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ABSTRACT 

The concept  o f  s to rmwate r  d e t e n t i o n  was ana lyzed  f o r  e f f e c t i v e n e s s  i n  con- 
t r o l l i n g  urban  f l o o d i n g  and stream-channel  en largement  i n  North C a r o l i n a .  
Model s t u d i e s ,  s t a t i s t i c a l  a n a l y s e s  and t h e o r e t i c a l  a n a l y s e s  were conducted  
u s i n g  gaged wa te r sheds  i n  C h a r l o t t e ,  North C a r o l i n a .  E x i s t i n g  c o n v e n t i o n a l l y  
developed wa te r sheds  were found t o  have e f f e c t i v e  s tormwater  d e t e n t i o n  unin-  
t e n t i o n a l l y  i n c o r p o r a t e d  beh ind  c u l v e r t s  and b r i d g e s .  

S t a t i s t i c a l  a n a l y s i s  of long- term h i s t o r i c a l  s t reamflows s u g g e s t s  t h a t  
f l o o d  peaks  d imin i shed  w i t h  u r b a n i z a t i o n  u n t i l  abou t  1950,  when peaks  began t o  
r i s e  a g a i n .  Although d e t e n t i o n  can  be shown t o  be p r e s e n t  and e f f e c t i v e  by 
s i m u l a t i o n  and s t a t i s t i c a l  a n a l y s i s ,  s t r eam channel  en largement  and consequent  
h igh  sediment  l o a d s  a r e  o b s e r v a b l e  i n  t h e  s t r e a m s  o f  t h e  s t u d y  a r e a .  

Impulse a n a l y s i s  o f  channe l s  s u b j e c t e d  t o  d i s c h a r g e s  from hydrographs  w i t h  
and w i t h o u t  d e t e n t i o n  s u g g e s t s  t h a t  d e t e n t i o n  can worsen s t reambank d e g r a d a t i o n  
by i n t e n s i f y i n g  t h e  impulse  i n t e n s i t y  a t  t h e  channel  s i d e s  n e a r  t h e  bot tom t o  
cause  more s e v e r e  s lumping.  

Stormwater  d e t e n t i o n  i s  recommended f o r  c o n t r o l  of  n u i s a n c e  f l o o d i n g  
immedia te ly  downstream o f  r a d i c a l  changes  i n  l a n d  u s e .  I t  shou ld  be i n c o r -  
p o r a t e d  i n  a  comprehensive wa te r shed  management program where in  t h e  d r a i n a g e  
sys tem i s  t r e a t e d  a s  a  p u b l i c  u t i l i t y  s o  t h a t  economies o f  s c a l e  can  be  ga ined  
and f a c i l i t i e s  can be  l o c a t e d  s t r a t e g i c a l l y .  
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The o r i g i n a l  purpose  o f  t h e  r e s e a r c h  was t o  s t u d y  t h e  concept  o f  s torm- 
w a t e r  d e t e n t i o n  a s  a  means of c o n t r o l l i n g  urban streambank d e t e r i o r a t i o n  and 
urban f l o o d i n g ,  w i t h  p a r t i c u l a r  emphasis  on t h e  d e t e r m i n a t i o n  o f  che  b e s t  
d e s i g n  s to rm t o  be  s p e c i f i e d  i n  a  s to rmwate r -de t en t ion  program. I m p l i c i t  were 
t h e  premises  t h a t  s t o r n w a t e r  d e t e n t i o n  would p r o v i d e  f l o o d - c o n t r o l  b e n e f i t s ,  by 
peak-s t age  r e d u c t i o n ,  and  sed imen t -con t ro l  b e n e f i t s ,  by p r e v e n t i o n  of  s t ream-  
channel  en l a rgemen t ;  and t h a t  t h e s e  b e n e f i t s  would a c c r u e  s i g n i f i c a n t l y  i n  b o t h  
a r e a s  of  concern by s p e c i f y i n g  a  s i n g l e  d e s i g n  s t o r n .  As t h e  p r o j e c t  devel -  
oped,  i t  was found t h a t  t h e s e  p remises  must be r e j e c t e d ,  a t  l e a s t  f o r  c o n d i t i o n s  
p r e v a l e n t  i n  t h e  s t u d y  a r e a .  

