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ABSTRACT 

Ins t ream flow assessments  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 of a  t h r e sho ld  va lue  f o r  t h e  f i s h e r y  r e sou rce :  a  minimum 
flow. More r e c e n t l y ,  a n  incrementa l  methodology has  been used t o  quan- 
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.  I n  a  p r ev ious  s tudy ,  a 
framework was developed t o  add re s s  t h e  impact of wa t e r  q u a l i t y  f l uc tua -  
t i o n s  i n  de te rmin ing  i n s t r eam f low s t r a t e g i e s .  Continuous hydro log ic  
and wa te r  q u a l i t y  ( t r a n s i e n t )  s i m u l a t i o n  models were a p p l i e d  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 r eam s t anda rds  
accord ing  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 .  

I n  t h i s  s t udy  a n  i n t e g r a t e d  methodology i s  p re sen t ed ,  based  on a  
h i e r a r c h i c a l  package of computer models rang ing  from s imple  micro- 
computer programs t o  more complex mainframe s imu la t i on .  The micro- 
computer programs a r e  s t a t i s t i c a l l y - b a s e d ,  and assume t h a t  bo th  f lows 
and p o l l u t a n t  concen t r a t i ons  a r e  l ogno rma l ly -d i s t r i bu t ed  f o r  upstream 
sou rce s ,  non-point sou rce s  and p o i n t  sou rce s .  An e x t e n s i v e  s t a t i s t i c a l  
a n a l y s i s  of na t ionwide  d a t a  c o l l e c t e d  under t h e  Na t iona l  Urban Runoff 
Program (NURP), a s  w e l l  a s  t h e  s tudy  s i t e  f o r  t h e  s e l e c t e d  t ime series 
(Salem Creek, Winston-Salem, N . C .  -- November 1980 t o  August 1981) ,  
suppo r t s  t h i s  assumption. Two programs a r e  p r e sen t ed  which compute t h e  
frequency d i s t r i b u t i o n  of p o l l u t a n t s  i n  t h e  s t r eam based on lognormally- 
d i s t r i b u t e d  p o i n t  and nonpoint  sou rce  f lows and p o l l u t a n t  concen t r a t i ons :  
(1) an approximate model by t h e  method of moments and ( 2 )  a  Gaussian 
quad ra tu r e ,  numer ica l  s o l u t i o n  model. The r e s u l t s  a r e  shown t o  be  
a lmost  i d e n t i c a l ,  b u t  t h e  approximate model executes  much f a s t e r .  The 
l e v e l  of a n a l y s i s  proceeds t o  a n  i n t e r m e d i a t e  s t a g e :  s t e a d y - s t a t e ,  
cont inuous d e t e r m i n i s t i c  s imu la t i on .  This  l e v e l  a l l ows  t h e  r ep re sen t a -  
t i o n  of c a u s e / e f f e c t  ( p o l l u t a n t l w a t e r  q u a l i t y ) ,  coupled r e a c t i o n s .  The 
p r e d i c t e d  cumulat ive f requency curves  f o r  a  s e l e c t e d  p o l l u t a n t  (BOD) 
compare extremely w e l l  w i th  t h e  s imple ,  s t a t i s t i c a l  procedure.  The 
methodology is extended t o  d e t e r m i n i s t i c ,  cont inuous s imu la t i on  of wa t e r  
q u a l i t y  t r a n s i e n t s .  For  a  s e l e c t e d  wa te r  q u a l i t y  i n d i c a t o r  ( D O ) ,  t h e  
s t e a d y - s t a t e  model o v e r p r e d i c t s  t h e  impact on r e c e i v i n g  wa te r  q u a l i t y  up 
t o  about  5.5 mg/l (near  t h e  mid-point of t h e  t o t a l  spectrum of p o s s i b l e  
c o n c e n t r a t i o n s ) ,  then  unde rp red i c t s  s l i g h t l y  t h e r e a f t e r .  Thus, t h e  
s t e a d y - s t a t e  model i s  conse rva t i ve  i n  t h e  range  of concen t r a t i ons  up t o  
s l i g h t l y  beyond t h e  s t r eam s t a n d a r d .  The more s o p h i s t i c a t e d  model a l s o  
prov ides  t h e  f requency d i s t r i b u t i o n  of consecu t ive  hours  of v i o l a t i o n  of  
a  s t ream s t anda rd ,  and a l l ows  viewing bo th  c a u s e / e f f e c t  r e l a t i o n s h i p s  i n  
t i m e  and space  through 3-dimensional computer g r aph i c s .  
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SUMMARY, CONCLUSIONS 
AND RECOMMENDATIONS 

An i n t e g r a t e d  methodology f o r  i n s t r eam f low s t r a t e g i e s  i s  p re sen t ed ,  
based on a  h i e r a r c h i c a l  package of computer models rang ing  from s imple  
microcomputer programs t o  more complex mainframe s imu la t i on .  The micro- 
computer programs a r e  s t a t i s t i c a l l y - b a s e d ,  and assume t h a t  bo th  f lows  and 
p o l l u t a n t  c o n c e n t r a t i o n s  a r e  l ogno rma l ly -d i s t r i bu t ed  f o r  upstream sou rce s ,  
non-point sou rce s  and p o i n t  sou rce s .  An e x t e n s i v e  s t a t i s t i c a l  a n a l y s i s  
of nat ionwide d a t a  c o l l e c t e d  under t h e  Nat iona l  Urban Runoff Program 
(NURP), a s  w e l l  a s  a t  t h e  s tudy  s i t e  f o r  t h e  s e l e c t e d  t ime  s e r i e s  (Salem 
Creek, Winston-Salem, N . C .  - November 1980 t o  August 1981) ,  suppo r t s  
t h i s  assumption. The l e v e l  of a n a l y s i s  p rog re s se s  t o  a n  i n t e r m e d i a t e  
l e v e l :  s t e a d y - s t a t e ,  con t inuous  d e t e r m i n i s t i c  s imu la t i on .  Th i s  l e v e l  
a l lows  t h e  r e p r e s e n t a t i o n  of c a u s e / e f f e c t  ( p o l l u t a n t / w a t e r  q u a l i t y ) ,  
coupled r e a c t i o n s .  The p red i c t ed  cumulat ive f requency curves  f o r  a  s e l e c -  
t ed  p o l l u t a n t  (BOD) compare extremely w e l l  w i th  t h e  s imple ,  s t a t i s t i c a l  
procedure.  The methodology i s  extended t o  d e t e r m i n i s t i c ,  con t inuous  simu- 
l a t i o n  of wate r  q u a l i t y  t r a n s i e n t s .  For a  s e l e c t e d  wate r  q u a l i t y  i n d i c a t o r  
(DO), t h e  s t e a d y - s t a t e  model o v e r p r e d i c t s  t h e  impact on r e c e i v i n g  wate r  
q u a l i t y  up t o  about  5.5 mg/l (near  t h e  mid-point of t h e  t o t a l  spectrum of 
p o s s i b l e  c o n c e n t r a t i o n s ) ,  t hen  u n d e r p r e d i c t s  s l i g h t l y  t h e r e a f t e r .  Thus, 
t h e  s t e a d y - s t a t e  model i s  c o n s e r v a t i v e  i n  t h e  range  of c o n c e n t r a t i o n s  up 
t o  s l i g h t l y  beyond t h e  s t ream s t anda rd .  The more s o p h i s t i c a t e d  model a l s o  
prov ides  t h e  f requency d i s t r i b u t i o n  of consecu t ive  hours  of v i o l a t i o n  of 
a  s t ream s t anda rd ,  and a l l ows  viewing bo th  c a u s e / e f f e c t  r e l a t i o n s h i p s  i n  
t ime  and space  through 3-dimensional computer g r aph i c s .  

R a i n f a l l  and, t h e r e f o r e ,  s u r f a c e  runoff  (s t reamflow) a r e  bo th  inher -  
e n t l y  random even t s .  I t  i s  a p p r o p r i a t e  t o  ana lyze  wa te r  q u a l i t y  e f f e c t s  
f o r  i n s t r eam f low s t r a t e g i e s  w i t h i n  a  p r o b a b i l i s t i c  s e t t i n g .  It does n o t  
fo l low,  however, t h a t  t h e  mathematical  models themselves  should be  exclu-  
s i v e l y  s t a t i s t i c a l  b l a c k  boxes.  Indeed, t h e  response  of r e c e i v i n g  wa te r s  
t o  p o l l u t a n t  mass d i s cha rges  may and h a s  been desc r ibed  by d e t e r m i n i s t i c  
mass ba lance  models. Continuous,  long t e r m  d e t e r m i n i s t i c  s imu la t i on  
a l lows  r e p r e s e n t a t i o n  of wa t e r  q u a l i t y  e f f e c t s  i n  terms of t h e  p r o b a b i l i t y  
of occurrence of even t s  of v a r i o u s  magnitudes.  S t o c h a s t i c  i n p u t s  t o  such 
a  d e t e r m i n i s t i c  model w i l l  r e s u l t  i n  random ou tpu t .  P r o b a b i l i s t i c  ana l -  
y s i s  a t t emp t s  t o  c a l c u l a t e  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of r e c e i v i n g  
wa te r  q u a l i t y  concen t r a t i ons  g iven  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of model 
i n p u t s :  f o r  example, hydrology,  p o l l u t a n t  l oad ings ,  s t ream tempera ture ,  
e t c .  A framework is  p re sen t ed  i n  which bo th  s t a t i s t i c a l  and determi- 
n i s t i c  models can be i n t e g r a t e d  i n  t he  a n a l y s i s  t o  ach ieve :  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 roces s  and d e r i v a t i o n  of bo th  
hyd ro log i c  and wa te r  q u a l i t y  frequency d i s t r i b u t i o n s .  I f  t h e  l e v e l  a t  
which a  p a r t i c u l a r  p o l l u t a n t  concen t r a t i on  impa i r s  t h e  use  of t h e  rece iv-  
i n g  s t r eam is  known, then  t h e  concen t r a t i on  p r o b a b i l i t y  d i s t r i b u t i o n  
s p e c i f i e s  t h e  f requency (and d u r a t i o n  i n  t h e  ca se  of s i m u l a t i o n  of t r an -  
s i e n t s )  w i t h  which t h a t  u s e  ( f i s h e r i e s ,  was te  a l l o c a t i o n )  w i l l  b e  impaired.  
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I f  t h e  assumptions upon which t h e  s t a t i s t i c a l  models a r e  based a r e  met,  
f o r  a  p a r t i c u l a r  s t udy  s i t e  and hydro log ic  t ime s e r i e s ,  t h e  c a l c u l a t i o n s  
can b e  e a s i l y  performed on a  microcomputer and t h e  d a t a  requi rements  a r e  
r e l a t i v e l y  s imple .  These models a r e  very  u s e f u l  f o r  p r e l im ina ry  wa te r  
r e sou rce  assessment .  They can b e  fol lowed by a  more r e f i n e d  approach i f  
i t  i s  j u s t i f i e d .  Continuous d e t e r m i n i s t i c  s imu la t i on  (bo th  s t e a d y - s t a t e  
and t r a n s i e n t )  accounts  f o r  t h e  a c t u a l  sequencing of s torm event  l oads .  
Much more complex s t a t i s t i c a l  p rocedures  ( o f t e n  i m p r a c t i c a l )  would b e  re- 
qu i r ed  t o  approximate t h i s  phenomena. D e t e r m i n i s t i c  models a l s o  produce 
a  more complete t ime h i s t o r y  of system response  t o  e x c i t a t i o n ,  r ep re sen t -  
i n g  n o t  on ly  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  cumulat ive e f f e c t s  of 
closed-spaced even t s .  These models can b e  r e l a t i v e l y  expensive t o  ex- 
e c u t e ,  a r e  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  menory dev i ce s  f o r  d a t a  manip- 
u l a t i o n  and s t o r a g e .  Advances i n  microcomputer technology a r e  making i t  
p o s s i b l e  t o  load  t h e s e  l a r g e  programs i n t o  memory bu t  execu t ion  t imes  a r e  
s t i l l  extremely long.  

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 record  (25-year) of 
hou r ly  va lues  a l lows  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  of impor tan t  s to rm 
event  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 ime s i n c e  t h e  
prev ious  even t .  Two microcomputer programs a r e  provided t o  ana lyze  t h e  
f lows and p o l l u t a n t  concen t r a t i ons  f o r  lognormal i ty .  One program computes 
t h e  parameters  of a  two-parameter lognormal d i s t r i b u t i o n  by t h e  method of  
moments and t h e  method of maximum l t k e l i h o o d ,  a s  w e l l  a s  o t h e r  u s e f u l  
s t a t i s t i c s .  The o t h e r  program t ransforms  t h e  o r i g i n a l  d a t a  by t a k i n g  
n a t u r a l  l oga r i t hms ,  computes t h e  s t anda rd  normal d e v i a t e  and s t o r e s  t h e  
r e s u l t s  i n  a  f i l e  f o r  l i n e a r  r e g r e s s i o n  and p l o t t i n g .  A t h i r d  program 
performs t h e  l a t t e r  two f u n c t i o n s .  The s t a t i s t i c a l  computat ions  w e r e  
v e r i f i e d  by p roces s ing  t h e  d a t a  wi th  t h e  well-known SAS procedures .  The 
assumption of lognormal i ty  is  demonstrated a s  v a l i d  f o r  t h e  s t u d y  s i t e  
and t ime s e r i e s .  Two o t h e r  microcomputer programs a r e  p r e sen t ed  t o  com- 
pu t e  t h e  cumulat ive concen t r a t i on  p r o b a b i l i t y  d i s t r i b u t i o n s :  1 )  a n  
approximate  model based on t h e  f i r s t  two moments of a  lognormal d i s t r i b u -  
t i o n ,  and 2 )  an e x a c t ,  numerical  method based on gauss ian  quad ra tu r e .  
Both models asstzme t h a t  f lows and p o l l u t a n t  concen t r a t i ons  a r e  j o i n t l y  
lognormally  d i s t r i b u t e d  ( f o r  p o i n t ,  upstream and non-point s o u r c e s ) .  A 
s i x t h  microcomputer program p l o t s  t h e  cumulat ive f requency d i s t r i b u t i o n s .  
Other  u t i l i t y  programs were developed t o  dump d a t a  f i l e s  t o  t h e  s c r e e n  of 
a  microprocessor  o r  t o  t h e  paper  p r i n t e r .  

The nex t  s t e p  i n  t h e  h i e r a r c h i c a l  procedure i s  a p p l i c a t i o n  of a  
d e t e r m i n i s t i c ,  cont inuous s t e a d y - s t a t e  r e c e i v i n g  wa te r  q u a l i t y  model. 
I n s t r u c t i o n s  f o r  d a t a  p r e p a r a t i o n  a r e  provided i n  t h e  form of a  u s e r ' s  
manual. Although d a t a  requi rements  a r e  i n t e n s i v e ,  t h e  model is r e l a t i v e l y  
inexpens ive  t o  execute  when compared t o  cont inuous s i m u l a t i o n  of r e c e i v i n g  
wa te r  q u a l i t y  t r a n s i e n t s .  The r e s u l t s  a r e  compared, a s  s t a t e d  above, f o r  
t h e  s t u d y  s i t e  and t ime s e r i e s .  A t  t h e  h i g h e s t  l e v e l  of a n a l y s i s ,  bo th  
f requency and d u r a t i o n  of wa t e r  q u a l i t y  v i o l a t i o n s  a r e  p r e d i c t e d ,  u s ing  
a  model developed i n  an e a r l i e r  s tudy  of hyd ro log i c  and wa te r  q u a l i t y  
modeling f o r  i n s t r eam flow s t r a t e g i e s .  



Toxics s t anda rds  e x i s t  i n  North Caro l ina  f o r  about  40 parameters ,  
bu t  on ly  f i v e  (mercury, copper ,  t o t a l  chromium, n i c k e l  and z i n c )  a r e  
l i s t e d  i n  t h e  D iv i s ion  of Environmental Management (DEM) monthly monitor- 
i ng  r e p o r t  f o r  upstream samples and p o i n t  sou rce  i n f l u e n t  samples.  The 
Archie  E l ledge  Wastewater Treatment P l a n t  (Winston-Salem, N.C.) r o u t i n e -  
l y  measures and r e p o r t s  copper ,  t o t a l  chromium, z i n c  and n i c k e l  concen- 
t r a t i o n s  i n  e f f l u e n t  and i n f l u e n t  samples.  However, none of t h e s e  
t o x i c s  concen t r a t i ons  were r epo r t ed  (and were presumably n o t  measured) 
f o r  upstream samples du r ing  t h e  per iod  of s t udy ,  nor  f o r  s e v e r a l  y e a r s  
be fo re  t h a t .  Although d a t a  a r e  a v a i l a b l e  from t h e  Winston-Salem NURP 
s tudy  f o r  stormwater and p o i n t  sou rce  e f f l u e n t  c o n c e n t r a t i o n s  t o  Salem 
Creek, a  meaningful a n a l y s i s  i s  n o t  p o s s i b l e  wi thout  knowledge of t h e  
s t ream t o x i c s  background concen t r a t i ons .  Yet ,  t h e  s t a t i s t i c a l  procedures  
could be used e f f e c t i v e l y  t o  de te rmine  t h e  f requency w i t h  which t o x i c s  
concen t r a t i ons  l e t h a l  t o  t h e  f i s h e r y  r e sou rce  a r e  reached.  The d e t e r -  
m i n i s t i c  models should e v e n t u a l l y  be  extended t o  account  f o r  t o x i c s ,  b u t  
adequa te  c a l i b r a t i o n  and v e r i f i c a t i o n  w i l l  b e  d i f f i c u l t  wi thout  a  sup- 
p o r t i n g  d a t a  base .  A h igh  deg ree  of u n c e r t a i n t y  s t i l l  e x i s t s  w i t h  regard  
t o  synergism, r e a c t i o n  r a t e s ,  e t c .  

A s  noted above, t h e  i n t e g r a t e d  methodology was a p p l i e d  t o  a  r i v e r  
r each  of Salem Creek, t r i b u t a r y  t o  Muddy Creek, Yadkin-Pee Dee River  
Basin,  North Caro l ina .  The r each  i s  c u r r e n t l y  c l a s s i f i e d  a s  C la s s  C 
( 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)  by t h e  S t a t e  of North Caro- 
l i n a .  The d i s so lved  oxygen (DO) s t anda rd  i s  5.0  mg/l and t h e  f e c a l  c o l i -  
form s tandard  i s  a  most p robable  number (MPN) of 1000 per  100 m l ,  t h e  
l a t t e r  based on a  l oga r i t hmic  mean ( f i v e  consecu t ive  samples du r ing  any 
one month). The r i v e r  r each  has  had h i s t o r i c a l l y  h igh  co l i fo rm b a c t e r i a  
l e v e l s ,  p a r t i c u l a r l y  du r ing  s torm even t s .  Using t h e  s t a t i s t i c a l l y - b a s e d  
models w i th  measured d a t a  f o r  t h e  t i m e  per iod  November 1980 t o  August 
1981, t h e  f e c a l  co l i fo rm s tandard  i s  exceeded about  48 pe rcen t  of t h e  
t i m e  du r ing  d r y  weather  c o n d i t i o n s .  It should b e  noted t h a t  t h e  f e c a l  
co l i fo rm b a c t e r i a  concen t r a t i ons  measured from bo th  upstream and e f f l u e n t  
samples ranged i n  magnitude from 1 M P N / ~ O O  m l  t o  122,520 M P N / ~ O O  m l ,  
r e s u l t i n g  i n  h igh  c o e f f i c i e n t s  of v a r i a t i o n .  Frequency d i s t r i b u t i o n s  
are a l s o  presen ted  f o r  biochemical  oxygen demand (BOD) and chemical oxy- 
gen demand (COD). The s t e a d y - s t a t e  d e t e r m i n i s t i c  model produces cumula- 
t i v e  f requency curves  f o r  t h e  BOD-DO, c a u s e / e f f e c t  (coupled)  r e a c t i o n .  
It has  been noted t h a t  t h i s  model i s  conse rva t i ve  ( o v e r p r e d i c t s  impact) 
i n  t h e  range of DO concen t r a t i ons  up t o  about  t h e  magnitude of t h e  s t ream 
s t anda rd .  A t  t h e  most s o p h i s t i c a t e d  l e v e l  of a n a l y s i s ,  t h e  p r e d i c t i o n s  
a r e  t h a t  t h e  DO s t anda rd  i s  equa l l ed  o r  exceeded 78 pe rcen t  of t h e  t ime 
on an  hour ly  account ing  b a s i s ;  however, t h e  same s t anda rd  i s  v i o l a t e d  
57 pe rcen t  of t h e  t ime du r ing  s torm f low c o n d i t i o n s  i n  Salem Creek. 
Based on d i s so lved  oxygen c r i t e r i a  f o r  f r e shwa te r  f i s h ,  s p e c i e s  such a s  
largemouth ba s s  would have surv ived  (no f i s h  k i l l s  were r e p o r t e d  du r ing  
1981 due t o  n a t u r a l  hydro log ic  phenomena). Pe r iods  of depressed d i s -  
so lved  oxygen l e v e l s  (below 3.0 mg/l)  were s h o r t  i n  d u r a t i o n  (2 t o  3 
hours  a t  a  t ime) .  Whether avoidance r e a c t i o n s  were taken  by f i s h  o r  n o t  
i s  unknown, bu 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  occurences  dur ing  which 
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t h e  s t ream s t anda rd  was v i o l a t e d  f o r  1 2  consecu t ive  hours ,  3 occur rences  
each of d u r a t i o n s  of v i o l a t i o n s  f o r  20 and 24 hour pe r iods ,  and s i n g l e  
occur rences  of d u r a t i o n s  a s  l eng thy  a s  48,  52 and 60 hours .  

