d  a r e a s ,  
b u t  h a i l  and wind o c c u r r i n g  w i t h  some of them account  
f o r  a n  a v e r a g e  y e a r l y  l o s s  of a b o u t  $5 m i l l i o n .  Three  
t o  f i v e  p e o p l e  a r e  k i l l e d  i n  t h e  S t a t e  by l i g h t n i n g  d u r i n g  
t h e  a v e r a g e  y e a r .  Farm l i v e s t o c k ,  e s p e c i a l l y  c a t t l e  
a r e  k i l l e d  i n  i a r g e r  numbers, and t h e r e  is  a c o n s i d e r a b l e  
l o s s  o f  p r o p e r t y  due t o  f i r e s  s e t  by l i g h t n i n g .  I n  any 
g i v e n  l o c a l i t y ,  40 t o  50 days  w i t h  thunders to rms  may 



b e  expec ted  i n  a year . "  

I n  a comprehensive s t u d y  of t h e  e f f e c t  of u rban  development on 
f l o o d s  i n  t h e  Piedmont P r o v i n c e  of North C a r o l i n a  (Putnam, 1972) ,  i t  
was concluded t h a t :  t h e  peak d i s c h a r g e  c a n  b e  expec ted  t o  i n c r e a s e  
by a  f a c t o r  of abou t  two t o  f o u r ,  depending upon t h e  r e c u r r e n c e  i n t e r -  - 
v a l  of t h e  f l o o d  and t h e  a n t i c i p a t e d  c o n d i t i o n s  of development.  Be- 
c a u s e  North C a r o l i n a  was l a r g e l y  a n  a g r i c u l t u r a l  s t a t e  u n t i l  w e l l  a f t e r  
t h e  t u r n  of t h e  c e n t u r y ,  c i t i e s  and towns i n  t h e  i n t e r i o r  developed on 
t h e  up lands  between s t r e a m s .  Thus, even major f l o o d s  such as t h e  two 
t h a t  a f f e c t e d  20,000 s q u a r e  m i l e s  (51,800 s q u a r e  k i l o m e t e r s )  i n  August 
1940, caused l e s s  t h a n  $10 m i l l i o n  i n  damages and 26 d e a t h s  (Heath,  1978) .  
Inc reased  encroachment i n t o  t h e  f l o o d p l a i n s ,  due t o  a n  i n c r e a s i n g  popu- 
l a t i o n  and a more h i g h l y  i n d u s t r i a l i z e d  economic b a s e ,  h a s  c r e a t e d  f l o o d -  
prone a r e a s  f a s t e r  t h a n  p r o t e c t i o n  can b e  provided.  Consequently,  t h e  

2  f l o o d  of November 1977 s e r i o u s l y  a f f e c t e d  1800 s q u a r e  m i l e s  (4662 km ) 
i n  w e s t e r n  North C a r o l i n a  and r e s u l t e d  i n  t h e  l a s s  of 11 l i v e s ,  384 homes, 
12 dams o n  s m a l l  ponds, 389 m i l e s  (622 km) of highway, and 100 b r i d g e s .  
T o t a l  p r o p e r t y  damage exceeded $45 m i l l i o n  (Heath,  1978).  Droughts ,  t h e  
o t h e r  extreme h y d r o l o g i c  e v e n t s ,  d e p l e t e  w a t e r  s u p p l i e s  f o r  domes t ic ,  
i n d u s t r i a l  and a g r i c u l t u r a l  u s e s  and o f t e n  i m p a i r  r e c r e a t i o n  by lower ing  
l a k e  l e v e l s  and expos ing  bot tom d e b r i s .  They a l s o  a f f e c t  t h e  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  of s t r e a m s  by r e d u c i n g  d i l u t i o n .  I n  1977, n o t  a n  
u n u s u a l l y  d r y  y e a r  i n  North C a r o l i n a ,  60 c o u n t i e s  were d e c l a r e d  a g r i c u l -  
t u r a l - d i s a s t e r  a r e a s ,  According t o  Heath (1978) ,  t h e  f i r s t  drought-  
r e l a t e d  problems i n  North C a r o l i n a  w i l l  a r i s e  i n  t h e  Piedmont u rban  a r e a s  
t h a t  a r e  l o c a t e d  i n  t h e  headwaters  of major  r i v e r  b a s i n s .  A d d i t i o n a l  
w a t e r  s u p p l i e s  c a n  b e  developed o n l y  downstream, a l s o  t h e  d i r e c t i o n  i n  
which w a s t e s  move. 
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According t o  Harned and Meyer ( l 9 8 l ) ,  o v e r a l l  ambient w a t e r  q u a l i t y  
i n  t h e  Yadkin-Pee Dee River  i s  s a t i s f a c t o r y  f o r  most -- w a t e r  u s e s .  T h e i r  
c o n c l u s i o n s  are based upon s t a t i s t i c a l  a n a l y s i s  of d a t a  c o l l e c t e d  by t h e  
U .  S .  G e o l o g i c a l  Survey a t  t h r e e  s t a t i o n s :  Yadkin River  a t  Yadkin C o l l e g e  
(02116500), Rocky RFver n e a r  Norwood (02126000), and Pee Dee River  n e a r  
Rockingham (02129000) -- which were  sampled over  d i f f e r e n t  p e r i o d s  o f  
t i m e  beg inn ing  i n  1906. An expanded program of w a t e r - q u a l i t y  d a t a  c o l -  
l e c t i o n  , however, d i d  n o t  b e g i n  u n t i l  1973 a t  t h e  t h r e e  s t a t i o n s .  P r i o r  
t o  1973, samples  were  ana lyzed  o n l y  f o r  major  i o n s ,  d i s s o l v e d  s o l i d s ,  
h a r d n e s s ,  s p e c i f i c  conductance and pH. A con t inuous- record ing  moni to r  
was used t o  measure  d i s s o l v e d  oxygen a t  Yadkin Col lege  from 1971 t o  1976, 
as  w e l l  a s  t e m p e r a t u r e ,  s p e c i f i c  conductance and pH. Harned and Meyer 
(1981) r e p o r t e d  t h a t  i r o n  and manganese a r e  o f t e n  above d e s i r a b l e  l e v e l s ;  
l e a d  c o n c e n t r a t i o n s  p e r i o d i c a l l y  r i s e  above recommended c r i t e r i o n  f o r  
domes t ic  w a t e r  u s e ;  mercury c o n c e n t r a t i o n s  f r e q u e n t l y  exceed,  and pH 
l e v e l s  f a l l  below, recommended c r i t e r i a  f o r  p r o t e c t i o n  - of a q u a t i c  l i f e ;  



d i s s o l v e d  oxygen l e v e l s ,  w h i l e  g e n e r a l l y  good, a r e  lowes t  n e a r  Rocking- 
ham (near  t h e  North Carol ina-South C a r o l i n a  s t a t e  l i n e ) .  Suspended s e d i -  
ment a p p e a r s  t o  b e  t h e  most s i g n i f i c a n t  w a t e r  q u a l i t y  problem, b u t  a 
d r a m a t i c a l l y  d e c r e a s i n g  t r e n d  i n  suspended sediment c o n c e n t r a t i o n  h a s  
been observed a t  Yadkin Col lege  s i n c e  1951 ( d a i l y  sediment  samples have 
been c o l l e c t e d  a t  Yadkin Col lege  s i n c e  1950) .  It h a s  been  a t t r i b u t e d  t o  
changes  i n  a g r i c u l t u r a l  p r a c t i c e s  and l and  u s e  i n  t h e  b a s i n .  