The h i e r a r c h i c a l  approach a l l ows  t h e  u s e r  cons ide rab l e  f l e x i b i l i t y .  
The s impler  s t a t i s t i c a l l y - b a s e d  microcomputer models a r e  v e r y  inexpens ive  
once t h e  investment  ha s  been made i n  a  microprocessor ,  and t h e  conf igura-  
t i o n  i s  h i g h l y  p o r t a b l e .  Both convent iona l  and t o x i c  p o l l u t a n t s  can  b e  
analyzed and t h e  ou tpu t  i s  i n  terms of t h e  p r o b a b i l i t y  of occur rence  of 
even t s  of v a r i o u s  magnitudes.  These models cannot  p r e d i c t  c a u s e / e f f e c t ,  
coupled r e a c t i o n s .  They a r e  l i m i t e d  i n  t h a t  t h e  s e n s i t i v i t y  of r e c e i v i n g  
water  q u a l i t y  t o  proposed improvements t o  t h e  e x i s t i n g  c o n f i g u r a t i o n  of 
u n i t  p roces se s ,  o r  t h e  implementat ion of b e s t  management p r a c t i c e s  f o r  
nonpoint  sou rce  c o n t r o l ,  cannot  b e  r e a d i l y  i n v e s t i g a t e d .  Data r e q u i r e -  
ments a r e  v e r y  modest; n e v e r t h e l e s s ,  g r e a t e r  c o n f i d e n c e . i n  t h e  pred ic -  
t i o n s  is  expected w i th  l onge r  t ime s e r i e s .  I n  essence ,  t h e s e  models a r e  
e x c e l l e n t  f o r  u s e  a t  t h e  p r e l im ina ry  s c r een ing ,  p lanning  l e v e l .  When t h e  
need a r i s e s  f o r  more d e t a i l e d  in format ion  on system r e sponse  t o  e x c i t a -  
t i o n ,  t h e  d e t e r m i n i s t i c  long-term cont inuous  s imu la t i on  models may b e  
a p p l i e d .  Even a t  t h e  i n t e rmed ia t e ,  s t e a d y - s t a t e  l e v e l  of a n a l y s i s  d a t a  
requi rements  a r e  s u b s t a n t i a l ;  however, execu t ion  c o s t s  a r e  r e l a t i v e l y  
modest. To o b t a i n  bo th  cumulat ive f requency and d u r a t i o n  of v i o l a t i o n s ,  
s imu la t i on  of wate r  q u a l i t y  t r a n s i e n t s  is r equ i r ed .  The c o s t s  of long- 
term cont inuous  s imu la t i on  w i th  r e l a t i v e l y  s h o r t  t ime-steps  ( 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  wate 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 igh  and 
an  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 requi rements  a r e  sub- 
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  coo rd ina t i on  between d a t a  c o l l e c t i o n  
personne l  and model u s e r s .  The models p resen ted  i n  t h i s  s t udy  depend on 
d a t a  which i s  r o u t i n e l y  be ing  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  agenc i e s .  Unfor tuna te ly ,  t h e  d e n s i t y  of t h e  gaginglsampling 
network i s - o f t e n  inadequa te  and concur ren t  t ime s e r i e s  f o r  a l l  t h e  im-  
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 reamflow,  r e c e i v i n g  water  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  less -popula ted  a r e a s .  Even though t h e  
r e s u l t s  of s imu la t i on  a r e  p resen ted  i n  a  ve ry  convenient  fo rmat ,  b io log-  
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 inexper ienced  
modelers  o r  model u s e r s  a r e  q u i t e  o f t e n  unreasonably h igh  w i t h  r ega rd  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  s t a t i s t i -  
c a l  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,  appea r s  
t o  be  t h e  most s e n s i b l e  means of o b t a i n i n g  t h e  b e s t  r e s u l t s  a s  a  f u n c t i o n  
of a v a i l a b l e  r e sou rce s .  
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C W T E R  I 

INTRODUCTION AND OVERVIEW OF 

INTEGRATED METHODOLOGY 

1.1 INTRODUCTION 

On June 6 ,  1978 t h e  P r e s i d e n t  of t h e  United 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 he  expressed h e  
w a s  " . . . p a r t i c u l a r l y  concerned about  t h e  need t o  improve t h e  p r o t e c t i o n  
of i n s t r eam 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 Council  on J u l y  12 ,  1978 t o  p repa re  a  
r e p o r t  on t h e  s t e p s  taken " . . . t o  develop e f f e c t i v e  o p e r a t i o n  and man- 
agement techniques  f o r  p r o t e c t i n g  i n s  tream uses .  . . " (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  instream-flow i n t o  fou r  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 )  p h y s i c a l  
b a r r i e r s ,  and ( 4 )  f low f l u c t u a t i o n s  (Instream-Flow Task Force,  1979). 
Inadequate q u a n t i t y  has  an  i n f l u e n c e  on water  q u a l i t y  by adve r se ly  
a f f e c t i n g  was te  a s s i m i l a t i o n .  Therefore ,  t h e  two a s p e c t s  cannot  be  
sepa ra t ed  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 bo th  
p o i n t  and nonpoint  p o l l u t i o n  sources ,  inadequate  des ign  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 .  Phys ica l  b a r r i e r s  
(e .  g., dams, we i r s )  i n t e r f e r e  w i t h  migra tory  f i s h  and t h e i r  r ep roduc t ive  
cyc le .  Flow f l u c t u a t i o n  problems involve  r e s e r v o i r  r e g u l a t i o n .  

Instream flow needs u s u a l l y  r e f e r  t o  amounts of  flow requ i red  f o r  -- 
t r a d i t i o n a l  b e n e f i c i a l  uses  of water  such a s :  nav iga t ion ,  hydropower 
gene ra t ion ,  was te  load  a s s i m i l a t i o n  (water  q u a l i t y ) ,  f i s h  and w i i d l i f e  
(wzter 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  (water  q u a n t i t y  and q u a l i t y )  
and cocsumptive uses  (e.g., v e g e t a t i o n ) .  The most d e s i r a b l e  flow re- 
quirement would be that which s a t i s f i e s  s e v e r a l  u ses  a t  once; however, 
a  p a r t i c u l a r  use  i s  o f t e n  de f ined  a s  t h e  most c r i t i c a l .  With f e d e r a l  
approval ,  s t a t e s  have c l a s s i f i e d  s t ream segments a s  t o  t h e i r  d e s i r e d  
use and both water  q u a l i t y  s t anda rds  and e f f l u e n t  (d i scha rge )  
s t anda rds  a r e  i n t i m a t e l y  r e l a t e d  t o  such in tended uses .  

Instream f l o w  assessments  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 of a  t h re sho ld  va lue  f o r  t h e  f i s h e r y  r e source :  a  minimum 
flow, usua l ly  determined from a n a l y s i s  of hydro log ic  r eco rds .  This 
approach r e l i e s  on t h e  erroneous assumption t h a t  only  flows below t h i s  
I t  ins tan taneous  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  ( S m i t h ,  
gecember 1979) .  The IFG incrementa l  methodology ( I F G I M )  a t t empt s  t o  
quan t i fy  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 func t ion  of streamflow. The I F G I M  i s  in tended 
zo be  used only  where t h e  flow regime i s  t h e  dominant determinant  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  r e source  and where 
h y d r a u l i c  c o n d i t i o n s  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 t eady  flow w i t h i n  a  r i g i d  boundary). This  method is  
composed of f o u r  b a s i c  components: (1)  f i e l d  measurement of stream 
channel  c h a r a c t e r i s t i c s  us ing  a  m u l t i p l e  t r a n s e c t  approach;  
(2)  h y d r a u l i c  s imula 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 d o c i t i e s  w i t h  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 usab le  a r e a  (g ross  h a b i t a t  
index) f o r  t h e  s imula ted  s t ream flows based on 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 tream. The l a t t e r  procedure roughly equa te s  t h e  t o t a l  s u r f a c e  
a r e a  of t h e  s imula ted  r each  t o  a n  equ iva len t  a r e a  of opt imal  ( p r e f e r r e d )  
h a b i t a t .  Weighted u s a b l e  a r e a  (WUA) can be d isp layed  a s  a  f u n c t i o n  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  s p e c i e s ,  a s  shown 
i n  F igure  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 r e c o r d s ,  WUA may be presented  a s  a  f u n c t i o n  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  yea r  conditions ( see  F igure  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 ions :  (1) water  chemis t ry ;  
(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  maj o r  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  
s u b s e 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  cond i 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 these  r e p r e s e n t  t h e  cha l l enge  i n  t h e  d i f f i c u l t  t a s k  of 
q u a n t i f y i n g  t h e  e f f e c t s  of land  and water  management d e c i s i o n s  on 
ins t ream f i s h e r y  r e sources .  

Again, t h e  IFGIM i s  ve ry  u s e f u l  ---- once i t  has  been determined t h a t  
flow regime i s  the dominant variable (assuming also t h a t  steady f l o w  
is compatible  w i t h  s treamflow c o n d i t i o n s ) .  Standard surveying  and 
s t ream 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 h y d r a u l i c  s imula t ion  models. T ransec t s  a r e  p laced  t o  c h a r a c t e r i z e  
bo th  h y d r a u 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 )  c o n d i t i o n s .  
De ta i l ed  informat ion  is  obta ined  on t h e  s tream channel  geometry and 
h y d r a u l i c  c o n d i t i o n s  us ing  a m u l t i p l e  t r a n s e c t  approach f o r  m i c r o h a b 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  con junc t ion  w i t h  
t h e  IFG methodology a r e  based on t h e  unders tanding  t h a t  i n d i v i d u a l s  of 
a s p e c i e s  tend t o  s e l e c t  t h e  most f avorab le  c o n d i t i o n s  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  f avorab le  c o n d i t i o n s  
w i t h  l e s s  frequency,  even tua l ly  l e a v i n g  an  a r e a  i f  p o s s i b l e  b e f o r e  
cond i t ions  become l e t h a l .  Subsequently,  i n d i v i d u a l s  would be most 
f r e q u e n t l y  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 ions .  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  i s  t h e  
assumption t h a t  frequency of obse rva 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 re fe rence  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 obta ined  i n  an unbiased manner. These c r i t e r i a  
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F i g u r e  1-1. Neighted Usable  Area Versus  Discharge  
f o r  Smallmouth %ass (Smith,  1979) .  



MEDIAN YEAR FLOW CWDITION 

Figu re  1-2. Monthly Weighted Usable Area 
Values f o r  Adul t  S m a l l m ~ u t h  Bass Under 
Median and Drought Year Flow Condi t ions  
(Smith,  1979)  



were prepared by l i f e  h i s t o r y  s t a g e  f o r  t hose  s t reamflow parameters  
d i r e c t l y  i n f l uenced  by changes i n  f low regime o r  channel  geometry and 
which were cons idered  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 :  
dep th ,  v e l o c i t y ,  s u b s t r a t e  and tempera ture .  

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  wes t e rn  
s t reams  and does  n o t  add re s s  t h e  impact of wate r  q u a l i t y  f l u c t u a t i o n s *  
The IFGIM has  been a p p l i e d  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 r g i n i a  ( Joy ,  ete., 1981) 
and t h e  L i t t l e  Wabash River  i n  I l l i n o i s  (He r r i cks ,  -- e t  a l . ,  1980).  
Nei ther  s t udy  eva lua ted  wate r  q u a l i t y  c o n d i t i o n s ,  which may n o 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 n c o r p o r a t i n g  wate r  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 r e s o u r c e  f low requi rements  was recog- 
n ized  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 ng  methodologies,  prepared f o r  t h e  F i s h  and W i l d l i f e  S e r v i c e  ( e d i t e d  by 
S t a lnake r  and Arne t t e ,  1976).  A spectrum of wate r  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  i n s t r eam 
f low h a b i t a t  c r i t e r i a  and modeling ( e d i t e d  by Smith, 1979).  Grenney, 
Powcella and Cleave a l s o  i d e n t i f i e d  d i s so lved  oxygen (DO) a s  probably t h e  
s i n g l e  most important  wate r  q u a l i t y  parameter i n  f i s h e r i e s  management. 
Stream u s e  c l a s s i f i c a t i o n s  ( i nc lud ing  f i s h  propaga t ion)  and cor responding  
wate r  q u a l i t y  s t anda rds  f o r  t h e  s t udy  s i t e  a r e  p resen ted  i n  Chapter I V .  

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  r each  a r e  due t o  bo th  v a r i a -  
t i o n s  i n  p o l l u t a n t  l oad ings  (from p o i n t  and nonpoint  sou rce s )  and hydro- 
l o g i c  i n p u t s  ( r a i n f a l l ,  s t reamflow).  Continuous hydro log ic  and wate r  
q u a l i t y  s imu la t i on  i s  proposed t o  d e r i v e  f requency and d u r a t i o n  of wate r  
q u a l i t y  v i o l a t i o n s  i n  a  s t ream r each ,  a s  a  means of de te rmin ing :  t h e  
adequacy of e x i s t i n g  o r  proposed f low c o n d i t i o n s  and l e v e l s  of wate r  pol-  
l u t i o n  c o n t r o l  upstream t o  suppor t  t h e  intended u s e s  of wate r  i n  t h e  
s e l e c t e d  segment. 

1 . 2  OVERVIEW OF INTEGRATED METHODOLOGY 

The u s e  of f requency a n a l y s i s  i n  hydro log ic  and wa te r  q u a l i t y  model- 
i ng  is  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 is  t h e  pred ic -  
t i o n  of f requency of occur rence  of even t s  of v a r i o u s  magni tudes ,  bo th  i n  
t e r m s  of h y d r a u l i c  and wate r  q u a l i t y  v a r i a b l e s .  Hydrologic  f requency 
curves  (e .g . ,  f low-durat ion curves)  may be  de r ived  by cont inuous  simula- 
t i o n  of t h e  r a i n f a l l - r u n o f f  p roces s  o r  by s t a t i s t i c a l  e v a l u a t i o n  of long- 
term hydro log ic  r eco rds .  The d e r i v a t i o n  of cumulat ive wate r  q u a l i t y  
f requency curves  and frequency d i s t r i b u t i o n s  of d u r a t i o n  r e q u i r e s  con t in -  
uous s imu la t i on  of bo th  q u a n t i t y  and q u a l i t y  t r a n s i e n t s .  Cumulative £ r e -  
quency curves  f o r  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 may 
a l s o  be  ob ta ined  by s t a t i s t i c a l l y - b a s e d  microcomputer programs. The 
mathematical  b a s i s  f o r  each of t h e s e  models is  presen ted  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 ,  o p e r a t i o n  of models and 
i n s t r u c t i o n s  f o r  d a t a  p r e p a r a t i o n  i n  Chapter V I ,  and cor responding  sou rce  
program l i s t i n g s  and d a t a  s e t s  i n  t h e  v a r i o u s  appendices  t o  t h i s  r e p o r t .  
Seve ra l  models a r e  app l i ed  i n  t h i s  s t udy  which a r e  documented i n  a  pre-  



v i o u s  r e p o r t :  Hydrologic and Water Qua l i t y  Modeling For Ins t ream Flow 
S t r a t e g i e s  (Medina, 1982).  These i nc lude :  t h e  STORAGE/TREATMENT AND 
RECEIVING WATER QUALITY FREQUENCY AND DURATION 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 
conve r t s  s t reamflow s t a g e  d a t a  t o  d i s c h a r g e  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 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 modif ied t o  automati -  
c a l l y  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 z ed  computer programs a p p l i e d  t o  t h e  s tudy  s i t e  were: t h e  
U.S. Geolog ica l  Survey ' s  DISTRIBUTED ROUTING RAINFALL-RUNOFF MODEL- 
VERSION I1 (DR3M) (Al ley  and Smith,  1982) and t h e  U.S. Army Corps of 
~ n g i n e e r s '  STORAGE, TREATMENT, OVERFLOW, RUNOFF MODEL (STORM) (Hydrologic 
Engineer ing Cente r ,  1 9 7 7 ) .  Three-dimensional c o l o r  and b l a c k  and w h i t e  
p l o t s  of wate r  q u a l i t y  c o n c e n t r a t i o n  i n  t ime and space  were ob t a ined  by 
s t o r i n g  t h e  r e s u l t s  of STO/TRT RECEIVING s imu la t i on  i n  f i l e s ,  t h e n  execut-  
i ng  SAS/GRAPH: t h e  computer g r aph i c s  module of t h e  S t a t i s t i c a l  Ana lys i s  
System (SAS I n s t i t u t e ,  1981).  Seve ra l  computerized d a t a  ba se  systems were 
accessed :  t h e  North Ca ro l i na  HYDROLOGIC INFORMATION STORAGE AND RETRIEVAL 
SYSTEM (HISARS) (w i se r ,  1975);  t h e  U.S. Geolog ica l  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) ( ~ d w a r d s ,  1977).  

The model LEVEL 111-RECEIVING was o r i g i n a l l y  developed 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  t h e  U.S. Environmental. P r o t e c t i o n  Agency (Medina, 
1979).  It h a s  been modif ied s u b s t a n t i a l l y  f o r  t h i s  s t udy  and new i n s t r u c -  
t i o n s  f o r  d a t a  p r e p a r a t i o n  a r e  provided i n  Chapter V I .  Major improvements 
i nc lude :  computation of t h e  dep th  i n  t h e  s t ream 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  from s tage-d ischarge  d a t a  and o t h e r  c u r v e - f i t t i n g  techniques ;  
p r i n t  c o n t r o l  commands t h a t  reduc.e t h e  amount of ou tpu t  t o  a n  e s s e n t i a l  
minimum; and t h e  a d d i t i o n  of BOD cumulat ive f requency cu rves  t h a t  can now 
be  viewed s imul taneous ly  w i t h  DO f requency curves .  

Program RFREQ r e a d s  hou r ly  p r e c i p i t a t i o n  from a n  NOAA r a i n f a l l  t a p e  
and produces y e a r l y  f requency h i s tograms  a s  w e l l  a s  a n  average  frequency 
h i s togram f o r  t h e  per iod  of r eco rd .  Th i s  procedure a l l ows  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  auto-  
c o r r e l a t i o n  a n a l y s i s .  Au toco r r e l a t i on  i s  used t o  d e f i n e  a  minimum i n t e r -  
even t  t i m e ,  a s  d i s cus sed  i n  Chapter 111. This  v a l u e  i s  r e q u i r e d  f o r  a 
more g e n e r a 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 t h  SYNOP, 
p r e sen t ed  f o r  t h e  s t udy  s i t e  i n  Chapter I V .  The runof f  t ime s e r i e s  i s  
subsequent ly  ob t a ined  by apply ing  DR3M t o  t h e  d r a inage  b a s i n :  by a ne t -  
work of d i s c r e t e  over land  f low and s t reamflow segments,  f o r  a  g iven  
r a i n f a l l  t ime 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 red i c -  
t i o n s  i s  accomplished by comparison w i th  f i e l d  measured s t a g e  d a t a ,  con- 
v e r t e d  a c c u r a t e l y  t o  hydrographs by program RATING. STORM g e n e r a t e s  t h e  
p o l l u t a n t  l oad ings  i n  t h e  d r a i n a g e  b a s i n .  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  l o a d s  and s imu la t e s  mixing w i t h  
r e c e i v i n g  s t ream upstream l o a d s  t o  o b t a i n  wate r  q u a l i t y  c o n c e n t r a t i o n s  



i n  t ime and space ,  cumulat ive wate r  q u a l i t y  f requency curves  and frequency 
d i s t r i b u t i o n s .  Thus, t h e  r e 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  £re-  
quency of occur rence  of wate r  q u a l i t y  v i o l a t i o n s  i n  a  s t ream r each ,  a s  
w e l l  a s  t h e  d u r a t i o n  of t h e s e  v i o l a t i o n s .  LEVEL 111-RECEIVING is essen-  
t i a l l y  t h e  s t e a d y - s t a t e  v e r s i o n  of STO/TRT RECEIVING,  wi thout  t h e  d e t a i l e d  
s imu la t i on  c a p a b i l i t i e s  of p o i n t  sou rce  u n i t  o p e r a t i o n s  of t h e  l a t t e r  
model, nor  t h e  c a p a b i l i t y  of p r e d i c t i n g  t h e  d u r a t i o n  of wate r  q u a l i t y  
v i o l a t i o n s .  The s t a t i s t i c a l l y - b a s e d  microcomputer models and t h e i r  u t i l i t y  
programs a l s o  produce ou tpu t  i n  terms of t h e  f requency w i t h  which a r ange  
of p o l l u t a n t  c o n c e n t r a t i o n s  a r e  exceeded i n  t h e  s t ream: t h e  c e n t r a l  
un i fy ing  theme of t h e  complete,  h i e r a r c h i c a l  modeling package. V i o l a t i o n s  
are o f t e n  de f ined  by a  minimum s t ream s t anda rd ,  b u t  a  r ange  of s t anda rds  
may b e  i n v e s t i g a t e d .  The s t anda rds  a r e  s e t  by s t a t e  enforcement agenc i e s  
i n  accordance w i th  t h e  s t ream u s e  c l a s s i f i c a t i o n .  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 Ca ro l i na  
i s  presen ted  f o r  a  r i v e r  r each  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  
propagat ion.  

The i n t e g r a t e d  approach towards account ing  f o r  wate r  q u a l i t y  i n  
de te rmin ing  ins t ream f low s t r a t e g i e s  i s  summarized i n  Table  1-1. The 
modeling package p re sen t ed  i n  t h i s  s t udy  s a t i s f i e s  l e v e l s  I1 through I V .  
Level  I i s  neces sa ry  r e g a r d l e s s  of t h e  t ype  of modeling package t h a t  may 
fo l low.  It w i l l  u l t i m a t e l y  be  p o s s i b l e  t o  s t o r e  a l l  of t h e s e  models i n  
a  s i n g l e  microprocessor ,  due t o  advances i n  m i c r o e l e c t r o n i c s ,  bu t  a t  t h e  
h igher  l e v e l s  of a n a l y s i s  execu t ion  t imes  may s t i l l  p r ec lude  p r a c t i c a l  
o p e r a t i o n  of t h e  compu ta t i ona l l y - in t ens ive  models i n  t h e  nea r  f u t u r e .  



TABLE 1-1. H i e r a r c h i c a l  Approach For Ins t ream 
Water Qual i ty  Analysis  

Level I : Pre l iminary  Screening 

Co l l ec t i on  of mays, hydro logic  and water  
q u a l i t y  h i s t o r i c a l  d a t a ,  s t ream i n t e n s i v e  
survey r e p o r t s ,  r ou t ine  computation of 
means and extremes,  inventory  of po in t  
sou rces ,  l and  use ,  i d e n t i f i c a t i o n  of f i s h  
spec i e s  i n  the  r i v e r  reach ,  e t c .  

Level 11: S t a t i s t i c a l l y  Based Frequency Analysis  

I d e n t i f i c a t i o n  of p o t e n t i a l  water  q u a l i t y  
impacts from d e r i v a t i o n  of p o l l u t a n t  cum- 
u l a t i v e  frequency d i s t r i b u t i o n s ,  a f t e r  
ana lyz ing  h i s t o r i c a l  d a t a  t o  determine i f  
model assumptions (e.g. ,  lognormal i ty )  
a r e  s a t i s f i e d - - f o r  p o i n t ,  nonpoint and 
upstream f lows and concen t r a t i ons .  This 
l e v e l  r e q u i r e s  a p p l i c a t i o n  of sma l l  
microcomputer programs and u t i l i t y  
modules. 

Level 111 : In te rmedia te ,  Determinis t ical ly-Based 
Frequency Analysis  

S teady-s ta te ,  d e t e r m i n i s t i c  cont inuous 
s imu la t i on  t o  de r ive  cause le f  f e c t  
cumulative water  q u a l i t y  f requency 
d i s t r i b u t i o n s ,  involv ing  mainframe 
computer o r  mini-computer. A more 
r e f i n e d  frequency a n a l y s i s ,  r e q u i r -  
i ng  s u b s t a n t i a l l y  more d a t a  than  
Level 11, wi th  modest execut ion  c o s t s ,  
w i th  c a p a b i l i t y  f o r  producing time 
h i s t o r i e s  of system response t o  many 
cornbinations of waste i n p u t s  and 
l e v e l s  of c o n t r o l .  

LEVEL 111 - RECEIVING, o t h e r  suppor t i ng  computer models. 



Level I V :  Advanced, De t e rmin is t ica l ly -Based  
Frequency and Duration Analysis  

De te rmin i s t i c ,  continuous s imu la t i on  
of r ece iv ing  water  q u a l i t y  t r a n s i e n t s  
t o  de r ive  both frequency and du ra t i on  
of water  q u a l i t y  v i o l a t i o n s ;  
three-dimensional computer g r aph ic s  
c a p a b i l i t y  t o  view cause/ef  f e c t  
( p o l l u t a n t / w a t e r  q u a l i t y )  r e l a t i o n -  
s h i p s  i n  time h i s t o r i e s  of system 
response t o  varying i n p u t s  and 
con f igu ra t i ons  of wastewater t r e a t -  
ment u n i t  ope ra t i ons ,  e t c .  A t  t h i s  
l e v e l ,  i t  i s  l i k e l y  t h a t  mainframe 
computer s imu la t i on  w i l l  cont inue 
t o  be more convenient due t o  long 
execut ion  t i m e s ;  d a t a  requirements  
a r e  s u b s t a n t i a l ;  assessment of 
b i o l o g i c a l  damage poss ib l e  on the  
bas i s  of combined frequency and 
du ra t i on  of water  q u a l i t y  v i o l a t i o n s  
of e s t a b l i s h e d  s tandards  f o r  f i s h e r y  
resource.  

STO/TRT RECEIVING, other supporting computer models. 



CHAPTER I1 

FREQUENCY ANALYSIS I N  

HYDROLOGIC AND WATER QUALITY 

MODELING 

2.1  HISTORICAL REVIEFJ 

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 source  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 s o c i a t e d  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  is 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 ( F o s 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 c a s e s  e x i s t -  
i ng  r eco rds  a r e  no t  s u f f i c i e n t l y  e x t e n s i v e  t o  provide  e s t i m a t e 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  p lanning  process  s i g n i f i c a n t l y  ( F i e r i n g  and Jackson,  
1971). Simulated s treamflow d a t a  have been obta ined  f o r  most r iver 
b a s i n s  i n  North Carol ina  (Wiser, 1981).  Model parameters  r e q u i r e d  f o r  
s i a u l a t i o n  a r e  obta ined  by comparing p r e d i c t e d  d a t a  w i t h  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 us  t i £  i c a t i o n  f o r  cont inuous  (long-term) 
s imula t ion  i n  dea l ing  w i t h  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 v a r i o u s  magnitudes 
(Lins ley  and Crawford, 1974). 

The convent ional  approach of s e l e c t i n g  s i n g l e  des ign  e v e n t s  du r ing  
c r i t i c a l  t ime pe r iods  (low-flow cond i t ions )  f o r  water  r e source  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  (L ins l ey  
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 c o n d i t i o n s ,  
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).  

Xo accepted des ign  event  c o n d i t i o n  e x i s t s  which a l s o  
s p e c i f i e s  a des ign  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  water  q u a l i t y  have been a r b i t r a r i l y  
de f ined  (e .g . ,  7-day, 10-year low flow) i n  convent ional  was te  a l l o c a t i o n  
s t u d i e s .  The use of cont inuous computer s imula t ion  t o  develop water 
q u a l i t y  frequency curves  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 1  1977; Donigian and L ins l ey ,  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 imula t ion  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 range  of water  q u a l i t y  s t anda rds  r a t h e r  than  a  f i x e d  myth ica l  
s t anda rd  (e .g . ,  5 mg/l  of D O ) ,  and a wide range of s t reamflow condi- 
t i o n s .  Extension of t h e  methodology f o r  ins t ream flow s t r a t e g i e s  
appears  t o  o f f e r  p a r t i c u l a r  advantages i f  f requency 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  can be more c l o s e l y  c o r r e l a t e d  t o  in s t r eam uses  
such a s  f i s h e r y  management (Xedina,  1982).  

2 . 2  HYDROLOGIC FREQUENCY STT.?DIES 

The t r a d i t i o n a l  approach t o  t h e  problem of de termining  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 hydrologic  even t s  has  been t h e  d e r i v a t i o n  of 
cWur&J. These curves  r e l a t e  t h e  magnitude of a  v a r i a b l e  t o  6UquWlcy 
06 OccwLltWce, and a r e  an e s t i m a t e  of t h e  cumulat ive d i s t r i b u t i o n  of 
t h e  popula t ion  of t h a t  v a r i a b l e  a s  prepared 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 ay  xl,  is de f ined  
a s  t h e  r e l a t i v e  number of occurrences  of t h e  even t  a f t e r  a  long series 
of t r i a l s  o r  obse rva t ions  from a  h i s t o r i c a l  r eco rd :  

where X = denotes  a  hydrologic  event, say  s treamflow 

x = magnitude of t h a t  event  

jz = number of occurrences of event  of  magnitude x 
1 1 

N = t o t a l  number of obse rva t ions  of event  X. 

The number of occurrences  n i s  t h e  frequency,  whereas n /N is  t h e  
1 1 

h w v e  ~ U ~ U W C ~ .  Fhen t h e  number of va lues  a random v a r i a b l e  can 
t ake  on is  r e s t r i c t e d  t o  an i n t e g e r  number ( say  0, 1, 2 ,  . . . ) , t h e  
random v a r i a b l e  is  c a l l e d  dinm&te and i t s  p r o b a b i l i t y  law is  u s u a l l y  
presented  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  

a l l  x 
i 

where x = d i s c r e t e  v a l u e s  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 len t  means i s  obtained through t h e  use  of 
t h e  c w n w v e  d i s x b w t i o n  d u n m n  ( O F )  : 

for 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  i n c r e a s e s  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  is  
f r e e  t o  t a k e  on any v a l u e  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 sepa ra 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  
is 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 a k e  on a va lue  
i n  t h a t  i n t e r v a l ,  then: 

where 
fx(x)  , 0 

and 

l i m  AF(x) = dF(x) 
= A X 4  Ax dx 

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



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 cumulat 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  as t h e  ex- 
pec ted  number of occur rences  less than  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  
than  o r  e q u a l  t o  t h e  g i v e n  magnitude:  

It should  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  as f requency curves .  E a r l i e r  s ta t is 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 curve  o r  i t s  complement is  mean ing less :  
expected f r e q u e n c i e s  i n  any g i v e n  range  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 1- <X<x - 2 ) is  e v a l u a t e d  as 
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 aken  
,ram 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  earlier (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  
of  b r i d g e  openings ,  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 ,  cu rve  
s p e c i f i c a l l y  accounts  fo r  hydrologic u n c e r t a i n t y  i n  t h e  d e s i g n  and 
p lann ing  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  
curve  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  cu rve ,  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  be  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  curve  (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  watershed is  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 Lei, 1950) .  
An e x t e n s i v e  t r e a t i s e  on f low-durs t ion  curves  i s  a v a i l a b l e  e l sewhere  
(Searcy,  1959) .  These c u r v e s  a r e  cons ide red  u s e f u l  even though t h e  
e v e n t s  may n o t  b e  comple te ly  independent  o f  each other; t h a t  is,  they 
may be  s e r i a l l y  c o r r e l a t e d  (Riggs,  1968) .  
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Cumulative Distribution Function. 

STREAMFLOW, & moo0 

Figure 11-2 .  Flow-Durat ion Curve for Hypothetical Watershed 



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  is  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  underdes igned through 
inadequa te  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  is  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  (Ki te , ' 1977) .  
An analogy can be  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 concept  of wa te 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  are 
exp lo red  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  wa te r  q u a l i t y  f r equency  c u r v e s  f o r  two 
l e v e l s  of upstream 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  terms of a n  e s t a b l i s h e d  r e c e i v i n g  wa te 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  of  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 wa te 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  of a  s e l e c t e d  s t r e a m  s t a n d a r d  ( s e e  
F igure  11-41, cumula t ive  water  q u a l i t y  f requency c u r v e s  form an  i n t e g r a l  
p a r t  of 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 i m e  equa led  o r  exceeded f o r  a  g iven  magnitude of 
t h e  s t r eam s t a n d a r d  is  computed from: 

% Time Equaled 
o r  Exceeded 

where n = cumula t ive  f requency of occur rence  ( s u c c e s s i v e  
i 

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  wa te 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  mg/l , from 0.0 t o  15.0  mg/L ( i . e . ,  31  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  contrast t o  t h e  century-old  p r a c t i c e  of f requency a n a l y s i s  f o r  
f lood  c o n t r o l ,  d rough t  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  
app l i ca t i ons ,  i t s  u s e  i n  wa te 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  
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last  decade. Downstream damages, i n  t e r m s  of wa t e r  t rea tment  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  of occur rence  o r  exceedance 
(Kneese and Bower, 1968) .  The damages v a r i e d  accord ing  t o  t h e  d i l u t i o n  
provided by streamflow. Cumulative f requency curves  have been proposed 
t o  r e l a t e  p r o b a b i l i t y  t o  annua l ,  s t ream was t e - a s s imi l a t i ve  c a p a c i t y  
(Velz,  1970) under n a t u r a l  hydro log ic  v a r i a t i o n s .  I n  a  s t udy  by 
Hydrocomp I n t e r n a t i o n a l  and Black & Veatch of t h e  South P l a t t e  River  
(where t h e  modeling a r e a  w a s  c en t e r ed  around Denver, Colorado) minimum 
d i s so lved  oxygen cumulat ive f requency curves  were compared f o r  v a r i o u s  
dry-weather wastewater  t r e a tmen t  p l a n t  c o n f i g u r a t i o n s  (Denver Regional  
Counci l  of Governments, 1974).  

2.4 DETERMINISTIC SIMULATION VERSUS DERIVED DISTRIBUTION APPROACHES 

A p h y s i c a l  law d e s c r i b e s  t h e  d e t e r m i n i s t i c  e v o l u t i o n  of n a t u r a l  
p roces se s  ( e . g . ,  mechanics of s u r f a c e  r u n o f f ) ,  b u t  a  p r o b a b i l i s t i c  
i n t e r p r e t a t i o n  i s  n o t  n e c e s s a r i l y  due t o  ignorance  of governing phys- 
i c a l  phenomena. The cont roversy  of determinism and c a u s a l i t y  v e r s u s  
randomness and p r o b a b i l i t y  ha s  been t h e  t o p i c  of e x t e n s i v e  d i s c u s s i o n s  
(Papoul i s ,  1965):  t h e  d i f f e r e n c e  l i e s  n o t  i n  t h e  n a t u r e  of t h e  phenom- 
ena ,  bu t  i n  t h e  q u a n t i t i e s  i n  which t h e  obse rve r  i s  i n t e r e s t e d .  I f  t h e  
outcome of one experiment i s  of i n t e r e s t ,  t hen  t h e  model might be  
d e t e r m i n i s t i c ,  b u t  w i t h  some u n c e r t a i n t y  due t o  c e r t a i n  e r r o r s  i n  ce r -  
t a i n  ranges  of t h e  r e l e v a n t  parameters .  The u s e  of s i n g l e  e v e n t s  f o r  
de s ign  o r  wa t e r  r e sou rce s  management h a s  been d i s ca rded  f o r  s e v e r a l  
reasons s t a t e d  e a r l i e r  i n  Sec t i on  2.1.  Long-term, cont inuous de t e r -  
m i n i s t i c  s imu la t i on  e s s e n t i a l l y  p r e d i c t s  t h e  average  system response t o  
a  l a r g e  number of even t s  because t h e s e  models depend upon parameters  
ob ta ined  from measured d a t a  ( s t a t i s t i c a l  samples) .  Thus, 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 roces s  and d e r i v a t i o n  of bo th  
hydro log ic  and wa te r  q u a l i t y  f requency curves  can b e  achieved 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 imu la t i on  o r  p r o b a b i l i s t i c  ( de r ived  
d i s t r i b u t i o n )  methods. 

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  an  assumption be  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  popu la t i on  of even t s ,  
and t h e  s t a t i s t i c a l  parameters  of t h e  d i s t r i b u t i o n  must then  be computed 
from t h e  sample d a t a .  For example, from knowledge of hydro log ic  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  can b e  de r ived  f o r  s t o rm event  
dependent v a r i a b l e s  such a s  s u r f a c e  runoff  and overf low t o  r e c e i v i n g  
s t reams .  This  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 De l l eu r ,  
1982) .  Qui te  o f t e n  t h e s e  methods y i e l d  c lo sed  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 im ina ry  wate r  r e sou rce  assessment .  

Both approaches a r e  d a t a  dependent ,  b u t  t h e  de r ived  d i s t r i b u t i o n  
approach i s  computa t iona l ly  l e s s  demanding. Of cou r se ,  phys ica l ly -based  
models a r e  n o t  completely  d e t e r m i n i s t i c  because many model parameters  
( 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 Del leur  (1982) have 
demonstrated t h e r e  is s t r o n g  evidence t h a t  hydro logic  v a r i a b l e s  such a s  
s u r f a c e  runoff  volume, d u r a t i o n  and i n t e r e v e n t  t i m e  a r e  exponen 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  concen t r a t i ons  i n  t h e  r e c e i v i n g  s t ream.  
Warn and Brew (1980) p re sen t  an a n a l y t i c a l  method t h a t  assumes 
log-normal d i s t r i b u t i o n s  f o r  r i v e r  and p o i n t  d i s cha rge  f lows.  The method 
is  a n  approximate p r o b a b i l i t y  model of t h e  mass ba lance  equa t ion  based 
upon t h e  f i r s t  two moments (mean, va r i ance )  of t h e  downstream concentra-  
t i o n .  A two-parameter log-normal d i s t r i b u t i o n  i s  used and provides  
a c c u r a t e  v a l u e s  i f  t h e  assumption of log-normal flows i s  v a l i d .  The 
method was extended t o  i nc lude  stormwater flows and concen t r a t i ons  
( ~ i T o r o ,  1982) ,  provided t h a t  t h e s e  f lows and concen t r a t i ons  and the  
upstream flows and concen t r a t i ons  can be assumed t o  be  independent .  
E a r l i e r  work by DiToro (1980) e s t a b l i s h e d  t h e  adequacy of p r o b a b i l i s t i c  
a n a l y s i s  of t h e  response of one-dimensional advec t ive-d ispers ive  
systems. I n  a survey of s t o c h a s t i c  models, Padget t  (1980) reviews t h e  
a p p l i c a t i o n  of random d i f f e r e n t i a l  equa t ion  approaches t o  t h e  computa- 
t i o n  of t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of BOD and DO i n  s t reams.  