A double-peaked r e s p o n s e  of suspended sediment c o n c e n t r a t i o n  t o  
s tormflows was observed t o  b e  c h a r a c t e r i s t i c  a t  t h e  Yadkin C o l l e g e  s t a t i o n .  
The f i r s t  peak i s  caused by f l u s h i n g  of sed iments  from Muddy Creek,  and 
t h e  second peak i s  t h e  r e s p o n s e  of t h e  Yadkin River  i t s e l f .  The con- 
c e n t r a t i o n  from t h e  Muddy River  was found t o  occur  b e f o r e  t h e  peak i n  t h e  
hydrograph:  d e m o n s t r a t i n g  t h e  commonly observed f i r s t - f l u s h  e f f e c t  i n  
s tormwater  q u a l i t y  s t u d i e s  i n  r e c e i v i n g  w a t e r s  downstream from urban  
a r e a s  ( i n  t h e  c a s e  above,  C i t y  of Winston-Salem). 

A s  e a r l y  a s  June  1975, t h e  N a t i o n a l  E u t r o p h i c a t i o n  Survey ( i n i t i a t e d  
i n  1972) i d e n t i f i e d  High Rock Lake (downstream from S a l i s b u r y ,  North Caro- 
l i n a )  a s  e u t r o p h i c  due t o  h i g h  c o n c e n t r a t i o n s  of n u t r i e n t s ,  w i t h  phosphor- 
u s  as t h e  l i m i t i n g  n u t r i e n t  (U. S. Environmental  P r o t e c t i o n  Agency, 1975) .  
A s t u d y  conducted by Weiss and Kuenzler (1976) e v a l u a t e d  H i g h - ~ o c k  Lake 
and c l a s s i f i e d  i t  as & E u t r o p h i c :  on t h e  b a s i s  of expec ted  q u a l i t y  of 
r e c r e a t i o n a l  wa te r  usage ,  t h e  l a k e  was c o n s i d e r e d  poor f o r  body c o n t a c t  
wa te r  s p o r t s  and e x c e l l e n t  a s  t o  p r o b a b l e  f i s h i n g  p o t e n t i a l .  While f i s h -  
i n g  p o t e n t i a l  i n c r e a s e s  a s  t h e  t r o p h i c  s t a t u s  worsens  t o  h y p e r e u t r o p h i c ,  
f i s h  k i l l s  may o c c u r  because  of low oxygen l e v e l s  a t  n i g h t  o r  f o l l o w i n g  -- 
prolonged p e r i o d s  of c loud  c o v e r .  There is  a l s o  a  f i s h  s p e c i e s  s h i f t  t o  
t h o s e  c o n s i d e r e d  c o a r s e .  

A comprehensive w a t e r  r e s o u r c e s  s t u d y  (Level  B) was a u t h o r i z e d  by 
t h e  U .  S,  Water Resources  Counci l  (1979) f o r  t h e  Yadkin-Pee Dee River  
Basin  i n  c o o p e r a t i o n  w i t h  t h e  env i ronmenta l  management s t a i i f s  of t h e  
S t a t e s  of North C a r o l i n a  and South C a r o l i n a .  The s t u d y  concluded t h a t  
a l t h o u g h  w a t e r  q u a l i t y  i s  g e n e r a l l y  good i n  t h e  Upper Piedmont segment 
of t h e  Yadkin R i v e r ,  a  s t r e t c h  of s t r e a m  from K e r n e r s v i l l e ,  North Caro- 
l i n a  t o  Yadkin Col lege  was modera te ly  t o  s e v e r e l y  degraded .  The s t r e t c h  
i n c l u d e s  Salem Creek and Muddy Creek: f e c a l  coLiform b a c t e r i a  and m e t a l s  
were  found t o  b e  a s i g n i f i c a n t  w a t e r  q u a l i t y  problem, w i t h  s c a t t e r e d  
d e g r a d a t i o n  w i t h  r e s p e c t  t o  d i s s o l v e d  oxygen and amonia n i t r o g e n .  These 
problem a r e a s  appear  t o  b e  degrad ing  f u r t h e r ,  w i t h  improvements o r  s t a b l e  
c o n d i t i o n s  b e i n g  t h e  e x c e p t i o n  r a t h e r  t h a n  t h e  r u l e .  

Water Uses and Waste D i s p o s a l  
P -- - -- - 
The North C a r o l i n a  Depar trnent of Na tura l  and Economic Resources 

(now t h e  N.  C ,  Department of N a t u r a l  Resources  and Community Development) 
conducted an  i n v e n t o r y  o f  a l l  major  p o i n t  s o u r c e s  (munic ipa l  and 



i n d u s t r i a l )  i n  t h e  Yadkin-Pee Dee River  Bas in  as  p a r t  o f  a  w a t e r  q u a l i t y  
management p l a n  (N. C .  DNER, 1 9 7 6 ) .  Almost 70 p e r c e n t  of t h e  t o t a l  
was tewate r  f l o w  i n t o  t h e  r i v e r  sys tem i s  c o n t r i b u t e d  by 16 l a r g e  s o u r c e s ,  
l i s t e d  i n  T a b l e  I V - 1 .  Computerized a c c e s s  t o  t h e  Hydrologic  S t o r a g e  and 
R e t r i e v a l  System (HISARS) y i e l d e d  a 7-day, 1 0  y e a r  low f l o w  (7410) o f  
1 5 - 5 1  f t 3 / s e c  (0.44 m3/sec) and a n  a v e r a g e  f l o w  of a b o u t  73 f t 3 / s e c  
(2.07 m3/sec) a t  Salem Creek n e a r  Atwood, North C a r o l i n a .  A s  no ted  i n  
Tab le  I V - 1 ,  t h e  t r e a t m e n t  p l a n t  d e s i g n  f l o w  e f f l u e n t  i s  much l a r g e r  t h a n  
t h e  7410 and would c o n s t i t u t e  abou t  43 p e r c e n t  of t h e  t o t a l  f l o w  i n  
Salem Creek,  downstream from t h e  p l a n t  o u t f a l l ,  d u r i n g  a v e r a g e  f l o w  con- 
d i t i o n s .  These s t reamf low v a l u e s  a r e  based on t h e  e n t i r e  t i m e  s e r i e s  
s t o r e d  i n  HISARS from U.S.G.S. r e c o r d s  a t  s t a t i o n  no. 02115856: October 
1971 t o  October  1981. By comparison,  t h e  7410 a t  Muddy Creek n e a r  Muddy 
Creek,  North C a r o l i n a  (U.S.G.S, s t a t i o n  n o ,  02115860) i s  55.39 f t 3 / s e c  
(1.57 rn3/sec) and t h e  a v e r a g e  f l o w  230 f t 3 / s e c  (6.51 m3/sec)  based on  a  
p e r i o d  of r e c o r d  from J u l y  1964 t o  September 1979 ( a f t e r  which f low r e -  
c o r d s  were  d i s c o n t i n u e d ) .  T h i s  s t a t i o n  i s  0 . 2  m i  ( 0 . 3  km) downstream 
from Muddy C r e e k ' s  c o n f l u e n c e  w i t h  Salem Creek.  Flow i s  r e g u l a t e d  a t  t h e  
W. Kerr S c o t t  Dam ( n e a r  headwaters  of t h e  Yadkin R i v e r )  s o  t h a t  a minimum 
f l o w  of 700 f t 3 / s e c  (19.82 m3/sec) i s  m a i n t a i n e d  a t  Yadkin Col lege  gage 
( s e e  F i g u r e  IV-3), s l i g h t l y  h i g h e r  t h a n  t h e  average  7410 v a l u e  of 
656 f t 3 / s e c  (18.58 m3/sec) computed by HISARS, based on t h e  p e r i o d  of 
r e c o r d  from August 1928 t o  October 1981. The a v e r a g e  f low i s  a b o u t  
3000 f  t 3 / s e c  (85 m3/sec ) .  The Yadkin C o l l e g e  gage i s  1 8 . 1  m i  (29 km) 
downstream from t h e  Arch ie  E l l e d g e  Sewage Treatment P l a n t  e f f l u e n t  
o u t £  a l l .  

S t ream Water Q u a l i t y  C l a s s i f i c a t i o n s  - and S t a n d a r d s  

Two e l e m e n t s  a r e  invo lved  i n  d e f i n i n g  t h e  q u a l i t y  t o  b e  main ta ined  
i n  a r e c e i v i n g  body of w a t e r ,  o r  segment t h e r e o f :  

(1) i n t e n d e d  o r  d e s i r e d  use  of t h a t  body of w a t e r ,  i t s  
c l a s s i f i c a t i o n ;  and 

(2)  t h e  l e v e l s  of con taminan ts  t h a t  c a n  b e  t o l e r a t e d  w i t h o u t  
i m p a i r i n g  u s e  of t h a t  body of w a t e r  a c c o r d i n g  t o  i t s  
c l a s s i f i c a t i o n ,  t h e  s t a n d a r d s .  

About 18 y e a r s  ago ,  North C a r o l i n a  had s t r e a m s  d e s i g n a t e d  a s  C l a s s  E ,  f o r  
a g r i c u l t u r a l  and i n d u s t r i a l  p r o c e s s i n g  and f o r  was te  t r a n s p o r t  ( D i v i s i o n  
of Environmental  Management, 1979) .  The cor responding  s t a n d a r d s  were  o n l y  
s t r i n g e n t  enough t o  p r o t e c t  a g a i n s t  h e a l t h  h a z a r d s .  Other  s t r e a m  segments 
were d e s i g n a t e d  C l a s s  D:  s t a n d a r d s  were s u f f i c i e n t  t o  a l l o w  f i s h  t o  su r -  
v i v e ,  b u t  n o t  t o  p r o p a g a t e .  A l l  w a t e r s  of t h e  S t a t e  are now c l a s s i f i e d  
"C" o r  b e t t e r :  t h e i r  minimum d e s i g n a t e d  u s e  i s  f o r  f i s h  p r o p a g a t i o n .  
However, c l a s s i f i c a t i o n  d o e s  n o t  i n s u r e  t h a t  t h e  p o l l u t a n t  l e v e l s  are 
low enough t o  b e  mee t ing  cor responding  s t r e a m  s t a n d a r d s .  S t a t e  of 
North C a r o l i n a  c l a s s i f i c a t i o n s  are p r e s e n t e d  i n  Tab le  IV-2. The c o r r e -  



TABLE IV-1.--Major Municipal and I n d u s t r i a l  Wastewater Discharges To 
the Yadkin-Pee Dee River  (modified from North Carol ina 
Department of Natural  and Economic Resources, 1976) 

F a c i l i t y  

Wilkesboro t h n i c i ~ a l  

Chatham ~ a n u f  ac  tu r ing  
Company, Elkin 

Elkin Municipal 

M t .  Airy Municipal 

Sa l i sbury  Hunicipai 

NC Fin i sh ing  Company 

Duke Power Company 

Winston-Salem Municipal 

S t a t e s v i l l e  Municipal 

High Point  Municipal 

Thomasville Municipal 

Mooresville I n d u s t r i a l  

Cannon M i l l s  Company 

Concord Regional 

Monroe Municipal 

Rockingham Municipal 

** 
Note t h a t  t h e  Archie  El ledge wastewater 
t r ea tment  p l a n t  e f f l u e n t ,  t h e  l a r g e s t  source,  
is 3.6 t imes t h e  magnitude of t h e  7-day, 
10-year low flow (7410) computed by HISARS 
(Wiser, 1975) and based on t h e  period of 
record  from May 1971 t o  October 1981 (using 
t h e  Log-Pearson Type 111 p r o b a b i l i t y  
d i s t r i b u t i o n )  a t  U.S. Geological Survey 
s t reamflow s t a t i o n  no. 02115856, 
Salem Creek near  Atwcod, N.C., 2700 f e e t  
(820 m) upstream of o u t f a l l .  

Locat ion 

Wilkes County 

Sur ry  County 

Sur ry  County 

Sur ry  County 

Rowan County 

Rowan County 

Rowan County 

Forsyth County 

I r e d e l l  County 

Davidson County 

Davidson qpunty 

I r e d e l l  County 

Kannapolis 

~ a b a r r u d ~ o u n  ty 

Monroe County 

Richmond County 

Location of 
waste  d i scharge  

Cub Creek 

Yadkin River 

Yadkin River 

Arara t  River 

Grants Creek 

High Rock Lake 

High Rock Lake 
** 

Salem Creek 

Third Creek 

Rich Fork Creek 

Hamby Creek 

Dye Branch 

Dye Branch 

Rocky River 

Richardson Creek 

Hitchcock Creek 

T o t a l  
To ta l  f o r  b a s i n  

Design flow 
f t 3 / s  (m3/s) 



Figure IV-3. Yadkin River. U.S. Geological Survey Streamflow and Water 
Quality Station, Near Yadkin College, a t  Intersection with 
U.S. Highway 64. 



TABLE IV-2.  C l a s s i f i c a t i o n s  of Waters 
i n  North Caro l ina  
(Div i s ion  of Environmental  
Management, 1979) 

F resh  Waters 

C las s  A-I:  

C l a s s  A-11: 

Class  B: 

C la s s  C: 

S u i t a b l e  a s  a  source  of wa te r  
supply  f o r  drink' ing, c u l i n a r y ,  
o r  food p rocess ing  purposes  
a f t e r  t r e a t m e n t  by approved d i s -  
i n f e c t i o n  on ly ,  and any o t h e r  
usage r e q u i r i n g  wa te r s  of  lower 
q u a l i t y ;  

S u i t a b l e  a s  a  s o u r c e  of  w a t e r  
supply  f o r  d r i n k i n g ,  c u l i n a r y ,  
o r  food p rocess ing  purposes  
a f t e r  approved t r ea tmen t  e q u a l  
t o  c o a g u l a t i o n ,  s ed imen ta t ion ,  
f i l t r a t i o n ,  and d i s i n f e c t i o n ,  
e t c . ,  and any o t h e r  usage r e q u i r -  
i n g  w a t e r s  of lower q u a l i t y ;  

S u i t a b l e  f o r  outdoor  b a t h i n g ,  
boa t ing  and wading, and any 
o t h e r  usage r e q u i r i n g  wa te r s  
of  lower q u a l i t y ;  

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 ropaga t ion ;  a l s o  s u i t a b l e  f o r  
b o a t i n g ,  wading, and o t h e r  uses  
r e q u i r i n g  w a t e r s  of lower 
q u a l i t y .  

T i d a l  S a l t  Waters 

C l a s s  SA: S u i t a b l e  f o r  s h e l l f i s h i n g  f o r  
market purposes  and any o t h e r  
usage r e q u i r i n g  w a t e r s  of lower 
q u a l i t y ;  

Class  SB: S u i t a b l e  f o r  ba th ing  and any 
o t h e r  usage excep t  s h e l l f i s h i n g  
f o r  market purposes ;  

C las s  SC: S u i t a b l e  f o r  f i s h i n g ,  and any 
o t h e r  usage excep t  ba th ing  and 
s h e l l f i s h i n g  f o r  market purposes .  



sponding stream s t a n d a r d s  a r e  p r e s e n t e d  i n  Tab le  IV-3 f o r  f r e s h  w a t e r s .  