The s t a t i s t i c a l  computer models presen ted  i n  t h i s  s t udy  are based 
on assumptions of lognormal ly-d is t r ibu ted  f lows and concen t r a t i ons  f o r  
nonpoint sou rces ,  p o i n t  sources  and upstream sources .  Recent ly  
completed s t u d i e s  under t h e  Nat iona l  Urban Runoff Program (NURP) suppor t  
t h i s  assumption (Athayde, 1983).  F igures  11-5 t o  11-12 a r e  normal pro- 
b a b i l i t y  p l o t s  of t h e  n a t u r a l  logar i thms  of streamflow, s u r f a c e  runoff  
and p o l l u t a n t  concen t r a t i ons  i n  stormwater f o r  a l l  t h e  nat ionwide s i tes  
under t h e  NURP. The ana lyses  were performed u s i n g  t h e  UNIVARIATE pro- 
cedure of t h e  S t a t i s t i c a l  Analys i s  System (SAS), SAS I n s t i t u t e ,  a t  t h e  
Nat iona l  Computation Center  f a c i l i t i e s .  These p l o t s  r e p r e s e n t  a t  l e a s t  
1500 d a t a  p o i n t s ,  and obviously appear  l i n e a r  i n  na tu re .  S i m i l a r  p l o t s  
are presen ted  f o r  t he  s tudy  s i t e ,  nea r  Winston-Salem, North Ca ro l ina ,  
i n  Chapter I V .  L inear  r e g r e s s i o n  was computed on a l l  t h e  r e l e v a n t  var- 
i a b l e s  f o r  t h e  s tudy  s i te ,  and t h e  r e s u l t s  a r e  presen ted  i n  Chapter V: 
t h e  v a l i d i t y  of t h e  log-normal d i s t r i b u t i o n  assumptions i s  c l e a r l y  
demonstrated by extremely h igh  c o r r e l a t i o n  c o e f f i c i e n t s  i n  a l l  c a se s .  
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METHODOLOGY 

Th i s  c h a p t e r  is  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  mathemati- 
ca l  founda t ion  of models developed o r  modif ied f o r  u s e  i n  t h i s  s t udy :  
f o r  example, t h e  updated v e r s i o n  of LEVEL 111 - RECEIVING and t h e  
s t a t i s t i c a l l y - b a s e d  r e c e i v i n g  wa te r  q u a l i t y  f requency  models.  The 
f e a t u r e s  of  o t h e r  programs developed and documented e l sewhere  ( e .g . ,  
HISARS, STORM, DR M) 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 a  where a p p r o p r i a t e .  t h e  STORAGE/TREATMENT AND 
RECEIVING WATER QUALITY FREQUENCY AND DURATION MODEL (STO/TRT RECEIVING), 
program RATING which conve r t s  s t reamflow s t a g e  d a t a  t o  d i s c h a r g e  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 ,  t h e  SYNOPTIC RAINFALL DATA ANALYSIS 
PROGRAM (SYNOP), and program RFREQ (which supplements  SYNOP by producing 
y e a r l y  f requency h i s tog ram p l o t s  from NOAA r a i n f a l l  d a t a )  a r e  t r e a t e d  
i n  d e t a i l  i n  a p r ev ious  s t u d y  (Medina, 1982) .  An 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  t i m e  s e r i e s  from 1948 t o  1975 ( recorded  n e a r  Winston-Salem, 
North Ca ro l ina  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 imato logy .  Other  model a p p l i c a t i o n s  t o  Salem Creek and Muddy 
Creek (Yadkin-Pee Dee Rive r  Basin)  a r e  p re sen t ed  and r e s u l t s  i n t e r p r e t e d  
i n  Chapter  V. Ope ra t i on  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 c o n s i d e r a 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  of s torm-derived po l lu ' t an t  l o a d s  
on r e c e i v i n g  wa te r  q u a l i t y  i s  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 eco rds .  The purpose of SYNOP is  t o  summarize t h e  v a r i a b l e s  of 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 to rm e v e n t s )  and satis- 
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 b l  s t o m  e v e n t s ,  each  w i t h  an  a s s o c i a t e d  
u n i t  volume, d u r a t i o n ,  average  i n t e n s i t y  and  t i m e  s i n c e  t h e  p reced ing  
s to rm (measured from t h e  midpoint  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 be  e s t a b l i s h e d  t o  determine when i n  t h e  h o u r l y  
r e c o r d  a s torm beg ins  and ends .  Program SYNOP d e l i n e a t e s  s torm 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 consecu t ive  
hours  w i thou t  r a i n f a l l  ( u se r -de f ined ) .  To avo id  an  a r b i t r a r y  d e f i n i -  
t i o n  o f  independence, t h e  program h a s  been modif ied 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 i m e  (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  time 
s e r i e s  (Medina, 1982)  . 

For hyd ro log ic  p roces se s ,  i t  is  p r a c t i c a l  t o  e s t i m a t e  t h e  auto-  
c o r r e l a t i o n  c o e f f i c i e n t s  by an open-ser ies  approach (Yevjevich,  1972 
and F i e r i n g  and Jackson ,  1971):  
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where r I ( 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  
c o e f f i c i e n t  f o r  hydrologic  process  I, 

x = d i s c r e t e  d a t a  s e r i e s  (obse rva t ions )  of 
i 

hydrologic  process  I, f o r  i = 1, 2, .. ., n, 

n = t o t a l  number of d a t a  p o i i z t s  o r  obse rva t ions ,  
and 

k = number of hour ly  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 i m e  s e r i e s  which i s  c i r c u l a r  
and of l a g  1, TL[rI ( l ) : ,  a r e  g iven by (Anderson, 1942):  

where 
ta  

= s tandard ized  normal v a r i a t e  corresponding 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  time s e r i e s  is  def ined as a s e r i e s  where t h e  l a s t  value i s  
followed by t h e  f i r s t  s o  t h a t  t h e  time s e r i e s  r e p e a t s  i t s e l f .  Equation 
Equation (3.2) has been extended f o r  use  wi th  a n  open s e r i e s ,  f o r  t h e  
genera l  l a g  case  (Yevjevich, 1972). A t  a 95 pe rcen 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  are given by: 

A p l o t  of 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, is c a l l e d  a correlogram. The technique of auto- 
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 tudy  of t h e  behavior of t h e  
correlogram of t h e  process  under i n v e s t i g a t i o n  (Quimpo, 1968) .  The 
model compares t h e  va lue  of r (k) obtained from equat ion (3.1)  wi th  
~ ~ [ r ~ ( k ) ] ,  computed by equat ion ( 3 . 3 ) ,  f o r  t h e  corresponding number of 

hour ly  l a g s  k. The minimum i n t e r e v e n t  time ( N I T )  which s e p a r a t e s  



independent wet-weather even t s  i s  def ined as t h e  minimum va lue  f o r  k 
f o r  which r(k)  is no t  s i g n i f i c a n t l y  d i f f e r e n t  from zero  a t  a  95 percent  
p r o b a b i l i t y  l e v e l .  

Once t h e  MIT has  been de f ined ,  t h e  storms a r e  separa ted  accordingly  
and t h e  s t a t i s t i c s  of t h e  storm parameters a r e  then  computed. The mean 
s tandard  d e v i a t i o n  and c o e f f i c i e n t  of v a r i a t i o n  (s tandard  d e v i a t i o n  / 
mean) a r e  determined f o r  storm i n t e n s i t y ,  d u r a t i o n ,  u n i t  volume and 
time between storms.  I f  s torm i n t e n s i t i e s  and d u r a t i o n s  a r e  independent ,  
t h e  mean storm volume w i l l  equa l  t h e  product  of mean storm i n t e n s i t y  
and mean dura t ion .  However, i n  many a r e a s  and dur ing c e r t a i n  seasons  
they a r e  no t  independent: f o r  example, long l e s s - i n t e n s e  storms tend 
t o  occur i n  t h e  w i n t e r ,  and s h o r t  h igh- in tens i ty  storms tend t o  occur i n  
t h e  summer. To avoid 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 determines t h e  mean u n i t  volume from the  i n d i v i d u a l  s torm 
volumes. 

It should be noted t h a t  i n  North Carol ina  i n t e n s e  ra ins to rms  occur 
i n  s t e e p  mountain t e r r a i n  (orographic  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  
southern  por t ion .  In  t h e  Piedmont reg ion  ( l o c a t i o n  of s tudy  s i t e ,  s e e  
Chapter IV) t h e  seasona l  (summer, win te r )  behavior descr ibed above is 
c l e a r l y  observable i n  monthly summaries and p l o t s  of average i n t e n s i t y  
and dura t ion.  A p a r t i c u l a r  advantage of t h i s  type  of analysis i s  t h a t  
i f  a  p a r t i c u l a r  season o r  per iod i s  considered c r i t i c a l  due t o  adverse  
rece iv ing  water 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  accumulation r a t e s ,  
t h e  r e p r e s e n t a t i v e  summary may simply be made on t h e  long term record  
of storms occurr ing dur ing t h e  s e l e c t e d  season. 

The frequency d i s t r i b u t i o n  of  a random v a r i a b l e  was de f ined  i n  
Chapter I1 and an example was provided. 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  hour ly  r a i n f a l l  of a r e p r e s e n t a t i v e  
year  i n  the  time s e r i e s  l e d  t o  the  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 i m e .  The program RFREQ was developed t o  produce a  frequency histogram 
of hour ly  r a i n f a l l  f o r  each year of t h e  e n t i r e  time s e r i e s  sub jec ted  t o  
a n a l y s i s  by SYNOP, plus  an average frequency histogram of hour ly  ra in -  
f a l l  f o r  t h e  e n t i r e  t ime s e r i e s .  Thus the  most r e p r e s e n t a t i v e  yea r  may 
be s e l e c t e d  f o r  d e t a i l e d  process ing by equa t ions  (3.1) and ( 3 . 3 )  a t  a  
savings  i n  computer time. 



3.2 HYDROLOGIC MODELING 

(1) 
and 
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lems 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 :  
qua te  q u a n t i t y ,  ( 2 )  inadequate q u a l i t y ,  (3) p h y s i c a l  b a r r i e r s ,  
low 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  i n f l u e n c e  

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  requ i red  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  
p h y s i c a l  system; can process  the  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  time and 
space a s  a  r e s i d u a l  of t h e  g ross  p r e c i p i t a t i o n  inpu t .  

Hydraulic Simulat ion 

Hydraulic s imula t ion  f o r  ins t ream flow s t u d i e s  is  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 f low a r e ,  of course ,  a  f u n c t i o n  of channel  geometry a l s o .  
An a c c u r a 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 is  governed 
by t h e  S t .  Venant equa t 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  graduall jr  v a r i e d ,  unsteady flow: 

where y = depth of f l o w  
V = v e l o c i t y  of flow 
x = l o n g i t u d i n a l  d i s t a n c e  
t = time 
g = 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 tan t  

S = i n v e r t  s lope  
0 

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

A = flow a r e a .  

However, numerical  s o l u t i o n s  of t h e s e  equat ions  a r e  c o s t l y  i n  terms of 
computer time. 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 
cond i t ions  do no t  a f f e c t  upstream computations. 



For both overland flow and open channel  flow segments, l a t e r a l  
inf low must be considered.  The overland flow segments r e c e i v e  l a t e r a l  
inf low i n  t h e  form of excess  p r e c i p i t a t i o n .  Thus, equa t ions  ( 3 . 4 )  and 
(3.5) become 

2.1 3 + - - =  1 av v 
ax g ax g a t  

( i  - f + 2qL/b) - + So - Sf 
gY 

where q = discharge  pe r  u n i t  width  of channel ,  say  c f s / f t  

q~ 
= l a t e r a l  inf low,  say c f s / f t  

i = 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  time p e r  u n i t  
a r e a ,  say f t / s e c  

f = i n f i l t r a t i o n  r a t e ,  volume per  u n i t  time per  u n i t  
a r e a ,  s a y  f t / s e c ,  and 

b = width of f r e e  s u r f a c e ,  say  f t  ; 

f o r  assumptions of a moderately wide r e c t a n g u l a r  channel  ( y / b < l ) ,  
smal l  bottom s lope ,  and uniform v e l o c i t y  d i s t r i b u t i o n .  The kinematic ' 
wave approach mainta ins  t h e  c o n t i n u i t y  equat ion a s  above, bu t  t h e  
momentum equa t ion  i s  rep laced  by a s tage-discharge  r e l a t i o n  based on 
either the  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  laminar flow, 

So a=- 
2v and m = 3 

. where v = kinematic 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  kinematic wave model parameters ,  a r e  r e l a t e d  t o  t h e  
roughness and geonetry  of t h e  b a s i n  and must be determined accord ing ly .  
Since  d i s tu rbances  can only propagate downstream, numerical  s o l u t i o n s  
a r e  s impler  whi le  s t i l l  r e t a i n i n g  some of t h e  non l inea r  e f f e c t s  of t h e  
dynamic equat ion.  The s o l u t i o n  t o  overland-flow problems s i m p l i f i e s  t o  
t h e  c o n t i n u i t y  and momentum equat ions  wi th  q = 0 ,  r e s p e c t i v e l y  : 

L 

Any wavelike behavior must e n t e r  through t h e  c o n t i n u i t y  equa t ion  and 
t h e  approach precludes  changes i n  s u r f a c e  p r o f i l e  due t o  dynamic v a r i a -  
t i o n s .  The corresponding s e t  of equat ions  f o r  s tream segments, o r  
channelized f lows,  t o  which t h e  only s i g n i f i c a n t  i n p u t s  a r e  cont inuous  
a long t h e  stream a x i s  and c o n s i s t  of r a i n f a l l ,  i n f i l t r a t i o n ,  and over- 
land flow is 

where Q = discharge  r a t e ,  say  c f s  
A = flow c r o s s - s e c t i o n a l  a r e a ,  say  f t .  2 

q i  
= continuous l a t e r a l  inf low r a t e  of overland f low, 

say c f s / f t  
a ,m = kinematic parameters f o r  s tream segments. 
s S 

Typ ica l ly ,  t h e  value  of m = 3 /2  f o r  s m a l l  s t reams.  I n  a s t ream seg- 
ment, equa t ion  (3.14) mayS be replaced by t h e  c l a s s i c a l  Manning 
r e l a t i o n s h i p  

where R = hydrau l i c  mean rad ius .  

Routing through r e s e r v o i r s  i s  commonly accomplished by a p p l i c a t i o n  
of the  c o n t i n u i t y  equat ion (modified-Puls method), i n  d i f f e r e n c e  form 
given by: 



where Q,*Qt+at = ou t f low r a t e s  a t  times t and t+At, c f s  

= t , = t + n t  
= i n f low r a t e s  a t  times t and t+At, c f s  

3 

9 *%+A r = 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  k inemat i c  wave model. 

D i s t r i b u t e d  Routing Rainfal l -Runoff  Model 

The U.S. Geo log ica l  Survey's  D i s t r i b u t e d  Routing Rainfal l -Runoff  
Model-Version I1 (DR,M) p rov ides  d e t a i l e d  s i m u l a t i o n  of s torm-runoff  
p e r i o d s  s e l e c t e d  by t h e  u s e r  and a d a i l y  s o i l - m o i s t u r e  accoun t ing  
between s to rms ,  u s i n g  r a i n f a l l  and d a t a  d e s c r i b i n g  t h e  p h y s i c a l  charac-  
t e r i s t i c s  of t h e  d r a i n a g e  b a s i n  a s  i n p u t  (Al l ey  and Smith, 1982) .  A 
d r a i n a g e  b a s i n  is  e s s e n t i a l l y  r e p r e s e n t e d  as a set  of overland-f low, 
channel  and r e s e r v o i r  segments. Kinematic wave t h e o r y  is  used f o r  
r o u t i n g  f lows ove r  c o n t r i b u t i n g  overland-f low a r e a s  and through t h e  
channel  network, a s  d e s c r i b e d  mathemat ica l 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  o f  t h e  Salem Creek and Muddy Creek d r a i n a g e  
b a s i n s  n e a r  Winston-Salem, North Caro l ina  is  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  a p p r o p r i a t e  t o  comment on t h e  numer ica l  s o l u t i o n  t echn ique  t o  t h e  
k inemat ic  wave e q u a t i o n s  found t o  be most p r a c t i c a l  f o r  long-term 
s i m u l a t i o n  ( y e a r  o r  l o n g e r )  o f a l a r g e  d r a i n a g e  b a s i n  (64 s q u a r e  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 the new v e r s i o n ,  t h e  1978 DR M provided only  
a n  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  k inemat i c  wave 
r o u t i n g  i n  channe l s  and ove r l and  f low segments.  Although c o r r e c t  
s o l u t i o n s  were o b t a i n a b l e  f o r  t h e  smaller sub-bas ins ,  c a l i b r a t i o n  of  
t h e  model f o r  t h e  a g g r e g a t e  network r e p r e s e n t i n g  t h e  e n t i r e  b a s i n  w a s  
never  accomplished. Such d i f f i c u l t i e s  were - n o t  encountered  by choos- 
i n g  t h e  method of c h a r a c t e r i s t i c s  o p t i o n  i n  t h e  newer v e r s i o n  of DR H. 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 was n o t  chosen because  o f  computer 
t ime c o n s i d e r a t i o n s .  An e x h a u s t i v e  i n v e s t i g a t i o n  of t h e  causes  of t h e  
problems ( cho ice  of  A t ,  segmenta t ion ,  e t c . )  was n o t  p o s s i b l e  due t o  
t i m e  l i m i t a t i o n s .  

Combining equa t 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 :  



and i t s  s o l u t i o n  p rov ides  v a l u e s  of a r e a  A t h a t  can be  conver ted  t o  
d i s c h a r g e  us ing  e q u a t i o n  (3.14) (Al ley  and Smith, 1982) .  Equat ion  (3.17)  
can  be  r e p r e s e n t e d  by t h e  c h a r a c t e r i s t i c  e q u a t i o n s  below (Eagleson,  
1970) : 

I n t e g r a t i o n  of e q u a t i o n s  (3.18) and (3.19) can  be  performed e x p i i c i t l y  
i f  t h e  l a t e r a l  i n f low,  q  , i s  assumed uniform i n  t ime and space .  For 
a g i v e n  model segment,  q is indeed s p a t i a l l y  c o n s t a n t  and p iecewise  
c o n s t a n t  i n  t i m e .  Thus, t h e  assumption i s  v a l i d  by i n t e g r a t i n g  ove r  
time s t e p s  where q  remains c o n s t a n t .  The equa t ions  a c t u a l l y  so lved  
by DR M a r e :  

3 

I a m 
Ax = - [ ( g  A t  + ~ ( x , t ) ) ~  - A ( x , t )  ] 

q 

A(x+Ax, t+At) = A(x,  t )  + qAt 

f o r  q # O ,  and 

I A ( x + A x , ~ + A ~ )  = A ( x , ~ )  

f o r  q  = 0 . 
Equat ions  ( 3.20) and ( 3.22) a r e  used t o  f o l l o w  t h e  c h a r a c t e r i s t i c  p a t h s  
i n  t h e  x-t  p l ane .  The f low area is determined a t  p o i n t s  a long t h e  
c h a r a c t e r i s t i c  p a t h s  by equa t ions  ( 3.21) and ( 3.23). 