Oxygen i s  as  e s s e n t i a l  t o  a q u a t i c  l i f e  a s  i t  i s  t o  human l i f e .  As 
shown i n  Tab le  IV-3, a l e v e l  of 5  mg/ l  of d i s s o l v e d  oxygen (DO) i s  re- 
q u i r e d  t o  s u s t a i n  a c c e p t a b l e  b i o l o g y  i n  a s t ream;  however, h i g h e r  l e v e l s  
of DO are needed by s e n s i t i v e  game f i s h  and many of  t h e  a q u a t i c  i n s e c t s  
which p r o v i d e  a food  s o u r c e  f o r  them. The D i v i s i o n  of Environmental  
Management (DEM) of t h e  North  C a r o l i n a  Department of N a t u r a l  Resources  
and Community Development (DNRCD) h a s  d e s i g n a t e d  a DO l e v e l  of 6 .0  mg/ l  
f o r  t r o u t  w a t e r s ,  I n  Piedmont r i v e r s  o n l y  t h e  headwater  s t r e a m s  ( i n  
t h e  mounta ins )  are t r o u t  s t r e a m s .  DEM h a s  p laced  t h a t  segment of t h e  
Yadkin River  below i t s  c o n f l u e n c e  w i t h  t h e  A r a r a t  R iver  t o  High Rock Lake 
(and i n c l u d i n g  Salem Creek and Muddy Creek) on t h e  Degraded Streams L i s t  
(DEM, 1979) .  The same s t r e t c h  h a s  a l s o  been i d e n r i f i e d  a s  a b i o l o g i c a l l y  
degraded stream segment:  d e f i n e d  t o  c o n t a i n  degraded p o p u l a t i o n s  of f i s h  
(p redominan t ly  rough f i s h ) ,  a s  a r e s u l t  of s u r v e y s  conducted by t h e  
N. C .  W i l d l i f e  Resources  Commission. 

St ream u s e  c l a s s i f i c a t i o n s  w i l l ,  of c o u r s e ,  v a r y  c o n s i d e r a b l y  from 
r e a c h  t o  r e a c h ,  w i t h  chang ing  l a n d  u s e ,  t r i b u t a r y  i n f l o w s ,  w a s t e  s o u r c e s ,  
e t c .  A sample  of such  c l a s s i f i c a t i o n s  i s  p r e s e n t e d  i n  downstream o r d e r  
i n  Tab le  IV-4 f o r  t h e  Yadkin River  and some of i t s  t r i b u t a r i e s ,  a s  
o b t a i n e d  from t h e  U ,  S. Environmental  P r o t e c t i o n  Agency computer ized 
S t o r a g e  and R e t r i e v a l  (STORET) system.  

F i s h  S p e c i e s  

Duke Power Company conducted f i s h  s u r v e y s  downstream of Yadkin 
Col lege  gage (U.S.  Highway 64) t o  High Rock Lake t o  meet r e q u i r e m e n t s  
f o r  d r a f t i n g  a n  env i ronmenta l  impact s t a t e m e n t ,  f o r  t h e  proposed P e r k i n s  
Nuclear  S t a t i o n .  A t o t a l  of 40 f i s h  s p e c i e s  was c o l l e c t e d ,  25 s p e c i e s  
(compris ing 7  f a m i l i e s )  from t h e  mainst ream of t h e  Yadkin R i v e r ,  from 
October 1973 t o  October 1974 (U.S. Nuclear  Regula to ry  Commission, 1975) .  
Minnows (which i n c l u d e  t h e  common c a r p )  dominated t h e  c a t c h  b o t h  i n  
numbers (31 p e r c e n t )  and biomass (68.8 p e r c e n t ) .  S u n f i s h e s  were  second 
i n  abundance n u m e r i c a l l y  (28.6 p e r c e n t ) ,  fo l lowed  b y  c a t f i s h e s  (20 .1  
p e r c e n t )  and s h a d s  (17.7 p e r c e n t ) .  The s i n g l e  most abundant s p e c i e s  was 
t h e  b l u e g i l l  (21.6 p e r c e n t ,  a  s u n f i s h ) ,  fo l lowed  by t h e  colnrnon c a r p  
(18.2 p e r c e n t ) .  White b a s s  m i g r a t e  up t h e  Yadkin River  o u t  of High Rock 
Lake i n  t h e  e a r l y  s p r i n g  t o  spawn (U.S. Nuclear  Regula to ry  Commission, 
1975; Van Horne, 1982) .  Other s p e c i e s  t h a t  m i g r a t e  up t h e  Yadkin River  
t o  spawn i n c l u d e  r e d h o r s e  s u c k e r s ,  w h i t e  pe rch ,  c h a n n e l  and w h i t e  c a t -  
f i s h ,  and g i z z a r d  and t h r e a d f i n  shad (Van Horne, 1982) .  

Flow r e g u l a t i o n  such a s  t h e  W .  Kerr S c o t t  R e s e r v o i r  on t h e  Yadkin 
h a s  a p p a r e n t l y  l i m i t e d  smallmouth b a s s  p o p u l a t i o n s  downstream. Large 
i n d u s t r i a l  w a s t e  d i s c h a r g e s  ( s e e  Tab le  I V - 1 )  a s  w e l l  as m u n i c i p a l  d i s -  
c h a r g e s  (Winston-Salem) c o n t i n u e  t o  c a u s e  b i o l o g i c a l  d e g r a d a t i o n  





CLASS 

TABLE IV-4. Selec ted  Yadkin River  and 
Tr ibu ta ry  Stream Use 
C l a s s i f i c a t i o n s ,  North Caro l ina  
(STORET, 1981) 

STATION AND 
REACH IDENTIFICATION 

Yadkin River below 
Wilkeshoro, N.C.  (downstream 
from W. Kerr Dam) 
Yadkin River a t  E lk in ,  N . C .  
Ara ra t  River nea r  Siloam, N.C.  

Salem Creek near  Kerne r sv i l l e ,  N . C .  
(Salem Lake) 

Salem Creek nea r  Atwood, N . C .  
(USGS 02115856) 
Muddy Creek near  Clemmons S t a t i o n ,  N.C .  
(USGS 02115860) 

Yadkin River nea r  Enon, N.C.  
Yadkin River a t  Yadkin College,  N .C .  
(USGS 02116500) 
Yadkin River  a t  High Rock, N.C .  

COUNTY 

Wilkes 

Surry  
Surry 

Forsy th  

Forsy th  

Forsy th  

Forsyth 
Davidson 

Davidson 



(DEM, 1979) .  S o l i d s  from t h e  Arch ie  E l l e d g e  m u n i c i p a l  t r e a t m e n t  p l a n t  
s e t t l e  o u t  d u r i n g  low f l o w  ( n o t  an  uncommon occurence  w i t h  wastewater  
t r e a t m e n t  p l a n t  e f f l u e n t s ) .  During s to rm f low c o n d i t i o n s ,  t h e  resuspen-  
s i o n  of o r g a n i c  m a t t e r  h a s  caused r e p e a t e d  f i s h  k i l l s  down t o  t h e  Yadkin 
River  and High Rock Lake d u r i n g  t h e  1 9 7 0 ' s  (DEM, 1979) .  These and o t h e r  
f i s h  k i l l s  i n  t h e  Yadkin River  and some of i t s  t r i b u t a r i e s  a r e  d i s c u s s e d  
i n  f u r t h e r  d e t a i l  i n  a  l a t e r  s e c t i o n .  

4.4 SALEM CREEK AND MUDDY CREEK ----- 

S e l e c t i o n  of t h e  Salem Creek and Muddy Creek r i v e r  b a s i n s  was based 
on a number of impor tan t  c o n s i d e r a t i o n s :  

(1)  a  r i v e r i n e  environment was d e s i r e d ;  

(2 )  a v a r i e t y  of p o i n t  ( i n d u s t r i a l ,  m u n i c i p a l )  and nonpoint  
(urban,  a g r i c u l t u r a l  r u n o f f )  s o u r c e s  c o n t r i b u t e d  p o l l u t a n t s ;  

(3) a documented h i s t o r y  o f ,  and f u t u r e  p o t e n t i a l  f o r ,  a d v e r s e  
wa te r  q u a l i t y  impacts  e x i s t s ;  and 

(4)  d a t a  a v a i l a b i l i t y ,  i n  s p i t e  of l i m i t a t i o n s  t h e r e o f ,  was 
c r u c i a l .  

A major  impoundment, W. Kerr  S c o t t  Dam and R e s e r v o i r ,  r u l e d  o u t  much of 
t h e  Upper Yadkin River .  Dams v i r t u a l l y  e l i m i n a t e  s e v e r e  ex t remes  i n  
f l o w ,  b o t h  h i g h  and low, and i n c o r p o r a t i o n  of v a r i a b i l i t y  i n  wa te r  
q u a n t i t y  i s  i m p o r t a n t  because  of i t s  i n t e r a c t i v e  r o l e  w i t h  w a t e r  q u a l i t y .  
S i m i l a r l y ,  t h e  lower Yadkin was r u l e d  o u t .  Downstream from High Rock 
Lake ( e a s t  of S a l i s b u r y ,  North C a r o l i n a ) ,  t h e  e n t i r e  s t r e t c h  of t h e  Yad- 
k i n  River  s o u t h  t o  t h e  North Carolina-South C a r o l i n a  s t a t e  b o r d e r  i s  
c o n t r o l l e d  by dams ( r e f e r  t o  F i g u r e  IV-2). I n  downstream o r d e r ,  t h e  
r e s e r v o i r s  a r e  : Tuckertown Lake ( n o t  shown), Bad i n  Lake, Lake T i l l e r y  
and Blewet t  F a l l s  Lake, 

Land Use -- 
Winston-Salem and F o r s y t h  County r e p r e s e n t  a n  a r e a  of w i d e l y  va ry-  

i n g  l and  u s e s .  Most of t h e  C i t y  of Winston-Salem i s  d r a i n e d  by Salem 
Creek. It was n o t e d  i n  Chapter  I11 t h a t  p o l l u t a n t  accumula t ion  and 
washoff a r e  f u n c t i o n s  o f  l a n d  u s e  [ r e f e r  t o  e q u a t i o n  ( 3 . 2 7 ) l .  Thus, an  
a c c u r a t e  e s t i m a t e  of l a n d  u s e  t y p e s  and p e r c e n t a g e s  i s  e s s e n t i a l .  The 
r e s u l t s  of a computer ized a n a l y s i s  of t h e  Salem Creek d r a i n a g e  a r e a  
(downstream from Salem Lake) a r e  p r e s e n t e d  i n  F i g u r e  IV-4 and T a b l e  IV-5, 
performed by t h e  Land Resources  I n f o r m a t i o n  S e r v i c e  (LRIS), North Caro- 
l i n a  Department of N a t u r a l  Resources  and Comnunity Development, R a l e i g h .  

The a p p l i c a t i o n  of such d a t a  f o r  w a t e r  q u a l i t y  modeling purposes  
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F i g u r e  I V - 4 .  Land Resources  I n f o r m a t i o n  
S e r v i c e  Land Use A n a l y s i s  
f o r  t h e  Salem Creek Dra inage  
Area 



TABLE I V - 5 .  Land Resources Information 

Land Use 
TY pe 

Res iden t i a l  

Commercial 

I n d u s t r i a l  

Roads 

Other Urban 

Cropland 

Deciduous Fores t  

Evergreen Fores t  

Mixed Fores t  

Quarr ies  

T rans i t i on  

To ta l  

Serv ice  (LRIS) Land Use 
Analysis  f o r  Salem Creek 
Drainage Basin 
(LRTS, 1981) 

To ta l  Area, 
a c r e s  (hec t a re s )  

Percentage (%) 
of T o t a l  Area 



i s  d i s c u s s e d  i n  Chapter  V.  P r o j e c t e d  land-use  i n f o r m a t i o n  cou ld  of 
c o u r s e  be  used t o  p r o j e c t  f u t u r e  p o l l u t a n t  accumula t ion  r a t e s .  Popula- 
t i o n  d e n s i t y  p r o j e c t i o n s  can s i m i l a r l y  b e  used t o  d e t e r m i n e  t h e  muni- 
c i p a l  was tewate r  f l o w s  and r e s u l t a n t  p o l l u t a n t  l o a d i n g  r a t e s .  Genera l  
l and  u s e  t y p e  p r o j e c t i o n s  f o r  1990, 2000 and 2010 were e s t i m a t e d  i n  t h e  
Level  B E x i s t i n g  P l a n  (U.S. Water Resources  Counci l ,  1979) f o r  t h e  Upper 
Yadkin. The v a l u e s  a r e  p r e s e n t e d  i n  Tab le  IV-6, e x p r e s s e d  i n  p e r c e n t a g e s ,  
f o r  comparison purposes .  

C u r r e n t  P o p u l a t i o n  -- - and P r o j e c t i o n s  

I n  1960, t h e  Piedmont had l e s s  t h a n  60 p e r c e n t  of North C a r o l i n a ' s  
t o t a l  p o p u l a t i o n ,  y e t  c o n t a i n e d  a b o u t  70 p e r c e n t  of t h e  S t a t e ' s  u rban  
p o p u l a t i o n  (Putnam, 1972) :  t h e  Winston-Salem p o p u l a t i o n  was e s t i m a t e d  
a t  132,913. The Winston-Salem subbas in  ( e s s e n t i a l l y  t h e  Salem and 
Muddy Creek b a s i n s )  of t h e  Yadkin-Pee Dee c o n t a i n e d  31 p e r c e n t  of the. 
t o t a l  1970 p o p u l a t i o n  of approx imate ly  875,000 (Harned and Meyer, 1981) ;  
i n  o t h e r  words ,  abou t  271,250 persons .  P o p u l a t i o n  p r o j e c t i o n s  f o r  For- 
s y t h  County by t h e  Winston-Salem Chamber of Commerce and t h e  Level  B 
Study s t a f f  a r e  compared i n  Tab le  IV-7. Using a n  average  f i g u r e  f o r  
t h e  y e a r  2000 p o p u l a t i o n  p r o j  ec  t i o n ,  a 35.5  p e r c e n t  i n c r e a s e  i s  p r o j  e c t e d  
i n  t h e  coun ty :  a n  e q u i v a l e n t  i n c r e a s e  f o r  t h e  c i t y  of Winston-Salem 
would y i e l d  a p o p u l a t i o n  of 180,110,  o r  a n  i n c r e a s e  of abou t  47,200 i n  
j u s t  30 y e a r s .  Obviously ,  a major  i n c r e a s e  i n  wa te r  u s e  and sewage 
e f f l u e n t  can  be  expec ted  which w i l l  f u r t h e r  s t r e s s  t h e  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  of Salem Creek.  I n  1980, t h e  C i t y  of Winston-Salem d i v e r t -  
ed an  a v e r a g e  of 24.8 f  t 3 / s e c  (0 .70 m3/sec) from Salem Lake ( a t  t h e  head- 
w a t e r s  of Salem Creek) t o  meet i t s  w a t e r  s u  p l y  needs  (U.S. G e o l o g i c a l  5 Survey, 1980) ,  and abou t  26 f t 3 / s e c  (0.74 m / s e c )  from t h e  Yadkin R i v e r .  
An a v e r a g e  sewage e f f l u e n t  of 42 f t 3 / s e c  (1.19 m3/sec) was r e t u r n e d  t o  
Salem Creek.  