R a t i n g  Table  I n t e r p o l a t i o n  

Any hydro log ic  model must be c a l i b r a t e d  and v e r i f i e d  w i t h  a c t u a l  
f ie ld-measured d a t a  due t o  t h e  u n c e r t a i n t y  in t roduced  by t h e  mathemat ica l  
a b s t r a c t i o n  of t h e  p h y s i c a 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 s t r eam gage h e i g h t  r e c o r d s  were a v a i l a b l e  from 
t h e  U.S. Geo log i ca l  Survey f o r  t h e  s t u d y  s i t e  a s  w e l l  a s  s t age -d i s cha rge  
r a t i n g  t a b l e s  upda ted  r e g u l a r l y .  Program RATING was w r i t t e n  t o  c o n v e r t  
gage h e i g h t  t o  d i s c h a r g e  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 t h  a  
known t o l e r a n c e  (Medina, 1982). Based on a  d i v i d e d - d i f f e r e n c e  t a b l e  
computed by u s i n g  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  
(Conte and de  Boor, 1972) numer ica l  e r r o r  is  minimized: 

where Xg9X19 x2 ,  ... = g i v e n  d i s t i n c t  p o i n t s  

f ( x o ) , f ( x l ) , f ( x 2 )  ... = 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  

k 0,1,2, ..., u n t i l  satisf ied on the basis  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  g e n e r a 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  used i n  
b o t h  of t h e  d e t e r m i n i s t i c  w a t e r  q u a l i t y  s i m u l a t i o n  models ,  LEVEL I11 - 
RECEIVING and STO/TRT RECEIVING, t o  o b t a i n  s t r e a m  dep th  from known d i s -  
charge  and known s t age -d i s cha rge  power r e l a t i o n s h i p s .  

3.3 DETERMINISTIC 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  w e t  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 b e  f i l l e d  b e f o r e  any s to rmwater  runof f  i s  gen- 
e r a t e d .  The i n i t i a l  amounts of r a i n  beg in  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  con t inues ,  s u r f a c e  runof 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  ove r l and  f low and 
channe l  f low phases .  With i n c r e a s e d  f low 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  wate rshed  ( p o l l u t a n t  washo f f ) .  I n  
t h e  pe rv ious  f r a c t i o n  of a  d r a i n a g e  b a s i n ,  s to rmwater  runof f  and a s soc i -  
a t e d  p o l l u t a n t  removal a r e  similar 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  c o n c e n t r a t i o n s  may be 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. O f  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 du r ing  a  s t o rm e v e n t .  The 
pe rcen t age  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  of 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  de t aches  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  s tormwater  volume f low r a t e  (Overton 
and Meadows, 1976) .  The wate rshed  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  wa te r  q u a l i t y  model which u s u s 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 stream w a t e r  q u a l i t y  must t hen  b e  
e v a l u a t e d  i n  terms of  degree  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 eam purposes .  



Computation of  Surface  Runoff Qua l i ty  - 

I n  t h e  computation of s u r f a c e  runoff  q -ua l i ty  a  number of 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 dur ing  a  s torm even 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  chemical changes o r  b i o l o g i c a l  degradat ion  du r ing  t h e  

runoff  p r o c e s s ,  and (3)  t h e  amounts of p o l l u t a n t s  p e r c o l a t i n g  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  assumpt ion  can  b e  
r e f i n e d  f o r  mathemat ica l  d e r i v a t i o n  such  t h a t  t h e  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  runof f  is p r o p o r t i o n a l  t o  t h e  amount of p o l l u t a n t  
remaining,  and t o  t h e  runof f  i n t e n s i t y .  The p rocess  can b e  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  equa t 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  t ime t ,  mg 
k  = c o n s t a n t ,  and is  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  r u n o f f ,  
= b r  

r = runof f  i n t e n s i t y  
b  = c o n s t a n t .  

For each  t ime step, t h e  runoff  r a t e  i s  de termined from t h e  hydrograph 
and a  v a l u e  of P , which becomes t h e  new v a l u e  of P f o r  t h e  n e x t  

0 
t i m e  s t e p ,  is computed. 

The watershed  p o l l u t a n t  washoff model chosen w a s  STORM because  of  
ease of d a t a  p r e p a r a t i o n ,  e a s e  of l i n k a g e  w i t h  a n  h o u r l y  r e c e i v i n g  
w a t e r  q u a l i t y  model, and a p p l i c a b i l i t y  t o  d r a i n a g e  b a s i n s  w i t h  urban  
and non-urban f r a c t i o n s  and m u l t i p l e  l and  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 ,  p a s t u r e s ,  farming,  and 
f o r e s t s ) .  S i n c e  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 t u d y  
s i t e  come from nan-urban l and  u s e s  ( s e e  Chapter  I V ) ,  t h e  d a i l y  p o l l u t a n t  
accumulat ion method was used (Hydrologic Engineer ing  Cen te r ,  1977) :  



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

F = accumula t ion  of p o l l u t a n t  p on l and  u s e  i, l b s / a c r e / d a y  
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 
= p e r c e n t  of  b a s i n  i n  l and  u s e  i 

*D 
= number of days  wi thou t  runoff  s i n c e  l a s t  s torm 

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

T 

L = number of land  use  types .  

Accurate  l and  u s e  types  and pe rcen tages  were ob ta ined  from t h e  
Land Resources In fo rma t ion  Se rv ice ,  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 ranspor 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  urban  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  of  p o l l u t a n t s .  F igu re  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  system 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 / t r e a t m e n t  u n i t  ( e . g . ,  primary c l a r i f i e r  i n  t h e  mun ic ipa l  
wastewater  t r e a t m e n t  p l a n t ) ,  o r  (3) a r each  of t h e  r e c e i v i n g  body of 
water .  I n  e s sence ,  each  of t h e s e  subsystems p r o v i d e s  engineered  o r  
n a t u r a l  s t o r a g e / 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  
convec t ive -d i spe r s ion  e q u a t i o n ,  

ac a = -  ac 
a t  ax 

[E - UC] + ZS 
i 

3 where C = c o n c e n t r a t i o n  of  wa te r  q u a l i t y  parameter  ( p o l l u t a n t ) ,  M/L , 
t = t i m e ,  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 long  t h e  f low 
ax 

a x i s ,  t h e  x d i r e c t  i o n ,  M / L ~ T ,  
UC = mass 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 / L ~ T ,  
3 Si = s o u r c e s  o r  s i n k s  of t h e  subs t ance  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 low v e l o c i t y ,  L/T, 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. 



FLOW BALANCE : 

MASS BALANCE: 

Figure 111-1. A Genera l ized  Component of  the 
Physical System 



The s o u r c e / s i n k  term accoun ts  f o r  b iochemical  p rocesses  ( e . g . ,  decay,  
pho tosyn thes 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 eam 
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  was te  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 low t x i s ,  equa t ion  (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 :  

where K = 

I n  e q u a t i o n  

f i r s t - o r d e r  r e a c t i o n  r a t e  c o e f f i c i e n t ,  1 /T ,2  
i n f l u e n t  f l u i d  f low r a t e  p e r  u n i t  l e n g t h ,  L /T ,  

3 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  parameter  i n  t h e  in f low,  M/L , 
and 

2  wet ted  c r o s s - s e c t i o n a l  a r e a  i n  t h e  component, L . 

(3 .29)  t h e  i n f l u e n t  f l u i d  f low r a t e  p e r  u n i t  l e n g t h ,  
i n f l u e n t  c o n c e n t r a t i o n ,  and the  wet ted  c r o s s - s e c t i o n a l  a r e a  may a l l  be  
v a r i a b l e  f u n c t i o n s  of t i m e .  

Solut ions  t o  d i f f e r e n t i a l  equat ions  der ived from equat ion (3 .28) ,  
governing the  behavior  of conventional  dry-weather f low s t o r a g e h r e a t m e n t  
systems and rece iv ing  wa te r s ,  a r e  presented i n  d e t a i l  elsewhere (Medina, 
1982) a s  p a r t  of the  development of t h e  S t o r a g e l ~ r e a t m e n t  and Receiving 
Water Qua l i ty  Frequency and Duration Model (STOITRT RECEIVING). This 
model has been proposed i n  Chapter I (Table 1-1) a t  the  h i g h e s t  l e v e l  of 
a n a l y s i s  i n  t h e  h i e r a r c h i c a l ,  i n t e g r a t e d  methodology f o r  a s s e s s i n g  
ins t ream water  q u a l i t y .  The model LEVEL 111 - RECEIVING c o n s t i t u t e s  t h e  
more s i m p l i f i e d  s t eady-s ta te  ve r s ion ,  wi thout  d e t a i l e d  s imula t ion  of 
p o i n t  source  s t o r a g e  and t rea tment .  

Receiving Body of Water 

A non- t idal  r e c e i v i n g  s t ream can be  adequa te ly  r e p r e s e n t e d  by a 
one-dimensional, a d v e c t i v e - d i s p e r s i v e  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 spe rs 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 s c h a r g i n g  p l a n e  sources  i n  t h e  y-z plane :  



where L = BOD concentration, M/L 3 

KL3 = biochemical oxidation rate and sedimentation rate 
coefficient for c a r b o n a ~ o u s  BOD, 1 / ~ ,  

D = DO deficit 2 C - C, M/L , 
S 3 C = saturation concentration of DO at stream temperature, M/L , 

S m 

C = concentration of DO in stream , M/L-', and 
K2 = reaeration rate coefficient, 1/T . 

The solutions to equations (3.30) and (3.31) have been derived 
elsewhere (Medina, 1982). The BOD concentration is given by: 

er f  ()4i.rtt ) - e r i  



where q" = t ime r a t e  of p o l l u t a n t  mass 
i n j e c t i o n  p e r  u n i t  a r e a  a t  
t h e  p l a n e  s o u r c e ,  M / L ~ T ,  

= P Uc1 , 
c  = c o n c e n t r a t i o n  of p o l l u t a n t  i n  

the  i n f low ,  d imens ion l e s s ,  
E = l o n g i t u d i n a l  d i s p e r s i o n  
X 

c o e f f i c i e n t ,  L2/T, 
t = p e r i o d  o f  i n j e c t i o n ,  T  , 
1 

2 
R = JU + 4K13Ex , w i t h  dimensions of 

v e l o c i t y ,  L / T ,  and 
p = d e n s i t y  of t h e  r e c e i v i n g  f l u i d ,  

M / L ~  . 
The cont inuous  p l a n e  
(Medina, 1982) : 

s o u r c e  s o l u t i o n  f o r  DO d e f i c i t  i s  g iven  by 

e r f  (;:::) - - e r f  



where p" = 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  pe r  u n i t  a r e a  
a t  t h e  p lane  source ,  M / L ~ T ,  and 

a2  = 
IJ2 + 4K2Ex , w i t h  dimensions 

of v e l o c i t y ,  L / T .  

Equations (3.32) and (3.33) a r e  used i n  STO/TRT RECEIVING t o  p r e d i c t  BOD 
and DO concen t ra t ions  i n  space and t i m e .  

For s t e a d y - s t a t e  a n a l y s i s ,  a s  implemented i n  LEVEL 111-RECEIVING, 
equat ions  (3.30) and (3.31) reduce t o :  

The s o l u t i o n  t o  equat ion  (3.34) i s  

where Lo = u l t i m a t e  f i r s t - s t a g e  BOD demand, mg/e 

f o r  x 1 0 . The s o l u t i o n  t o  t h e  governing d i f f e r e n t i a l  equa t ion  f o r  
s t e a d y - s t a t e  d i s so lved  oxygen d e f i c i t  becomes: 

where 
X t = -  u = l apsed  t ime,  hours ,  



S1 
, dimensionless ,  

T T 

L 

s , =  v l + T  2 
, dimensionless ,  and 

Do = i n i t i a l  DO d e f i c i t  i n  t h e  s t ream,  mg/L . 

3 . 4  KEY DETERMINISTIC WATER QUALITY MODEL PARAMETERS 

Seve ra l  key parameters  i n  STO/TRT RECEIVING and LEVEL 111-RECEIVING 
must be  e i t h e r  be supp l i ed  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 the  
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 wi th  f ield-measured d a t a .  

Stream Depth and V e l o c i t y  

Depth and v e l o c i t y  of f low a re  key h y d r a u l i c  pa ramete r s ,  partic- 
l + r l y  w i t h  r e s p e c t  t o  i n s t r e a m  f low s t u d i e s  (3ovee and Ni lhous ,  1978) .  
The c l a s s i c a l  work of Leopold and Naddock (1953) demons t r a t ed  t h a t  an 
approximat ion  c a n  b e  m d e  which u s e s  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  f l o w  and dep th  v e r s u s  f low,  f o r  example: 

where 0 = s t reamflow,  c f s ,  and 
al,a2 = r e g r e s s i o n  c o e f f i c i e n t s .  

Equat ion  (3.38) is  a power f u n c t i o n ,  and r e p r e s e n t s  a s t age -d i scha rge  
r e l a t i o n s h i p .  The user may indeed choose t h i s  e q u a t i o n  t o  de termine  
s t r eam dep th  from known d i s c h a r g e  (from t h e  hydro log ic  s i m u l a t i o n  model).  
Two o t h e r  cu rve  f i t t i n g *  options may be used: 



(1) p a r a b o l i c  r e g r e s s i o n  

(2)  a  combinat ion of power 
cu rve  f i t t i n g  and l i n e a r  
r e g r e s s i o n  

* 
where Q is t h e  p o i n t  a t  which t h e  two cu rves  j o i n  and a 3,61, and 6 

2 
a r e  t h e  o t h e 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  de termine  from a  g iven  s t age -d i scha rge  r e l a t i o n -  
s h i p ,  i n c l u d i n g  t h e  degree  of  c o r r e l a t i o n  of t h e  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 le s s ,  a f o u r t h  and s u p e r i o r  o p t i o n  i s  t o  supp ly  t h e  models 
w i t h  the v a l u e s  of t h e  r a t i n g  t a b l e ,  and t o  compute stream d e p t h  from 
d i s c h a r g e  by d iv ided-di f  f e r e n c e  i n t e r p o l a t i o n  us ing  t h e  Newton f o m  
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  p rocess  of t h a t  d i s c u s s e d  
p r e v i o u s l y  i n  S e c t i o n  3.2,  e q u a t i o n  ( 3 . 2 4 ) .  

Stream v e l o c i t y  i s  subsequen t ly  computed, a t  eve ry  h o u r l y  t ime 
s t e p ,  a s  a  f u n c t i o n  of dep th ,  s l o p e  of t h e  r i v e r  p r o f i l e  and channe l  
roughness us ing  t h e  Manning equa t ion :  

where H = s t r eam dep th ,  approximate ly  e q u a l  t o  
h y d r a u l i c  mean r a d i u s  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 l o p e ,  d imens ion le s s  
n = Manning's r i v e r  channel  roughness,  

d imens ion le s s ,  and 
V = mean v e l o c i t y ,  f t / s e c .  

It  i s  recognized that t h e  s lope  S i n  equat ion  (3.42) should  be t h e  
s l o p e  of t h e  energy grade l i n e .  For p r a c t i c a l  purposes,  and s5ort 
time s t e p s  (1 h o u r ) ,  t h e  equat ion  is  s u f f i c i e n t l y  a c c u r a t e .  



b i n  
a s  
c a l  

Longitudinal  Dispersion Coef f i c i en t  

The l o n g i t u d i n a l  d i spe r s ion  c o e f f i c i e n t  cha rac te r i zes  t h e  com- 
e d  e f f e c t s  of both  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  be supp l i ed  
a  cons tan t ,  based on d a t a  o r  o t h e r  a v a i l a b l e  in fo rma t ion ,  o r  i t  can be 
.cu la ted .  I f  c a l c u l a t e d ,  t h e  computations a r e  performed f o r  each hour ly  

time s t e p  according t o  (Liu,  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 eam,  
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  

= ,/*, 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 eam,  and 

* T 

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 channe l ,  where 

A = a r e a  o f  channel  c r o s s - s e c t i o n  
W = wid th  of channe l ,  and 

H = mean dep th  of  f low. 
m 

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



where 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  , f t L / s e c ,  
X 

Q = t o t a l  f low,  c f s ,  
H = mean dep th  of f low,  f t ,  
U, = s h e a r  v e l o c i t y ,  f t / s e c  

=Jg HS where 
g  = g r a v i t a t i o n a l  c o n s t a n t ,  

= 32.174 f t / s e c 2  and 
S = s t r eam s l o p e ,  d imens ion le s s ,  and 
V = mean f low v e l o c i t y ,  f t / s e c .  

Deoxvaenation and R e a e r a t i o n  Ra tes  

The deoxygenat ion 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 e d u c t i o n  of  BOD. It is  expressed  a s  a  c o n s t a n t  
f r a c t i o n  of  t h e  remaining  unoxid ized  o r g a n i c  matter i n  any a r b i t r a r y  
u n i t  of  t i m e .  The ave rage  domest ic  sewage deoxygenates  a t  abou t  0 .23  
p e r  day a t  20°C under s t a n d a r d i z e d  l a b o r a t o r y  c o n d i t i o n s .  In  f r e s h w a t e r  
streams, 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 r anges  from 0.2 t o  2.0 p e r  
day f o r  wa te r  t empera tu res  from 20°C t o  2S°C (Hydroscience,  I n c . ,  1971).  
There are a t  l e a s t  f o u r  g e n e r a l l y  accep ted  methods t o  de te rmine  t h e  
v a l u e  of K from t h e  BOD curve ,  f o r  a  was tewater  sample. These i n c l u d e :  

1 (1)  t h e  l e a s t - s q u a r e s  t echn ique ,  (2)  t h e  s l o p e  method, (3)  t h e  moments 
method, and (4)  t h e  l o g a r i t h m i c  method (Nemerow, 1 9 7 4 ) .  

The magnitude of  K i n  s t r eams  is r e l a t e d  t o  t h e  ave rage  w a t e r  1 depth .  The e x p l a n a t i o n  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  smaller t h e  d e p t h  t h e  g r e a t e r  t h e  c o n t a c t  w i t h  b i o l o g i c a l  f i l m  i n  
t h e  s t r eam bed,  one of t h e  most impor tant  f a c t o r s  i n  n a t u r a l  o x i d a t i v e  
p r o c e s s e s  (Hydroscience,  I n c . ,  1971).  From d a t a  r e p o r t e d  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 the v a r i a b l e s  i s  ob ta ined  
( w i t h i n  c e r t a i n  bounds) a s  shown i n  F igure  111-2. A mathemat ica l  re- 
p r e s e n t a t i o n  i s  g iven  by: 

K1 = Y1 H 

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

yl,  y2 = r e g r e s s i o n  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  appea r s  r e a s o n a b l e  w i t h i n  a  range  of d e p t h s  from 
1 f o o t  t o  1 0  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 
( X M A X  and XlMIN) t o  upper and lower bounds, r e s p e c t i v e l y .  These may 
b e  s e l e c t e d  by t h e  u s e r ,  and s u p p l i e d  t o  both  models a s  i n p u t  d a t a ,  s o  
a s  t o  f u r t h e r  ex tend 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 
equa t ion  (3.47) t o  s u i t  l o c a l  s t ream c o n d i t i o n s .  A t empera ture  co r rec -  
t i o n  y i e l d s  : 





where T = 
hour-' i n  
a d j u s t e d  ( 

wate r  temperature,  " C ,  and convers ion  is  made t o  u n i t s  of 
t h e  models. The magnitude of XKlMAX, XKlMIN,  yl and y may b e  

i u r i n g  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 ,  K , i s  a l s o  c a l c u l a t e d  dur ing  each hour ly  
t ime-step.  I n  STO/TRT RECEIVING, one of f o u r  formulas may b e  s e l e c t e d ,  
o r  a s  another  op t ion ,  t h e  model 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 r eam depth and v e l o c i t y  c r i t e r i a  (Covar, 1976). I n  
LEVEL 111-RECEIVING, only t h e  Langbein-Durum formula below i s  implemented 
f o r  s i m p l i c i t y .  The fou r  p r e d i c t i v e  r e l a t i o n s h i p s  i n  STO/TRT RECEIVING 
a r e  (Medina, 1982) : 

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

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

(3) t h e  O'Connor-Dobbins formula (1958)- 

and 

( 4 )  the  Churchill-Elmare-Buckingham 
formula (1962)- 

where, in all of t h e  above, 



K2 = 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  , 

V = s t r eam v e l o c i t y ,  f t / s e c ,  
H = s t r eam dep th ,  f t ,  and 

D = molecular  d i f f u s i o n  c o e f f i c i e n t ,  
m 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  e q u a l  t o  0.000081 f t 2 / h r  
(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  according  t o  

where T is t h e  s t r eam tempera ture  du r ing  each  h o u r l y  t ime s t e p .  