E s t i m a t e s  from t h e  Winston-Salem/Forsyth County City-County Plan-  
n i n g  Board (Maya, 1982) f o r  change i n  p o p u l a t i o n  from 1975 t o  1985 and 
from 1985 t o  t h e  y e a r  2000 a r e  p r e s e n t e d  i n  F i g u r e s  IV-5 and IV-6, 
r e s p e c t i v e l y .  

R a i n f a l l  - and Evapora t ion  S t a t i o n s  

To meet t h e  r e q u i r e m e n t s  of a n  i n t e n s i v e  s t u d y  of t h e  e f f e c t  o f  
u rban  development on f l o o d s  i n  t h e  Piedmont p r o v i n c e  of North C a r o l i n a ,  
18 r e c o r d i n g  r a i n  gages  were i n s t a l l e d  i n  t h e  Winston-Salem a r e a  by t h e  
U.S. G e o l o g i c a l  Survey from 1964 t o  1970 (Putnam, 1972) .  Most of t h e s e  
r a i n  gages  were i n s t a l l e d  a t  s t r e a m  gag ing  s t a t i o n s .  Recen t ly ,  r ecord-  
i n g  r a i n  gages  were i n s t a l l e d  i n  t h e  C e n t r a l  Business  D i s t r i c t  (CBD) 
and t h e  Ardmore r e s i d e n t i a l  a r e a  of Winston-Salem i n  a c o o p e r a t i v e  
arrangement  between t h e  1J.S. Geolog ica l  Survey and t h e  U.S. Environ- 
m e n t a l  P r o t e c t i o n  Agency, a s  p a r t  of t h e  N a t i o n a l  Urban Runoff Program 
(NURP) s t u d i e s .  Aside  from t h e s e  s p e c i a l i z e d ,  r e l a t i v e l y  s h o r t -  



TABLE IV-6. Land Use Projections 

Land Use Type 

Forest 

Agriculture 

Urban 

Miscellaneous 

for Upper Yadkin, % 
(modified after U. S. Water 
Resources Council, 1979) 

Year 



TABLE IV-7. Popula t ion  P r o j e c t i o n s  
f o r  Forsy th  County 

I 1 YEAR SOURCE 

Winston-Salem 
Chamber of 
Commerce 2 

Level B 
Study 3 

1. The 1970 Census e s t i m a t e  was 215,100. 

2 .  Personal  communication, 1981. 

3 .  Basel ine  popula t ion  p r o j e c t i o n s  
(U.S. Water Resources Council ,  1979).  

4. The percent  change from 1970 t o  2010 
i s  46.1% i n c r e a s e .  



F i g u r e  LV-5. P o p u l a t i o n  P r o j e c t i o n  
f o r  Winston-SalemlForsyth  County, 
1975-1985. (Maya, 1952) 
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CHANGE IN POPULATION 
INTERNAL DISTRICTS 

F i g u r e  I V - 6 .  P o p u l a t i o n  P r o j e c t i o n  
f o r  w i n s t o n - ~ a l e m / F o r s y t h  County, 
1985-2000. (Maya, 1982) 
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d u r a t i o n  e f f o r t s ,  d a t a  from o n l y  f o u r  r a i n f a l l  s t a t i o n s  a r e  r e a d i l y ,  
a c c e s s i b l e  th rough  HISARS, a s  shown i n  F i g u r e  IV-7. Only - one o f  t h &  
f o u r  s t a t i o n s ,  a t  t h e  R.  A .  Thomas Winston-Salem Water F i l t r a t i o n  
P l a n t ,  i s  l o c a t e d  w i t h i n  t h e  Salem Creek Drainage b a s i n .  T h i s  gage - --- - - --- 
r e c o r d s  o n l y  d a i l y  p r e c i p i t a t i o n  t o  t h e  n e a r e s t  hundred th  of a n  i n c h ,  

Hourly r a i n E a l l  is  recorded  a t  Greensboro WSO AP ( a  f i r s t - o r d e r  
NOAA, N a t i o n a l  Weather S e r v i c e  a i r p o r t  s ~ a t i o n ,  no. 313630) t o  t h e  near -  
e s t  hundred th  of a n  i n c h .  Long-term r e c o r d s  a r e  a v a i l a b l e  from t h e  NOAA 
Environmental  Data and I n f o r m a t i o n  S e r v i c e ,  N a t i o n a l  C l i m a c t i c  Cen te r ,  
A s h e v i l l e ,  North C a r o l i n a  on magnet ic  t a p e  ( e . g . ,  30-year r e c o r d ) .  
Hourly r a i n f a l l  i s  a l s o  recorded  a t  Y a d k i n v i l l e  6~ (NOAA s t a t i o n  no .  
319675) and Lexington 7N (NQAA s t a t i o n  no. 314975) ,  However, t h e  
Y a d k i n v i l l e  s t a t i o n  r e c o r d s  t o  t h e  n e a r e s t  t e n t h  of a n  i n c h  and t h e  
Lexington r e c o r d s  were  o f t e n  cumula t ive ,  n o t  d i s c r e t i z e d  h o u r l y  o r  even 
d a i l y .  The n e a r e s t  e v a p o r a t i o n  s t a t i o n s ,  a t  approx imate ly  t h e  same 
l a t i t u d e  a s  t h a t  of t h e  Salem Creek b a s i n ,  were  a t :  W. Kerr S c o t t  Dam 
and Reservo i r  (NOAA s t a t i o n  no.  319555) t o  t h e  w e s t ,  and Chapel H i l l  
2W (NOAA s t a t i o n  no. 311677) t o  t h e  e a s t ,  a l s o  shown i n  F i g u r e  IV-7. 

Streamflow -- and - Water Q u a l i t y  Moni tor ing S t a t i o n s  

Flow i s  r e g u l a t e d  t o  a minor e x t e n t  a t  t h e  headwate rs  of Salem 
Creek by a s m a l l  dam a t  Salem Lake, shown i n  F i g u r e s  IV-8 and IV-9. 
Salem Creek f lows  s o u t h w e s t e r l y  i n  s h a l l o w ,  sandy bottom c h a n n e l s .  The 
c r e e k  i s  spanned i n  F i g u r e  IV-10 by t h e  U.S. Highway 52 b r i d g e  and a  
r a i l r o a d  b r i d g e  f u r t h e r  downstream. It c o n t i n u e s  t o  f l o w  v e r y  n e a r  t h e  
C e n t r a l  Bus iness  D i s t r i c t  ( s e e  F i g u r e  I V - l l ) ,  where t h e  NURP r a i n  gages  
a r e  l o c a t e d .  F u r t h e r  downstream t h e  s e t t i n g  i s  r u r a l ,  w i t h  heavy vege- 
t a t i o n  a l o n g  t h e  banks u n t i l  t h e  c r e e k  r e a c h e s  USGS s t reamf low s t a t i o n  
no .  02115856 ( F i g u r e  IV-12), 2700 f e e t  (820 m) ups t ream from t h e  Arch ie  
E l l e d g e  Wastewater Treatment  P l a n t  ( F i g u r e  IV-13) e f f l u e n t  o u t f a l l .  
Downstream from i t s  c o n f l u e n c e  w i t h  Salem Creek,  and 100 f e e t  (30m) 
upst ream from Cooper Road (Secondary Road 2995) i s  Muddy Creek USGS 
s t a t i o n  no.  02115860 ( F i g u r e  IV-14). 

F l u o r e s c e n t  dye s t u d i e s  were  conducted by t h e  U.S. G e o l o g i c a l  
Survey from J u l y  14 ,  1971 t o  March 14,  1973 t o  s i m u l a t e  t h e  t r a n s p o r t  
of w a t e r  s o l u b l e  w a s t e s  from t h e  Winston-Salem a r e a  t o  t h e  Yadkin R i v e r ,  
i n  r e s p o n s e  t o  s e v e r a l  major f i s h  k i l l s  a t t r i b u t e d  t o  such  w a s t e s  d u r i n g  
heavy r a i n s  i n  t h e  l a t e  1960 ' s  and e a r l y  1970 ' s  (Lindskov, 1974) .  The 
e n t i r e  s t u d y  r e a c h  of 41 m i l e s  (66 km) i s  shown i n  F i g u r e  IV-15. The 
dye  was r e l e a s e d  under  f o u r  d i f f e r e n t  f l o w  c o n d i t i o n s  as a n  i n s t a n t a -  
neous s l u g  a t  t h e  A r c h i e  E l l e d g e  sewage t r e a t m e n t  p l a n t  on Salem Creek.  
T o t a l  t r a v e l  t ime  ranged from 28 h o u r s  d u r i n g  p e r i o d s  of h i g h  s t ream- 
f l o w  t o  about  47 h o u r s  a t  low-flow, During high-f low c o n d i t i o n s  ( d i s -  
c h a r g e  of 8 ,650 f t 3 / s e c  o r  245 m3/sec a t  Yadkin C o l l e g e  gage)  t h e  
Rhodamine dye d i s p e r s e d  l a t e r a l l y  a c r o s s  t h e  r i v e r  w i t h i n  a  few m i l e s  





STREAMFLOW AND WATER QUALITY MONITORING STATIONS 

F i g u r e  IV-8. Streamflow and Water Q u a l i t y  
Moni to r ing  S t a t i o n s ,  Salem 
Creek and Muddy Creek 
Drainage Basin .  
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Figure IV-9. Salem Dam and Lake. 
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Figure IV-10. Salem Creek Flowing Under U.S. Highway 52 Bridge and 
Railroad Bridge. 



Figure IV- I  I .  NU RP Rain Gages in the Central Business Distr ict  ( top)  and 
Main Street Bridge. 



Figure IV-12. USGS Streamflow Station No. 021 15856, Salem Creek. 



Figure IV-13. Salem Creek Near Archie Elledge Wastewater Treatment Plant, 
City of Winston- Salem. 



Figure IV-14. USGS Streamflow Station No. 021 15860, 
Muddy Creek. 



?- 
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Figu re  IV-15. USGS F l u o r e s c e n t  Dye 
Study Reach, Salem Creek 
t o  Yadkin R ive r .  
(Lindskov, 1 9 7 4 )  



downstream from i t s  c o n f l u e n c e  w i t h  Muddy Creek.  Under low-flow con- 
d i t i o n s  ( d i s c h a r g e  o f  2,290 f t 3 / s e c  o r  64.9 m3/sec a t  Yadkin Col lege)  
l a t e r a l  d i s p e r s i o n  was s t i l l  incomple te  more t h a n  10 m i l e s  (16 km) 
downstream from t h e  c o n f l u e n c e .  

During t h e  dye  s t u d i e s ,  c h a n n e l  w i d t h  a t  median d i s c h a r g e  ranged 
from 35 f e e t  (11 m) f o r  Salem Creek t o  abou t  250 f e e t  (76 m e t e r s )  f o r  
t h e  power r e a c h  of t h e  Yadkin River .  Corresponding d e p t h s  ranged from 
1 . 2  f e e t  (0.37 m) f o r  Salem Creek t o  abou t  7  f e e t  ( 2 m) f o r  t h e  Yadkin 
R i v e r .  The t o p  photograph i n  F i g u r e  IV-16 i s  a v iew of t h e  Yadkin R i v e r  
ups t ream of t h e  Robinhood Road b r i d g e ,  e a s t  of Winston-Salem: t h e  wa te r -  
s u r f a c e  w i d t h  was measured t o  be  abou t  210 f e e t  (64 m). The bottom 
photograph was t a k e n  a t  t h e  S h a l l o f o r d  Road b r i d g e  a  few m i l e s  down- 
s t ream:  t h e  w a t e r - s u r f a c e  d e p t h  was abou t  350 f e e t  (107 m). The 
w a t e r - s u r f a c e  wid th  a t  t h e  Yadkin Col lege  gage ( s e e  F i g u r e  IV-3) on 
June  9 ,  1981 was approx imate ly  220 f e e t  (67 m) i n  l a t e  a f t e r n o o n .  
These v a l u e s  a r e  p r e s e n t e d  t o  a p p r e c i a t e  t h e  s c a l e  i n  t h e  pho tographs ;  
f o r  example, t h e  w a t e r - s u r f a c e  wid th  a t  t h e  Muddy Creek s t a t i o n  ( F i g u r e  
IV-14) was 40 f e e t  (12.2 m) on t h e  same day a  few h o u r s  e a r l i e r .  ". r l g u r e  IV-17 r e p r e s e n t s  v iews of t h e  Yadkin River  n e a r  Winston-Salem. 

A d i s c u s s i o n  of t h e  n a t u r e  of t h e  d a t a ,  t h e  q u a n t i t y ,  q u a l i t y  and 
adequacy f o r  mathemat ica l  modeling purposes  i s  p r e s e n t e d  i n  Chapter V .  

4.5 SYNOPTIC RAINFALL DATA ANALYSIS - 

A d e s c r i p t i o n  of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  s to rm e v e n t s  
t h a t  can be  expec ted  t o  occur  over  t h e  s t u d y  s i t e  r e q u i r e s  s y n o p t i c  
a n a l y s i s  of long-term r e c o r d s .  The v a r i a b l e s  of i n t e r e s t  a r e :  s to rm 
volume, d u r a t i o n ,  i n t e n s i t y  and time between e v e n t s  -- a s  w e l l  a s  t h e i r  
r e c u r r e n c e  i n t e r v a l s .  The i d e n t i f i c a t i o n  of s e a s o n a l  t r e n d s  is  impor- 
t a n t  f o r  b o t h  h y d r o l o g i c  and r e c e i v i n g  w a t e r  q u a l i t y  impac t s .  A  mag- 
n e t i c  t a p e  c o n t a i n i n g  h o u r l y  r a i n f a l l  r ecorded  t o  t h e  n e a r e s t  hundred th  
of a n  i n c h  f o r  t h e  p e r i o d  1948 t o  1975 a t  t h e  Greensboro WSO AP f i r s t -  
o r d e r  s t a t i o n  (NOAA s t a t i o n  no.  313630, F i g u r e  IV-7) was o b t a i n e d  from 
t h e  N a t i o n a l  C l i m a c t i c  Cen te r ,  A s h e v i l l e ,  North C a r o l i n a .  The s t a t i o n  
i s  l o c a t e d  abou t  18 m i l e s  (28.8  km) e a s t  of t h e  s t u d y  s i t e ,  s u f f i c i e n t l y  
c l o s e  f o r  s y n o p t i c  rev iew of r a i n f a l l  c h a r a c t e r i s t i c s .  