I f  t h e  u s e r  chooses t o  l e t  STO/TRT RECEIVING s e l e c t  t h e  most 
a p p r o p r i a t e  formula f o r  computing K2 , c r i t e r i a  s e t  by (Covar, 1976) 
wi th  regard  t o  ( I ) ,  (3) and (4) above a r e  implemented. For a l l  time 
s t e p s  dur ing  which t h e  s t ream depth i s  l e s s  than  two f e e t ,  t h e  
Owens-Edwards-Gibbs formula i s  used. A t  h ighe r  s t r eam depths  , t h e  
s t r eam v e l o c i t y  determines whether t h e  O'Connor-~obbins o r  t h e  
Churchill-Elmore-Buckingham formula i s  s e l e c t e d .  The "d iv id ing  l i n e "  
between t h e  two formulas can be approximated by t h e  r e l a t i o n s h i p  

dep th  = 0.59 ( v e l o c i t y )  
2 .63 (3.54) 

such t h a t  i f  s t r eam dep th  is l e s s  than  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-Elnore-Buckingham formula i s  chosen.  
Otherwise, the O'Connor-Dobbins formula is used to p r e d i c t  K 

2 '  

S a t u r a t i o n  Concen t ra t ion  of Dissolved  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  determined f o r  both models 
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): 

where T = wate r  t empera tu re ,  "C, and C is i n  mg/e 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  ba romet 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; hovever ,  e q u a t i o n  (3.55) is  
adequate  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 2 s s u r e  and z e r o  
s a l i n i t y .  



3.5 STATISTICAL WATER QUALITY MODELS -- 

I n  e s sence ,  t h e  s t a t i s t i c a l  models c a l c u l a t e  t h e  p r o b a b i l i t y  d i s -  
t r i b u t i o n  of r e c e i v i n g  wate r  p o l l u t a n t  concen t r a t i ons ,  g iven  t h e  
p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  model i n p u t s  ( e .  g . ,  f lows ,  p o l l u t a n t  
l oad ings ,  e t c . ) .  Whereas t h e  d e t e r m i n i s t i c  models a t t empt  t o  p r e d i c t  
t h e  t ime h i s t o r i e s  of t h e  ou tpu t  v a r i a b l e s  and perform f requency  a n a l y s e s  
on t h e  b a s i s  of t h e  h i s t o r i c a l  series, p r o b a b i l i s t i c  wate r  q u a l i t y  
a n a l y s i s  a t t emp t s  t o  c a l c u l a t e  t h e  f requency d i s t r i b u t i o n s  w i thou t  com- 
p u t a t i o n  of t h e  e x a c t  sequence of even t s .  I n s t e a d ,  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  and c o r r e l a t i o n  s t r u c t u r e  of t h e  i n p u t  v a r i a b l e s  a r e  used 
t o  compute d i r e c t l y  t h e  f requency d i s t r i b u t i o n  of t h e  ou tpu t  v a r i a b l e s .  
These s t a t i s t i c a l  models a r e  conceptua l  s i m p l i f i c a t i o n s ,  which r e q u i r e  
on ly  t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  i n p u t  t i m e  series (e .g . ,  medians,  
means, c o e f f i c i e n t s  of v a r i a t i o n s ,  c r o s s - c o r r e l a t i o n s ) .  

The s i m p l e s t  mass ba l ance  t h a t  can b e  used t o  c a l c u l a t e  r i v e r  
q u a l i t y  downstream from a p o l l u t a n t  d i s cha rge  i s :  

where mixed p o l l u t a n t  c o n c e n t r a t i o n  
i n  t h e  r i v e r ,  downstream 
from t h e  p o l l u t a n t  d i s cha rge  
l o c a t i o n  
upstream r i v e r  flow 

upstream p o l l u t a n t  
c o n c e n t r a t i o n  
p o i n t  p o l l u t a n t  sou rce  
flow r a t e ,  and 
p o i n t  p o l l u t a n t  source  
concen t r a t i on .  

It is tempting t o  assume t h a t  a p p r o p r i a t e  s t a t i s t i c s  of upstream f low 
and q u a l i t y  can be s u b s t i t u t e d  i n t o  equa t i on  (3.56) t o  produce s p e c i f i c  
mean o r  p e r c e n t i l e  va lue s  of CT (Warn and B r e w ,  1980) : f o r  example, 
t o  u s e  annual  mean v a l u e s  of t h e  upstream v a r i a b l e s  hoping t h i s  would 
g ive  t h e  annua l  mean downstream r i v e r  q u a l i t y .  This  k ind  of p rocedure  
i s  wrong i n  p r i n c i p l e  and w i l l  produce i n c o r r e c t  r e s u l t s  f o r  a lmos t  any 
r e a l  s t r eam p o l l u t i o n  problem (Warn and Brew, 1980) .  These i n v e s t i g a t o r s  
proposed an  a n a l y t i c a l  method based on t h e  f i r s t  two moments (mean, 
va r i ance )  of a  two-parameter log-normal d i s t r i b u t i o n ,  assumed t o  
r e p r e s e n t  adequa te ly  c e r t a i n  r a t i o s  of t h e  v a r i a b l e s  i n  equa t i on  (3.56) 
above. For nonpoint  sou rce  c o n t r i b u t i o n s ,  QR and CR may r e p l a c e  

QP 
and C , and by regrouping t h e  v a r i a b l e s  equa t i on  (3.56) becomes 

P 



The p r o b a b i l i t y  model t h a t  f o l l ows  assumes t h a t  Qs,QR,Cs and CR a r e  
j o i n t l y  lognormally  d i s t r i b u t e d .  

Moments Approximation 

A s  no ted  by Warn and Brew (1980) and modif ied by DiToro (1982),  
t h e  mass ba lance  equa t i on  can be  r e w r i t t e n  i n  t h e  form: 

where 

I f  
a r e  
wou 

0 = 
Q~ 

= runof f  f low f r a c t i o n .  
QR + Qs 

@ and ( 1  - @) were lognormally  d i s t r i b u t e d ,  and s i n c e  CR and Cs 
a l s o  assumed t o  be lognormal,  t h e  produc ts  CR$ and Cs ( 1  - 4) 
-d a l s o  b e  lognormal.  This  i s  an  approximat ion based on t h e  f a c t  

t h a t  sums of lognormal random v a r i a b l e s  have been r e p o r t e d  t o  have t a i l s  
which a r e  a l s o  approximately lognormal (DiToro, 1982 r e f e r e n c e s  
Janos ,  1970).  These assumptions a r e  shown t o  b e  q u i t e  good from d a t a  
c o l l e c t e d  i n  na t ionwide  s t u d i e s  ( s ee  s e c t i o n  4.7) and f o r  t h e  
North Ca ro l i na  s t udy  s i t e  ( s ee  s e c t i o n  5 .2 ) .  

A t  any r a t e ,  t h e s e  obse rva t i ons  sugges t  t h a t  
CT 

should  b e  approx- 
imate ly  lognormal,  and t h e  mean and v a r i a n c e  s u f f i c e  t o  de te rmine  i t s  
d i s t r i b u t i o n .  The a r i t h m e t i c  mean and v a r i a n c e  of CT a r e  g iven  by 
(assuming independence) :  

and 

where p (  ) = m e a n  of ( ) 
2 

a ( ) = v a r i a n c e  of ( ) 



s i n c e  i t  is  assumed t h a t  both  concent ra t ions ,  CS and C , a r e  
uncorre la ted  wi th  r e spec t  t o  t h e i r  r e spec t ive  flows, Qs Rand Q , and 
t h e r e f o r e  a l s o  t h e  runoff f r a c t i o n  8 . The exact  d i s t r i b u t i o n  of 

CT 
is  d iscussed  i n  t h e  next  s e c t i o n ,  bu t  i t  should be poin ted  o u t  t h a t  

both s t a t i s t i c a l  models p red ic t ed  an almost i d e n t i c a l  s t ream BOD 
concent ra t ion  frequency d i s t r i b u t i o n  f o r  t h e  North Carol ina  s tudy s i t e  
( see  Chapter V ) .  

I f  CT i s  assumed lognormal, then t h e  r e l a t i o n s h i p s  between t h e  
a r i t h m e t i c  moments, p(CT) and 02(cT) , and t h e  log  mean, uL , and 
log s tandard  dev ia t ion ,  

O L  , are: 

where 

and 

= c o e f f i c i e n t  of v a r i a t i o n  
of CT . 

The q u a n t i l e s  of CT a r e :  

which i s  t h e  concent ra t ion  t h a t  i s  exceeded wi th  p r o b a b i l i t y  ( 1  - o r )  , 
where z i s  t h e  s tandard normal a q u a n t i l e .  

a 

The remaining t a s k  i s  t o  compute t h e  moments of $ . Warn and 
Brew (1980) suggest  a  numerical i n t e g r a t i o n .  However, DiToro (1982) 
no te s  t h a t ,  s i n c e  t h e  method i s  approximate, numerical techniques a r e  
b e s t  reserved f o r  the  eva lua t ion  of t h e  exac t  d i s t r i b u t i o n  of CT . H e  
derived the  fol lowing approximate express ions :  

and 



He chose z = 1.645 t o  f o r c e  agreement of t h i s  s t r a i g h t - l i n e  approx- 
imat ion  of t h e  5% and 95% q u a n t i l e s .  Once t h e  l og  mean and s t a n d a r d  
d e v i a t i o n  a r e  computed from equa t ions  (3.65) and (3 .66) ,  t hen  t h e  a r i t h -  
met ic  moments fo l l ow  from t h e  lognormal assumption: 

and 

where 

These a r i t h m e t i c  moments of @ a r e  subsequent ly  used i n  equa t i ons  
(3.59) and (3.60) t o  compute t h e  a r i t h m e t i c  moments of 

CT . A computer 
p r o g r a m w r i t t e n  i n  BASIC, modif ied from D r i s c o l l  (1981) ,  i s  p re sen t ed  
i n  Appendix G. 

Gaussian Quadrature  

;rc 
The p r o b a b i l i t y  of CT exceeding a  va lue  CT can be expressed  a s  

a  m u l t i p l e  i n t e g r a l  o f  t h e  j o i n t  p r o b a b i l i t y  d e n s i t y  over  t h e  va lues  of 
flows and concen t r a t i on  f o r  which CT i s  g r e a t e r  t han  C; . This  
r e q u i r e s  an i n t e g r a l  f o r  each of t h e  v a r i a b l e s  C , QR , C and 
Q _  (DiToro, 1982).  One i n t e g r a l  can be  e l i m i n a t e 3  by combining Q 

S agd QR i n t o  t h e  r a t i o  D = Qs/qR s o  t h a t :  

* 
Prob I C T  > cTI = 

C~ 
C D * 

Prob {------- + - > C T }  
l + D  l + D  

Since 
Qs 

and QR a r e  bo th  lognormal,  s o  i s  t h e  r a t i o  D . 
f i x e d  C; 9 t h e  e q u a l i t y  

* C~ 
C D 

- -  S +- 
C ~ - l + D  l + D  

For a 

(3.70) 

d e f i n e s  a  s u r f a c e  i n  CR , Cs and D space  and t h e  r equ i r ed  probabi l -  
i t y  i s  t h e  i n t e g r a l  of t h e  j o i n t  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  above 



t h i s  s u r f a c e .  Consider ing a f i x e d  r a t i o  D , t hen  

The l i m i t s  of t h e  i n t e g r a l s  f o r  t h e  exceedence p r o b a b i l i t y  a r e :  

03 * Csl 
Prob {CT > CT} = [ J 

D = o  0 
f (cR,  Cs,  D, dCRdCs 

C ~ l  

where 

and f  (C , C  ,D) is  t h e  j o i n t  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  f o r  
and D . A more convenient  exp re s s ion  can be  ob t a ined  i n  

C ~ ' C s  

t e r m s  of t h e  n a t u r a l  logar i thms  of t h e  v a r i a b l e s  s o  t h a t  t h e  j o i n t  
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  f (C  , C  ,D) is  t r i v a r i a t e  gauss ian .  A 

R s 
computer program, based on gaus s i an  quad ra tu r e ,  i s  used t o  o b t a i n  t h e  
f requency d i s t r i b u t i o n  of CT and i s  p re sen t ed  i n  Appendix J. 



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  wa te r  q u a n t i t y ,  water q u a l i t y ,  
and f l o o d p l a i n  management and p l ann ing  -- wi thou t  a  c o n j u n c t i v e  r ev i ew  
of  c l imato logy  and h i s t o r i c a l  hyd ro log ic  i n p u t s .  Coupling such i n p u t s  
w i t h  i n fo rma t ion  about  topography, d r a i n a g e ,  l and  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  unde r s t and ing  of t h e  stresses 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  suppor t  a  wide v a r i e t y  of 
u se s :  domest ic  wa te r  supply ,  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 ,  was 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 Dee River  b a s i n  ex t ends  from V i r g i n i a ,  through cen- 

t r a l  North Ca ro l ina ,  i n t o  South Ca ro l ina  as i l l u s t r a t e d  by t h e  shaded 
a r e a  i n  F igu re  IV-1 .  Xost 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 Ca ro l ina  is i n  t h e  upper and middle  Piedmont phys iographic  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  about  two- f i f t h s  of t h e  land  a r e a  of North Ca ro l ina .  The 
topography c o n s i s t s  of rounded h i l l s  and long ,  rounded r i d g e s  w i t h  a  
nor theas t - southwes 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 Carolina', w i t h  e l eva -  
t i o n s  exceeding 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  about  
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 
Ca ro l ina ,  a s  shown i n  F igu re  I V - 2 .  I n  s o u t h - c e n t r a l  North Ca ro l ina ,  t h e  
Yadkin River  j o i n s  t h e  Uwharrie River  from t h e  e a s t ,  upstream of Lake 
T i l l e r y .  Downstream from t h e i r  conf luence ,  t h e  r i v e r  i s  known a s  t h e  
Pee  Dee R ive r .  Most of t h e  rest 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 River ,  which d r a i n s  south- 
e a s t e r n  North Carolina and j o i n s  t h e  P e e  Dee R ive r  i n  e a s t e r n  South Caro- 
l i n a .  The conbined d r a i n a g e  a r e a  of t h e  Yadkin-Pee Dee and Lumber R ive r s  
is 10,556 mi2 ( 2 7 , 3 4 0  l a 2 ) .  

Streams w i t h i n  t h e  Piedmont urban a r e a s  a r e  r e l a t i v e l y  sma l l  w i t h  
w e l l  en t renched  channe l s  and sandy bot toms.  I n  a  few l o c a t i o n s ,  stream 
channels  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 
channel  s l o p e s  of more t han  15 f e e t  per  m i l e  and s m a l l  t r i b u t a r y  s l o p e s  
of  over  100 f e e t  per  m i l e  ( P u t n m ,  1 9 7 2 ) .  I n  t h e  n a t u r a l  s t a t e ,  most 
f l ood  p l a i n s  a r e  covered wi th  a dense  growth of b rush .  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  expected t o  i n c r e a s e .  O f  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  bo th  Salem Creek and Muddy Creek. Salem Creek d r a i n s  



YADKIN-PEE DEE RIVER BASIN 
NORTH CAROLINA ,SOUTH CAROLINA AND VIRGINIA 

New River . "  

F i g u r e  I V - 1 .  Yadkin-Pee Dee River  B a s i n ,  Nor th  C a r o l i n a ,  
South  C a r o l i n a  and V i r g i n i a  

YADKIN-PEE DEE RIVER BASIN 

T H E  MAIN BRANCH OF THE YAOKIN - PEE DEE 
RIVER I N  NORTH CAROLINA 

F i g u r e  IV-2. The Main Branch of t h e  Yadkin-Pee Dee 
River 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 igu re  I V - 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  1960 ' s  and t h e  e a r l y  1970 ' s  (Lindskov, 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 even 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 0 
North Ca ro l ina  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 84%0 west  l o n g i t u d e .  The span of l o n g i t u d e  is  g r e a t e r  t han  t h a t  
of any o t h e r  state east of t h e  M i s s i s s i p p i  R ive 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  wes t )  be ing  503 m i l e s  (805 km). It aPso h a s  t h e  g r e a t e s t  
range  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, 197Q). Th i s  is due p r i m a r i l y  t o  i t s  wide r ange  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  lesser i n f l u e n c e s  due t o :  l a t i t u d e ,  
i n l and  bodies  of  wa te 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 ea sons  of - 
t h e  y e a r  t h e  ave rage  tempera ture  v a r i e s  more than  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  has  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 mois t  
h o r i z o n t a l  a i r  masses ove r  n a t u r a l  topographic  b a r r i e r s  such  a s  mountain 
r anges  ( e .g . ,  P a c i f i c  Northwest) .  The r a i n i e s t  p a r t  of t h e  e a s t e r n  
United S t a t e s ,  w i t h  an  annua l  average  of more t h a n  80 inches  (2032 mm), 
i s  l o c a t e d  i n  southwes te rn  North Ca ro l ina  where mois t  s o u t h e r l y  winds 
a r e  fo rced  upward i n  pas s ing  over  t h e  Great  Smokies and t h e  Blue Ridge 
Range. Eas t  of t h e  mountains ,  average  annual  r a i n f a l l  r anges  mos t ly  from 
40 t o  55 inches  (1016 t o  1397 mm). The annual  ave rage  p r e c i p i t a t i o n  a t  
t h e  Greensboro-Winston-Salem Na t iona l  Oceanic and Atmospheric Admini- 
s t r a t i o n  (NOAA) f i r s t - o r d e r  weather  s t a t i o n ,  based on a  pe r iod  of r eco rd  
from 1931 t o  1960, is  42.16 inches  (1071 mm). It i s  t h e  hou r ly  r a i n f a l l  
s t a t i o n ,  w i th  a  long  pe r iod  of r e c o r d ,  which i s  c l o s e s t  t o  t h e  s tudy  
s i t e ,  An annua l  ave rage  tempera ture  of 58.2OF (14.56OC) was r e p o r t e d  
f o r  t h e  same per iod  of record  (Hardy, 1970) .  Hardy (1970) o f f e r s  an  
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 :  

I! There a r e  no d i s t i n c t  w e t  and d r y  s ea sons  i n  North 
Ca ro l ina .  There i s  some s e a s o n a l  v a r i a t i o n  i n  average  
p r e c i p i t a t i o n .  Summer r a i n f a l l  i s  normally 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 ince  t h e  r a i n  a t  
t h i s  time of yea r  comes mos t ly  w i t h  thunders torms  and 
convec t ive  showers,  i t  is aPso more v a r i a b l e  t han  a t  
o t h e r  s ea sons .  Da i ly  showers a r e  n o t  uncommon, nor 
a r e  p e r i o d s  of one o r  t w o  weeks w i thou t  r a i n .  Autumn 
is t h e  d r i e s t  season ,  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  occu r s  mos t ly  w i t h  



migra to ry  low p r e s s u r e  s torms.  It appea 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  
than  summer showers . 

Winter p r e c i p i t a t i o n  u s u a l l y  occu r s  w i t h  south-  
e r l y  through 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  weather .  Snow and sleet  occur  
on a n  ave rage  of once o r  tw ice  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 
connected w i t h  n o r t h e a s t e r l y  winds,  gene ra t ed  when 
h igh  p r e s s u r e  over  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  
United S t a t e s  causes  a  f l ow  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 ,  wh 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 ,  mo 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 wes t e rn  Piedmont f r o z e n  p r e c i p i t a t i o n  
sometimes occu 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 co ld  f r o n t  
passage  from t h e  nor thwes 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 inch  per  yea r  on t h e  Outer  Banks 
and t h e  lower c o a s t ,  t o  about  9  i nches  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  ave rage  of 
n e a r l y  50 inches  a  year . "  

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 torms  : 

11 Floods 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 Ca ro l ina  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  no t  g e n e r a l l y  l a r g e ,  bu 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  a s  r i v e r  lowgrounds a r e  de- 
ve loped .  Floods may occur  a t  any season ,  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 .  
Ra ins  a s s o c i a t e d  w i th  West I n d i a n  h u r r i c a n e s  are t h e  
main cause  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  occu r r ed  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  ~f  
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  wes t e rn  North 
Ca ro l ina .  Major f l o o d s  a l s o  occur red  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 
Ca ro l ina  because of stormy weather  i s  t h a t  due t o  summer 
thunderstorms.  These u s u a l l y  a£  f e c t  on ly  l i m i t e d  areas, 
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  ave rage  y e a r l y  l o s s  of about  $5 m i l l i o n .  Three 
t o  f i v e  people  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  average  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  l 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  of p r o p e r t y  due t o  f i r e s  set by l i g h t n i n g .  I n  any 
g iven  l o c a l i t y ,  40 t o  50 days  w i t h  thunders torms  may 



be  expected i n  a year . "  

I n  a comprehensive s tudy  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 Province  of North C a r o l i n a  (Putnam, 1972) ,  i t  
w a s  concluded t h a t :  t h e  peak d i s c h a r g e  c a n  be  expec ted  t o  i n c r e a s e  
by a f a c t o r  of about  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 Ca ro l ina  was l a r g e l y  an  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 eams .  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 squa re  miles (51,800 s q u a r e  k i l o m e t e r s )  i n  August 
1940, caused less 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).  
Increased  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 lood-  
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 be provided.  Consequent ly ,  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  wes t e rn  North Ca ro l ina  and r e s u l t e d  i n  t h e  l o s s  of I 1  l i v e s ,  384 homes, 
12 dams on  sma 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 hydro log ic  even t s ,  d e p l e t e  wa te 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  impai 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 exposing bottom d e b r i s .  They a l s o  a f f e c t  t h e  was t e  as -  
s i m i l a t i v e  c a p a c i t y  of s t r eams  by r educ ing  d i l u t i o n .  I n  1977, n o t  an  
u n u s u a l l y  d r y  yea 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 Ca ro l ina  w i l l  a r i s e  i n  t h e  Piedmont urban a r e a s  
t h a t  are 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  
wa te r  s u p p l i e s  can  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 was t e s  move, 

4.3 WATER QUALITY - OF YADKIN-PEE DEE RIVER, NORTH CAROLINA --- - 

According t o  Harned and Meyer (1981) ,  o v e r a l l  ambient water  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 water  u s e s .  The i r  
conc lus ions  a r e  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.  Geo log ica l  Survey a t  t h r e e  s t a t i o n s :  Yadkin River  a t  Yadkin Co l l ege  
(02116500), Rocky River  nea 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  of  
time beginning  i n  1906. An expanded program of w a t e r - q u a l i t y  d a t a  co l -  
l e c t i o n  , however, d i d  no t  beg in  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  on ly  f o r  major  i o n s ,  d i s s o l v e d  s o l i d s ,  
ha rdnes s ,  s p e c i f i c  conductance and pH. A cont inuous- record ing  moni tor  
w a s  used t o  measure d i s s o l v e d  oxygen a t  Yadkin Col lege  from 1971 t o  1 9 7 6 , '  
a s  w e l l  a s  t empera tu re ,  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 se  above recommended c r i t e r i o n  f o r  
domest ic  water  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 Ca ro l ina  s t a t e  l i n e ) .  Suspended s e d i -  
ment appea r s  t o  b e  t h e  most s i g n i f i c a n t  wa te r  q u a l i t y  problem, b u t  a 
d r a m a t i c a l i 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 land  use  i n  t h e  b a s i n .  

A double-peaked r e sponse  of suspended sediment c o n c e n t r a t i o n  t o  
s tormflows was observed t o  be  c h a r a c t e r i s t i c  a t  t h e  Yadkin Co l l ege  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 sediments  from Muddy Creek, and 
t h e  second peak i s  t h e  response  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  be fo re  t h e  peak i n  t h e  
hydrograph: demons t ra t ing  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  Na t iona 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 )  as e u t r o p h i c  due t o  h igh  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  High Rock Lake 
and c l a s s i f i e d  i t  as 8-Eutrophic:  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  water usage,  t h e  l a k e  was cons idered  JIOO; f o r  body c o n t a c t  
water  s p o r t s  and e x c e l l e n t  a s  t o  p robab le  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  as t h e  t r o p h i c  s t a t u s  worsens t o  hype reu t roph ic ,  
f i s h  k i l l s  may occur  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 cove r .  There i s  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  cons ide red  c o a r s e .  

A comprehensive wa te r  r e s o u r c e s  s t u d y  (Level  B)  w a s  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  coope ra t i on  with t h e  envi ronmenta l  management s;t;afifs ,of t h e  
S t a t e s  of North Ca ro l ina  and South Ca ro l ina .  The s t u d y  concluded t h a t  
a l t hough  w a t e r  q u a l i t y  is  g e n e r a l l y  good i n  t h e  Upper Piedmont segment 
of t h e  Yadkin R ive r ,  a s t r e t c h  of s t r eam 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  co l i fo rm b a c t e r i a  and metals 
were found t o  be  a s i g n i f i c a n t  wa te 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  be  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  be ing  t h e  excep t ion  r a t h e r  t h a n  t h e  r u l e .  

Water Uses and Waste D i sposa l  ---- - 
The North Ca ro l ina  Department of Na tu ra l  and Economic Resources  

(now t h e  N.  C .  Department of Na tu ra l  Resources  and Community Development) 
conducted an i nven to ry  o f  a l l  major p o i n t  sou rces  (municipal  and 



i n d u s t r i a l )  i n  t h e  Yadkin-Pee Dee River  Basin as  p a r t  of a  water q u a l i t y  
management p l a n  ( N .  C.  DNER, 1976).  Almost 70 p e r c e n t  of t h e  t o t a l  
wastewater  f low i n t o  t h e  r i v e r  system is  c o n t r i b u t e d  by 16 l a r g e  sou rces ,  
l i s t e d  i n  Table  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 lded  a  7-day, 10 yea r  low f low (7410) of  
15.51 f t 3 / s e c  (0.44 m3/sec) and a n  ave rage  f low of  abou t  73 f t 3 / s e c  
(2.07 m3/sec) a t  Salem Creek n e a r  Atwood, North .Ca ro l ina .  A s  no ted  i n  
Table  I V - 1 ,  t h e  t r ea tmen t  p l a n t  d e s i g n  f low e f f l u e n t  is  much l a r g e r  t h a n  
t h e  7Q10 and would c o n s t i t u t e  about  43 pe rcen t  of t h e  t o t a l  f low i n  
Salem Creek, downstream from t h e  p l a n t  o u t f a l l ,  du r ing  ave rage  f low con- 
d i t i o n s .  These s t reamflow v a l u e s  a r e  based on t h e  e n t i r e  t ime series 
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  7Q10 a t  Muddy Creek n e a r  Muddy 
Creek, North Ca ro l ina  (U.S.G.S. s t a t i o n  no. 02115860) i s  55.39 f t 3 / s e c  
(1.57 m3/sec) and t h e  ave rage  f low 230 f t 3 / s e c  (6.51 m3/sec) based on a 
pe r iod  of r eco rd  from J u l y  1964 t o  September 1979 ( a f t e r  which f low re- 
co rds  were d i s c o n t i n u e d ) .  This  s t a t  i o n  i s  0.2 m i  (0 .3  km) downstream 
from Muddy Creek ' s  conf luence  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 (nea r  headwaters  of t h e  Yadkin River )  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  main ta ined  a t  Yadkin Col lege  gage 
( s e e  F igu re  I V - 3 ) ,  s l i g h t l y  h ighe r  t han  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  pe r iod  of 
r e c o r d  from August 1928 t o  October 1981. The ave rage  f low is about  
3000 £ t 3 / s e c  (85 m3/sec) .  The Yadkin Col lege  gage i s  18 .1  m i  (29 km) 
downstream from t h e  Archie  El ledge  Sewage Treatment P l a n t  e f f l u e n t  
ou t£  a l l .  

Stream 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 tandards  - 
T ~ o  e lements  a r e  involved i n  d e f i n i n g  t h e  q u a l i t y  t o  be  main ta ined  

i n  a  r e c e i v i n g  body of wa te r ,  o r  segment t h e r e o f :  

(-1) in tended  o r  d e s i r e d  u s e  of t h a t  body of wa te 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 contaminants  t h a t  can  b e  t o l e r a t e d  wi thout  
impa i r ing  u s e  of t h a t  body of water  acco rd ing  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 Ca ro l ina  had s t r eams  des igna t ed  a s  C la 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 roces s ing  and f o r  waste t r a n s p o r t  (D iv i s ion  
of Environmental Management, 1979) .  The cor responding  s t a n d a r d s  were on ly  
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  haza rds .  Other s t ream segments 
were des igna t ed  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  sur -  
v ive,  bu t  no t  t o  propaga te .  A l l  w a t e r s  of t h e  S t a t e  a r e  now c l a s s i f i e d  
11 C I T  or  b e t t e r :  t h e i r  minimurn d e s i g n a t e d  u s e  is  f o r  f i s h  p ropaga t ion .  
However, c l a s s i f i c a t i o n  does  no 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  a r e  
low enough t o  be  meet ing cor responding  s t ream s t a n d a r d s .  S t a t e  of 
North Caro l ina  c l a s s i f i c a t i o n s  a r e  p re sen t ed  i n  Table  I V - 2 .  The co r r e -  



TABLE IV-1.--Major Municipal  and I n d u s t r i a l  Wastewater  D i s c h a r g e s  To 
t h e  Yadkin-Pee Dee R ive r  ( m o d i f i e d  Erom North  C a r o l i n a  
Department of N a t u r a l  and Economic Resources ,  1976) 

F a c i l i t y  

1. Wi lkesboro  t lun ic lpa l  

2 .  Charham ~ a n u f a c t u r i n ~  
Company, E l k i n  

3.  E l k i n  Munic ipa l  

4. M t .  A i r y  Municipal  

5.  S a l i s b u r y  Municipal  

6. NC F i n i s h i n g  Company 

7. Duke Power Company 

8. Winston-Salem Municipal  

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

10. High P a i n t  Municipal  

11. Thomasv i l l e  Municipal  

1 2 .  M o o r e s v i l l e  I n d u s t r i a )  

13. Cannon M i l l s  Company 

14. Concord Regiona 1 

15.  Monroe H u n i c i p a l  

16.  Rockingham Municipal  

A *  
Note t h a t  t h e  A r c h i e  E l l e d g e  was tewa te r  
t r e a t m e n t  p l a n t  e f f l u e n t ,  t h e  l a r g e s t  sou rce ,  
is 3.6 times t h e  magn i tude  o f  t h e  7-day, 
10-year low f low (7Q10) computed by.HISARS 
(Wiser ,  1975) and based  on t h e  p e r i o d  of 
r e c o r d  Erom May 1971  t o  Oc tobe r  1981 (us ing  
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. G e o l o g i c a l  Survey 
s t r eamf low s t a t i o n  no. 02115856, 
Salem Creek  n e a r  Atwcod, N.C., 2700 f e e t  
(820 m) ups t r eam of  o u t f a l l .  

L o c a t i o n  

Wilkes  County 

S u r r y  County 

S u r r y  County 

S u r r y  County 

Rowan County 

Rowan County 

Rowan County 

F o r s y t h  County 

I r e d e l l  County 

Davidson County 

Davidson ?gun t y  

I r e d e l l  County 

Kannapa l i e  

~ a b a r r u e ' h o u n t ~  

Monroe County 

Richmond County 

Loca t ion  o f  
w a s t e  d i s c h a r g e  

Cub Creek 

Yadkin R ive r  

Yadkin R i v e r  

A r a r a t  R i v e r  

G r a n t s  Creek 

High  Rock Lake 

High Rock Lake 
** 

Salem Creek 

T h i r d  Creek 

Rich Fork Creek 

Hamby Creek 

Dye Branch 

Dye Branch 

Rocky R i v e r  

R icha rdson  Creek 

Hi t chcock  Creek 

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

Design f low 
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Figure IV-3. Yad kin River. U.S. Geological Survey Streamf low and Water 
Quality Station, Near Yadkin College, a t  Intersection with 
U.S. Highway 64. 



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

Fresh Waters 

C lass  A-I: S u i t a b l e  a s  a  source  of water  
supply f o r  d r e l n g ,  c u l i n a r y ,  
o r  food process ing purposes 
a f t e r  t reatment  by approved d i s -  
i n f e c t i o n  only ,  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  ; 

C1ass.A-11: S u i t a b l e  a s  a source  of water  
supply f o r  d r ink ing ,  c u l i n a r y ,  
o r  food process ing purposes 
a f t e r  approved t reatment  equa l  
t o  coagu la t ion ,  sedimentat ion,  
f i l t r a t i o n ,  m d  d i a i n f a c t i o n ,  
e t c . ,  and any o t h a r  usage raquir-  
ing  wa te r s  of lowar q u a l i t y ;  

C l a e s 0 :  Suitableforoutdoorbathing, 
boat ing and wading, and any 
o t h e r  w a g e  requ i r ing  waters  
of lower q u a l i t y ;  

C l a s s C :  S u i t a b l e f o r f i s h a n d w i l d l i f e  
propagation; a l s o  s u i t a b l e  f o r  
boat ing,  wading, and o t h e r  uses 
r e q u i r i n g  wa te r s  of lower 
q u a l i t y .  

T ida l  S a l t  Waters 

Claas  SA: S u i t a b l e  f a 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  wa te r s  of lower 
q u a l i t y  ; 

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

Class SC: S u i t a b l e  f o r  f i s h i n g ,  and any 
o the r  usage except  bathing and 
s h e l l f i s h i n g  f o r  market purposes.  



sponding s t r eam s t a n d a r d s  a r e  p r e sen t ed  i n  Table  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  as i t  i s  t o  human l i f e .  A s  
shown i n  Table  XV-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- 
qu i r ed  t o  s u s t a i n  a c c e p t a b l e  b io logy  i n  a  stream; 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 prov ide  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) has  de s igna t ed  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  on ly  t h e  headwater  streams ( i n  
t h e  mountains)  a r e  t r o u t  s t r eams .  DEM h a s  p laced  t h a t  segment of t h e  
Yadkin River  below i t s  con f luence  w i t h  t h e  A r a r a t  River  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 t 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  
(predominant ly  rough f i s h ) ,  a s  a  r e s u l t  of su rveys  conducted by t h e  
N. C .  W i l d l i f e  Resources  Commission. 

Stream 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  changing l and  use ,  t r i b u t a r y  i n f l ows ,  was te  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 re sen t ed  i n  downstream o r d e r  
i n  Table  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 ,  as 
ob t a ined  from t h e  U .  S.  Environmental  P r o t e c t i o n  Agency computer ized 
S to rage  and R e t r i e v a l  (STORET) system. 

F i s h  Spec i e s  

Duke Power Company conducted f i s h  su rveys  downstream of Yadkin 
Col lege  gage (U.S. Highway 64) t o  High Rock Lake t o  meet r equ i r emen t s  
f o r  d r a f t i n g  an  envi 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  mainstream of t h e  Yadkin R ive r ,  from 
October 1973 t o  October 1974 (U.S. Nuclear  Regula tory  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 ) .  Sun f i shes  were second 
i n  abundance numer i ca l l y  (28.6 p e r c e n t ) ,  fo l lowed by c a t f i s h e s  (20.1 
p e r c e n t )  and shads (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 ) ,  folPowed by t h e  common 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 tory  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  perch ,  channe 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  Rese rvo i r  on t h e  Yadkin 
ha 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  was te  d i s c h a r g e s  ( s e e  Table  I V - 1 )  a s  w e l l  a s  mun ic ipa l  d i s -  
c h a r g e s  (Winston-Salem) c o c t i n u e  t o  cause  b i o l o g i c a l  d e g r a d a t i o n  



TABLE IV-3. S t a t e  of North Carol ina  Freshwater Stream Standards  
1 

(Divis ion  of Environmental Management, 1979; U.S. 
Water Resources Council ,  1979) 

Stream Use 
C l a s s i f i c a t i o n  

1. Toxics 

Fecal  
Coliform 

50/100 me 
(See Note 2) 

1000/100 m l  
(See Note 3) 

200/100 ma. 
(See Note 3) 

1000/100 r n l  
(See Note 3 )  

Dissolved 
Oxygen 

tandards not  included.  

Na tu ra l  
cond i t ions .  

2. Monthly average most probable number ( M P N ) .  

Temperature 

Na tu ra l  
c o n d i t i o n s .  

Not t o  exceed 
2.8 degrees  above 
n a t u r a l  o r  
exceed 32.2 "C 
f o r  Piedmont s t reams.  

3 .  Logarithmic mean based on f i v e  consecu t ive  
samples examined dur ing  any one month. 



CLASS 

C 
C 

A - I 1  

C 

A - I 1  
6 
B 

TABLE IV-4. Se lec 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 Carol ina  
(STORET, 1981) 

STATTON AND 
REACH IDENTIFICATION 

Yadkin River below 
Wilkeshoro, N. C. (downstream 
from W. Kerr Dam) 
Yadkin River a t  Elk in ,  N.C.  
Ara ra t  River near  Siloam, N.C.  

Salem Creek near  K e r n e r s v i l l e ,  N. C. 
(Salem Lake) 

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

Yadkin River near  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  

Forsyth  

Forsyth  

Forsyth  

Forsyth 
Davidson 

Davidson 



(DEM, 1979) .  S o l i d s  from t h e  Archie  El ledge  mun ic ipa l  t r ea tmen t  p l a n t  
s e t t l e  o u t  d u r i n g  low f low (not  an  uncommon occurence w i t h  wastewater  
t r ea tmen t  p l a n t  e f f l u e n t s ) .  During s torm 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 du r ing  t h e  1970 ' 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  are 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  later  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 w a s  d e s i r e d ;  

( 2 )  a v a r i e t y  of po in t  ( i n d u s t r i a l ,  mun ic ipa 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 ,  adve r se  
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 ,  w a s  
c r u c i a l .  

A major  impoundment, W. Kerr S c o t t  Dam and Rese rvo i r ,  r u l e d  ou t  much of 
t h e  Upper Yadkin River .  D a m s  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 low,  bo th  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  water 
q u a n t i t y  i s  -important because of i t s  i n t e r a c t i v e  r o l e  w i t h  water q u a l i t y .  
S i m i l a r l y ,  t h e  lower Yadkin w a s  r u l e d  ou 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 Ca ro l ina  s ta te  bo rde r  i s  
c o n t r o l l e d  by dams ( r e f e r  t o  F igu re  I V - 2 ) .  I n  downstream o r d e r ,  t h e  
r e s e r v o i r s  are: Tuckertown Lake (not  shown), Badin Lake, Lake T i l l e r y  
and Blewett  F a l l s  Lake. 