The r e c o r d  was p rocessed  f i r s t  by program RFREQ t o  view t h e  shape  
of t h e  a n n u a l  f requency  h i s tograms .  The a v e r a g e  h i s t o g r a m  f o r  t h e  
28-year r e c o r d  of h o u r l y  r a i n f a l l  i s  p r e s e n t e d  i n  F i g u r e  IV-18. The 
f requency  d i s t r i b u t i o n  f o r  t h e  y e a r  1974 ( F i g u r e  IV-19) i s  v e r y  c l o s e .  
T h u s , 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  1974 h o u r l y  r a i n f a l l  t ime s e r i e s  
was performed by t h e  modi f i ed  v e r s i o n  of SYNOP ( s u b r o u t i n e  CORREL) t o  
d e f i n e  a  minimum i n t e r e v e n t  t i m e  ( s e e  S e c t i o n  3 . 1 )  of a t  l e a s t  11 con- 
s e c u t i v e  h o u r s  of dry-weather t o  e s t a b l i s h  s t a t i s t i c a l  s t o r m  e v e n t  in-  
dependence.  The cor re logram i s  p r e s e n t e d  i n  F i g u r e  IV-20. H e r e a f t e r ,  



Figure IV-16. Yadkin River a t  Robinhood Road (top) and the Shalloford Road 
Bridge (bottom), Winston-Salem. 



Figure IV-17. Yadkin River Near Winston-Salem, North Carolina. 
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Figure  I V - - 1 8 .  Average Annual Frequency 
Histogram of Hourly R a i n f a l l ,  
NOAA S t a t i o n  No. 313630 
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Figure  IV-20. Correlogram of Hourly R a i n f a l l  f o r  1974, 
NOAA S t a t i o n  No. 313630 



t h e  s to rm e v e n t  a n a l y s i s  i s  based on t h e  above v a l u e  f o r  minimum i n t e r -  
e v e n t  t ime .  F i g u r e s  IV-21 th rough  IV-24 d e p i c t  t h e  d i s t r i b u t i o n  of 
s to rm d e p t h s  (volume), d u r a t i o n ,  i n t e n s i t y  and t ime  s i n c e  t h e  p r e v i o u s  
s to rm--versus  each month of t h e  y e a r  ( January  th rough  ~ e c e m b e r ) .  The 

g r a p h s  show c l e a r l y  t h a t  h i g h - i n t e n s i t y ,  s h o r t - d u r a t i o n  s to rms  occur  
d u r i n g  t h e  summer ( thunders to rms)  w h i l e  long-dura t ion ,  l o w - i n t e n s i t y  
s t o r m s  t end  t o  occur  i n  w i n t e r .  While s to rm volumes can  b e  expected t o  
b e  h i g h e r  i n  Oc tober ,  t h e  f e w e s t  number of s to rms  w i l l  occur  d u r i n g  t h i s  
month. Recurrence i n t e r v a l s  ( r e t u r n  p e r i o d  i n  y e a r s )  a r e  p r e s e n t e d  i n  
F i g u r e s  IV-25 th rough  IV-28, r e s p e c t i v e l y ,  f o r  d e p t h  (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 v i o u s  s torm.  

Although p e r i o d i c i t i e s  a r e  obv ious ,  v a r i a t i o n s  i n  s to rm v a r i a b l e s  
from y e a r  t o  y e a r  do n o t  e x h i b i t  t h e  extreme d e v i a t i o n s  c h a r a c t e r i s t i c  
of t h e  s e a s o n a l  (monthly) grouping.  The r e s u l t s  a r e  p r e s e n t e d  i n  
F i g u r e s  IV-29 th rough  IV-32 f o r  s to rm volume ( r a i n f a l l  d e p t h ) ,  d u r a t i o n ,  
r a i n f a l l  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 v i o u s  s to rm,  r e s p e c t i v e l y .  
Cumulative f r e q u e n c y  c u r v e s  f o r  t h e  same s to rm v a r i a b l e s  a r e  shown i n  
F i g u r e s  IV-33 th rough  IV-36, i n  t h e  same o r d e r  of p r e s e n t a t i o n .  It i s  
i n t e r e s t i n g  t o  n o t e  t h a t ,  w h i l e  s to rm volumes appear  t o  d e v i a t e  abou t  a  
mean v a l u e  n e a r  0 .5  i n c h  (12.7 mm) i n  F i g u r e  IV-29, t h e  p r o b a b i l i t y  
o f  exceeding t h a t  v a l u e  is  o n l y  a b o u t  30 p e r c e n t  a c c o r d i n g  t o  t h e  c u r v e  
i n  F i g u r e  IV-33. S i m i l a r l y ,  t h e  chance  t h a t  a  s to rm d u r a t i o n  w i l l  ex- 
ceed 24 h o u r s  i s  l e s s  t h a n  1 0  p e r c e n t ,  and t h e r e  is  a  50 p e r c e n t  chance 
t h a t  a  s to rm d u r a t i o n  of 6 hours  w i l l  e i t h e r  b e  exceeded o r  n o t .  It c a n  
be deduced from F i g u r e  IV-36 (and i t s  t a b u l a r  p r i n t o u t )  t h a t  a  90 p e r c e n t  
chance e x i s t s  t h a t  t h e  t i m e  s i n c e  bhe l a s t  s to rm o c c u r r e d  w i l l  n o t  ex- 
ceed 202 h o u r s ,  o r  t h a t  t h e r e  i s  a  51 p e r c e n t  chance  t h a t  t h e  i n t e r e v e n t  
t i m e  w i l l  be  l e s s  t h a n  o r  e q u a l  t o  72 h o u r s .  

4.6 FISH KILLS 

Throughout t h i s  c h a p t e r ,  s e v e r a l  r e f e r e n c e s  a r e  made t o  major  f i s h  
k i l l s  i n  Muddy Creek and  t h e  Upper Yadkin R i v e r ,  p a r t i c u l a r l y  i n  t h e  
segment downstream from i t s  c o n f l u e n c e  w i t h  Muddy Creek t o  High Rock 
Lake. O f f i c i a l  documentat ion i s  a v a i l a b l e  f o r  t h e  i n c i d e n t s  t h a t  
o c c u r r e d  s i n c e  t h e  l a te  1960s and e a r l y  1970s ,  f o r  example: 

North C a r o l i n a  Department of N a t u r a l  
and Economic Resources ,  "Report of 
F i s h  K i l l  I n v e s t i g a t i o n ,  Yadkin R i v e r  
a t  1-85, Upper High Rock Lake," 
Ra le igh ,  North C a r o l i n a ,  1972; 

North C a r o l i n a  Department o f  N a t u r a l  
and Economic Resources ,"  Report  o f  
F i s h  K i l l  I n v e s t i g a t i o n ,  Upper 
High Rock Lake, Yadkin River  a t  1-85,!' 
Ra le igh ,  North C a r o l i n a ,  1973; 5 







---- AVERAGE 
STD. DEV. 

MONTH OF YEAR 

Figure IV-23. Storm I n t e n s i t i e s  Versus 
Month of Year, 1948-1975, 
NOAA S t a t i o n  No. 313630 
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