Land Use -- 
Winston-Salem and Fo r sy th  County r e p r e s e n t  a n  area of wide ly  vary- 

i n g  land u s e s .  Most of t h e  C i t y  of Winston-Salem is  d r a i n e d  by Salem 
Creek. It was noted  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  of l and  use  [ r e f e r  t o  equa t ion  ( 3 . 2 7 ) l .  Thus, an  
a c c u r a t e  estimate of l and  u s e  t ypes  and pe rcen tages  is  e s s e n t i a l .  The 
r e s u l t s  of a computerized 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 re sen t ed  i n  F i g u r e  IV-4 and Table  IV-5 ,  
performed by t h e  Land Resources Inf  ormat i o n  S e r v i c e  (LRIS) , North Caro- 
l i n a  Department of Na tu ra l  Resources and Community Development, Ra le igh .  

The a p p l i c a t i o n  of such d a t a  f o r  wa te r  q u a l i t y  modeling purposes  



I i P R O J E C T  NO 1 1 

I I 1 

LAND RESOURCES SCaLE 1 .  130000 

1 -  I Q HC DF?r OF NR&CO . I  0 , WSLRNOUSELA. PI 

F i g u r e  IV-4.  Land Resources Informat  i o n  
S e r v i c e  Land Use Ana lys i s  
f o r  t h e  Salem Creek Drainage 
Area 



TABLE IV-5. -Land Resources In£ orma t i o n  
S e r v i c e  (LRTS) Land Use 
Analys is  f o r  Salem Creek 
Drainage Basin 
(LRIS, 1981) 

R e s i d e n t i a l  

Commercial 

I n d u s t r i a l  

Roads 

Other Urban 

Cropland 

Deciduous F o r e s t  

Evergreen F o r e s t  

Mixed Fores t  

Quarr ies  

Land Use 

Trans i t  i o n  

T o t a l  Area, 
a c r e s  ( h e c t a r e s )  

T o t a l  28,298.16 (11,452) 

Percentage  (%) 
of Total Area 



i s  d i scus sed  i n  Chapter  V .  P r o j e c t e d  land-use i n fo rma t ion  could  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  rates. 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  de te rmine  t h e  muni- 
c i p a l  wastewater  f l ows  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  

land u s e  t ype  p r o j e c t i o n s  f o r  1990, 2000 and 2010 were e s t ima ted  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 re sen t ed  i n  Table  IV-6, expressed  i n  pe rcen tages ,  
f o r  comparison purposes .  

Curren t  Popu la t i on  and Pro j e c  t i o n s  

In  1960, t h e  Piedmont had less than  60 p e r c e n t  of North C a r o l i n a ' s  
t o t a l  popu la t i on ,  y e t  conta ined  about  70 p e r c e n t  of t h e  S t a t e ' s  u rban  
popu la t i on  (Putnam, 1972): t h e  Winston-Salem p o p u l a t i o n  w a s  e s t ima ted  
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 con ta ined  31 p e r c e n t  of t h e  
t o t a l  1970 popu la t i on  of approximate ly  875,000 (Harned and Meyer, 1981); 
i n  o t h e r  words,  abou t  271,250 persons .  Popu la t i on  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  Leve l  B 
Study s t a f f  a r e  compared i n  Table  IV-7. Using an  ave rage  f i g u r e  f o r  
t h e  yea r  2000 popu la t i on  p r o j e c t i o n ,  a  35.5 pe rcen 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  county:  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  popu la t i on  of 180,110, o r  a n  i n c r e a s e  of about  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  water 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  was 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 ave rage  of 24.8 f  t 3 / s e c  (0.70 m3/sec) from Salem Lake ( a t  t h e  head- 
waters. of Salem Creek) t o  meet i t s  water  s u  p l y  needs  (U.S. Geo log ica l  5 Survey, 1981) ,  and about  26 f  t 3 / s e c  (0.74 m / s e c )  from t h e  Yadkin R ive r .  
An average  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. 

Es t ima te s  from t h e  winston-Salem/Forsyth County City-County Plan- 
ning Board (Maya, 1982) f o r  change i n  p o p u l a t i o n  from 19.75 t o  1985 and 
from I985  t o  t h e  yea r  2000 a r e  p re sen t ed  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  requi rements  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  of  
u rban  development on f l o o d s  i n  t h e  Piedmont p rov ince  of North C a r o l i n a ,  
18 r eco rd ing  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. Geologica 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 eam gaging  s t a t i o n s .  Recent ly ,  record-  
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  Bus iness  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  U.S. Geologica l  Survey and t h e  U.S. Environ- 
menta l  P r o t e c t i o n  Agency, as p a r t  of t h e  Na t iona l  Urban Runoff Program 
(WRP) 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 for Upper Yadkin, % 
(modified after U. S. Water Resources 
Council, 1979) 

Fores t  52.1% 50.5% 

Land Use Type 

Agr icu l tu re  31.2 29.7 

Urban 1 13.1 14.5 15.8 

Year 

Miscellaneous 1 2.8 2.9 3.9 

TABLE IV-7. Population Projections 

2010 1990 

for Forsyth coun ty l  

2000 

SOURCE 
I 

Winston-Salem Level B 
Chamber of Study 3 

o e c 2  1 

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

2. Personal  communication, 1981. 

3. Basel ine  populat 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 
is 46.1% inc rease .  



CHANGE IN POPULATION 1975- 198s 

INTERNAL DISTRICTS 

Figure  IV-5. Popu la t i on  P r o j e c t i o n  f o r  Winston- 
Salem/Forsyth County, 1975-1985. 
(Maya, 1982) 

CHANGE IN POPULATION 198s- 2000 

INTERNAL DISTRICTS 

Figu re  I V - 6 .  Popula t ion  P r o j e c t i o n  f o r  Winston- 
Salem/Forsyth County, 1985-2000. 
(Maya, 1982) 



d u r a t i o n  e f f o r t s ,  d a t a  from on ly  f o u r  r a i n f a l l  s t a t i o n s  are 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 of t h e  - 
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 ,  is l o c a t e d  w i t h i n  --- t h e  Salem Creek Drainage bas in .  T h i s  gage 
r e c o r d s  on ly  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  hundredth  of an  i nch ,  

Hourly r a i n f a l l  is  recorded  a t  Greensboro WSO AP ( a  f i r s t - o r d e r  
NOAA, Na t iona l  Weather S e r v i c e  a i r p o r t  s t a t i o n ,  no. 313630) t o - t h e  near -  
est hundredth  of a n  i nch .  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  N O M  
Environmental Data and Inf  o m a t  i o n  S e r v i c e ,  Na t iona l  C l imac 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  is  a l s o  recorded  a t  Y a d k i n v i l l e  6 E  (NOAA s t a t i o n  no. 
319675) and Lexington 7 N  (NoAA s t a t i o n  no. 314975). However, t h e  
Yadk inv 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  hou r ly  o r  even 
d a i l y .  The n e a r e s t  evapora t ion  s t a t i o n s ,  a t  approximate ly  t h e  same 
l a t i t u d e  as  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 Rese rvo 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  
2 W  (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  I V - 7 .  

Streamflow and Water Q u a l i t y  Monitor ing S t a t i o n s  -- 
Flow is  r e g u l a t e d  t o  a minor e x t e n t  a t  t h e  headwaters  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  sou thwes t e r ly  i n  sha l low,  sandy bottom channe l s .  The 
c r e e k  is  spanned i n  F igu re  IV-10 by t h e  U.S. Highway 52 b r i d g e  and a 
r a i l r c 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 low 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 igu re  IV- l l ) ,  where t h e  NURP r a i n  gages  
are 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 ~ 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 reamflow s t a t i o n  
no. 02115856 ( F i g u r e  IV-12), 2 7 0 0  feet (820  m) upstream from the Archie 
El ledge  Wastewater Treatment P l a n t  (F igu re  IV-13) e f f l u e n t  o u t f a l l .  
Downstream from i t s  con f luence  w i t h  Salem Creek, and 100 f e e t  (30m) 
upstream from Cooper Road (Secondary Road 2995) i s  Nuddy Creek USGS 
s t a t i o n  no. 02115860 (F igure  IV-14). 

F luo re scen t  dye s t u d i e s  w e r e  conducted by t h e  U.S. Geologica l  
Survey from Ju ly  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 water s o l u b l e  was tes  from t h e  Winston-Salem a r e a  t o  t h e  Yadkin River ,  
i n  response  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  was tes  d u r i n g  
heavy r a i n s  i n  the 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 each  of 41 m i l e s  (66 km) is  shown i n  F igu re  I V - 1 5 .  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 low c o n d i t i o n s  a s  a n  i n s t a n t a -  
neous s l u g  a t  t h e  Archie  El ledge  sewage t r ea tmen 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 hours  d u r i n g  p e r i o d s  of h igh  stream- 
f low t o  about  47 hours  a t  low-flow. During high-flow c o n d i t i o n s  (d i s -  
cha rge  of 8,650 f t 3 / s e c  o r  245 m3/sec a t  Yadkin Co l l ege  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 miles 



. . Rainfall Stations (NWS station no.) 
0 

1. Greensboro WSO AP (313630) 
2. Lexington 7N (314975) 
3. ~adkinville 6E (319675) NWS - National Weather 
4. R. A. Thomas Water Filtration Plant (319527) Service 

Evaporaticn Stations (NWS station no.) 

Figure IV-7. Rainfall and Evaporation Stations Nearest Winston-Salem, North Carolina 

ST REAMFLOW AND WATER QUALITY MONITORING STATIONS 

Figure IV-8. Streamflow and Water Quality Monitoring Stations, 
Salem Creek and Muddy Creek Drainage Basin 
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Figure IV-9. Salem Dam and Lake. 



Figure IV-10. Salem Creek Flowing Under U.S. Highway 52 Bridge and 
Railroad Bridge. 



Figure IV- I  I .  NURP Rain Gages in the Central Business District (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, 
C i t y  of Winston- Salem. 



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



F i g u r e  IV-15. USGS F l u o r e s c e n t  Dye 
Study Reach, Salem Creek 
t o  Padkin River. 
(Lindskov, 1974)  



downstream from i t s  conf luence  wi th  4luddy Creek. Under low-flow con- 
d i t i o n s  (d i scharge  of 2,290 f t 3 / s e c  o r  64.9 m3/sec a t  Yadkin College) 
l a t e r a l  d i s p e r s i o n  was s t i l l  incomplete more than  10 m i l e s  (16 km) 
downstream from t h e  confluence.  

During t h e  dye s t u d i e s ,  channel  width a t  median d i scharge  ranged 
from 35 f e e t  (11 m) f o r  Salem Creek t o  about 250 f e e t  (76 meters)  f o r  
t h e  power r e a c h  of t h e  Yadkin River.  Corresponding dep ths  ranged from 
1.2 f e e t  (0.37 m)  f o r  Salem Creek t o  about 7  f e e t  ( 2 m) f o r  t h e  Yadkin 
River.  The top  photograph i n  Figure  IV-16 is a  view of t h e  Yadkin River 
upstream of t h e  Robinhood Road b r idge ,  e a s t  of Winston-Salem: t h e  water- 
s u r f a c e  width w a s  measured t o  be about 210 f e e t  (64 m ) .  The bottom 
photograph w a s  taken a t  t h e  Shal loford  Road b r idge  a  few m i l e s  down- 
stream: t h e  water-surface  depth  was about 350 f e e t  (107 m ) .  The 
water-surface width a t  t h e  Yadkin College gage ( s e e  Figure  IV-3) on 
June 9 ,  1981 was approximately 220 f e e t  (67 m)  i n  la te  a f t e rnoon .  
These v a l u e s  a r e  presented 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  photographs; 
f s r  example, t h e  water-surface width a t  t h e  Muddy Creek s t a t i o n  (Figure 
IV-14) was 40 f e e t  (12.2 m) on t h e  same day a  f e w  hours e a r l i e r .  
F igure  IV-17 r e p r e s e n t s  views of t h e  Yadkin River near  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  mathematical  modeling purposes i s  presented i n  Chapter V 
of a  previous r e p o r t  (Medina, 1982). 

4.5 SYNOPTIC RAINFALL DATA ANALYSIS 

A d e s c r i p t i o n  of t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  storm even t s  
t h a t  can be expected t o  occur over t h e  s tudy  s i t e  r e q u i r e s  synop t ic  
a n a l y s i s  of long-term records .  The v a r i a b l e s  of i n t e r e s t  a r e :  s torm 
volume, d u r a t i o n ,  i n t e n s i t y  and t ime between even t s  -- a s  we l l  a s  t h e i r  
r ecur rence  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 seasona l  t r e n d s  is impor- 
t a n t  f o r  both  hydrologic  and r e c e i v i n g  water  q u a l i t y  impacts .  A nag- 
n e t i c  t a p e  con ta in ing  hour ly  r a i n f a l l  recorded t o  t h e  n e a r e s t  hundredth 
of an  inch  f o r  t h e  per iod 19-49 t o  1975 a t  t h e  Greensboro WSO A2 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, Figure  IV-7) was obta ined from 
t h e  Nat ional  Cl imact ic  Center ,  Ashev i l l e ,  North Carol ina .  The s t a t i o n  
is loca ted  about 18 mi les  (28.8 km) e a s t  of t h e  s tudy s i t e ,  s u f f i c i e n t l y  
c l o s e  f o r  synop t ic  review 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 record  was processed f i r s t  by program RFREQ t o  view t h e  shape 
of t h e  annual  frequency histograms.  The average histogram f o r  t h e  
28-year record  of hour ly  r a i n f a l l  i s  presented i n  Figure  IV-18. The 
frequency d i s t r i b u t i o n  f o r  t h e  year  1974 (Figure  IV-19)  i s  ve ry  c l o s e .  
Thus ,au tocor re la t ion  a n a l y s i s  of t h e  1974 hour ly  r a i n f a l l  t i a e  s e r i e s  
was performed by the  modified ve rs ion  of SYNOP t o  de f ine  a minimum 
in te reven t  time (see  Section 3.1) of a t  l e a s t  11 consecutive hours 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  storm event independence. The 
correlogram i s  presented i n  Figure IV-20. Herea f te 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 VI-18. Average Annual Frequency Histogram of Hourly Rainfall, 
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Figure IV-19. Frequency Histogram of Hourly Rainfall for 1974, 
NOAA Station No. 313630 
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t h e  storm event  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 -  
event  t ime. F igu res  IV-21 tk .ough  IV-24 d e p i c t  t h e  d i s t r i b u t i o n  of 
storm dep ths  (volume), d u r a t i o n ,  i n t e n s i t y  and time s i n c e  t h e  previous  
s torm--versus each month of t h e  yea r  (January through ~ e c e m b e r ) .  The 
graphs show c l e a r l y  t h a t  h igh - in t ens i ty ,  sho r t -du ra t ion  s torms occur 
dur,ing t h e  summer ( thunderstorms) wh i l e  long-durat ion,  l ow- in tens i ty  
s torms tend t o  occur  i n  win te r .  While s torm volumes can be expected t o  
be  h ighe r  i n  October ,  t h e  fewes t  number of s torms w i l l  occur du r ing  t h i s  
month. Recurrence i n t e r v a l s  ( r e t u r n  per iod  i n  y e a r s )  a r e  presented  i n  
F igures  IV-25 through IV-28, r e s p e c t i v e l y ,  f o r  dep th  (volume), d u r a t i o n ,  
average  i n t e n s i t y  and t ime s i n c e  t h e  previous  storm. 

Although p e r i o d i c i t  ies a r e  obvious,  v a r i a t i o n s  i n  s torm v a r i a b l e s  
from year  t o  year  do no 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  
~f t h e  seasona l  (nonth ly)  grouping. The r e s u l t s  a r e  presented  i n  
F igures  IV-29 through IV-32 f o r  storm 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 ime s i n c e  t h e  previous  s torm, r e s p e c t i v e l y .  
Cumulative frequency curves  f o r  t h e  same storm v a r i a b l e s  a r e  shown i n  
F igures  IV-33 through IV-36, i n  t h e  same order  of p r e s e n t a t i o n .  It is 
i n t e r e s t i n g  t o  no te  t h a t ,  wh i l e  storm volumes appear t c  d e v i a t e  about a 
mean v a l u e  nea r  0.5 inch  ( 1 2 . 7  mm) i n  F igure  IV-29, t h e  p r o b a b i l i t y  
of exceeding t h a t  va lue  is on ly  about  30 pe rcen t  according  t o  t h e  curve  
i n  F igure  IV-33. S i m i l a r l y ,  t h e  chance t h a t  a  storm d u r a t i o n  w i l l  ex- 
ceed 24 hour s  i s  l e s s  than  10 p e r c e n t ,  and t h e r e  is a  50 percent  chance 
t h a t  a s torm d u r a t i o n  of 6 hours  w i l l  e i t h e r  be  exceeded o r  n o t .  It can  
be deduced from Figure  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 pe rcen t  
chance e x i s t s  t h a t  t h e  time s i n c e  t h e  l a s t  storm occurred w i l l  no t  ex- 
ceed 202 hours ,  o r  t h a t  t h e r e  i s  a  51 pe rcen t  chance t h a t  t h e  i n t e r e v e n t  
time w i l l  be  l e s s  than  o r  equa l  t o  72 hours .  

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 River ,  p a r t i c u l a r l y  i n  t h e  
segment downstream from i t s  confluence with Muddy-Creek t o  High Rock 
Lake. O f f i c i a l  documentation 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  
occurred  s i n c e  t h e  l a t e  1960s and e a r l y  1970s, f o r  example: 

(1) North Carol ina  Department of Na tu ra 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 River  
a t  1-85, Upper High Rock ~ a k e , "  
Raleigh,  North Caro l ina ,  1972; 

(2) North Carol ina  Department of Natura l  
and Economic Resources,"  Report of 
F i sh  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," 
Raleigh,  North Caro l ina ,  1973; 
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F i g u r e  IV-21. Storm Volumes Versus  Month of  Year, 1948-1975, 
NOAA S t a t i o n  No. 313630 
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F i g u r e  IV-22 .  Storm D u r a t i o n  Versus  Month of  Year ,  1948-1975, 
NOAA S t a t i o n  No. 313630 
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Storm Intensities Versus Month of Year, 1948-1975, 
NOAA Station No. 313630 
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Figure IV-24 .  Time Since Previous Storm, 1948-197.5, 
NOAA Station No. 313630 
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RETURN PERIOD IN YEARS 

Figure IV-25. Recurrence Interval Versus Storm Volume, 1948-1975, 
NOAA Station No. 313630 
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Figure IV-26. Storm Duration Versus Recurrence Interval, 1948-1975, 
NOAA Station No. 313630 



RETURN PERIOD IN YEARS 

Figure IV-27. Storm Average Intensity Versus Recurrence Interval., 1948-1975, 
NOAA Station No. 313630 
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Figure IV-28. Recurrence Interval Versus Time 
NOAA Station No. 313630 
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Figure IV-29. Average Storm Depth in Each Year of Record, 
NOAA station No. 313630 
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Figure IV-30. Average Duration in Each Year of Record, 
NOAA Station No. 313630 
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Figure IV-31. Average Rainfall Intensity in Each Year of Record, 
NOAA Station No. 313630 
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Figure IV-32. Average Time Since Previous Storm for Each Year of Record, 
NOAA Station No. 313630 
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Figure IV-33. Cumulative Frequency curve for Rainfall Depth, 1948-1975, 
NOAA Station No. 313630 
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Figure IV-34. Cumulative Frequency Curve for Storm Duration, 1948-1975, 
NOAA Station No. 313630 
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Figure IV-35. Cumulative Frequency Curve for Average Rainfall Intensity, 1948-1975, 
NOAA Station No. 313630 
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Figure IV-36. Cumulative Frequency Curve for Time Since Previous Storm, 
1948-1975,  NOAA Station No. 313630 






































































