The p r o j e c t  was e x e c u t e d  a s  a  group o f  c o n c u r r e n t  s t u d i e s  u s i n g  an e x i s t -  
i n g  s tormwater  r u n o f f  model v a l i d a t e d  f o r  wa te r sheds  i n  t h e  s t u d y  a r e a ,  d e s i g n  
s t u d i e s  v e r i f i e d  by mode l l i ng ,  s t a t i s t i c a l  a n a l y s i s  of  urban s t r eamf low r e c o r d s  
and t h e o r e t i c a l  a n a l y s e s  o f  s t reambank d e g r a d a t i o n .  - 

The model s t u d i e s  were conducted i n  t h e  C h a r l o t t e ,  North C a r o l i n a ,  urban  
a r e a  where s u i t a b l e  r e c o r d s  e x i s t  f o r  a  41-square-mile wa te r shed  and s e v e r a l  
subwatersheds .  The MITCAT Model was c a l i b r a t e d  and v a l i d a t e d  f o r  s e v e r a l  
s to rms  on two subwa te r sheds ,  one o f  360 a c r e s ,  t h e  o t h e r  of 18 .5  s q u a r e  m i l e s .  

The e a r l y  model s t u d i e s  r e v e a l e d  t h a t  t h e  r u n o f f  model cou ld  be  c a l i b r a t e d  
r easonab ly  o n l y  by s i m u l a t i n g  c e r t a i n  s i g n i f i c a n t  c u l v e r t s  a s  r e s e r v o i r s  i n  t he  
model. A f t e r  v a l i d a t i o n ,  removal o f  t h e  c u l v e r t s  from t h e  model showed t h a t  
c o n s i d e r a b l e  peak-flow r e d u c t i o n  was t a k i n g  p l a c e  beh ind  e x i s t i n g  c u l v e r t s .  

Streamflow r e c o r d s  e x i s t  from 1924 t o  t h e  p r e s e n t  f o r  L i t t l e  Sugar Creek 
a t  Tyvola Road i n  C h a r l o t t e  ( 4 1  s q u a r e  m i l e s )  . I t  w a s  expec ted  t h a t  an  upward 
t r e n d  i n  peak f lows cou ld  b e  i d e n t i f i e d  a s  u r b a n i z a t i o n  became more dense  i n  
t he  watershed .  Conven t iona l  s t a t i s t i c a l  a n a l y s e s ,  however,  s u g g e s t  t h a t  peak 
f lows d imin i shed  through t h e  e a r l y  p a r t  o f  t h e  r e c o r d  and t h a t  t hey  have r i s e n  
a g a i n  s i n c e  a b o u t  1950. It  i s  d u r i n g  t h i s  l a t t e r  p e r i o d  t h a t  c u l v e r t s  have  
been s y s t e m a t i c a l l y  e n l a r g e d  on t h e  mainstems and p r i n c i p a l  t r i b u t a r i e s  of  the 
watershed  a s  t h o r o u g h f a r e s  have been widened and r e c o n s t r u c t e d .  

The s t r e a m s  o f  t h e  wa te r sheds  c a r r y  l a r g e  sediment  l o a d s .  Assuming 
c o n s t r u c t i o n - r e l a t e d  e r o s i o n  t o  haye been c o n t r o l l e d  e f f e c t i v e l y  i n  r e c e n t  
y e a r s ,  t h e  main s o u r c e  o f  t h e  sediment  i s  t h e  d e t e r i o r a t i n g  urban  s t reambank.  
E x t e n s i v e  slumping can  b e  obse rved  a l o n g  t h e  s t reambanks  of  t h e  w a t e r s h e d s .  

Stormwater  d e t e n t i o n  h a s  been proposed  a s  a  means o f  p r e v e n t i o n  of  s t ream-  
bank d e t e r i o r a t i o n ,  t h e  t r o u b l e  hav ing  been  a s s o c i a t e d  w i t h  i n c r e a s i n g  peak  
f lows w i t h  u r b a n i z a t i o n .  But h e r e  a r e  wa te r sheds  w i t h  c o n s i d e r a b l e  d e t e n t i o n  
s u p p l i e d ,  w i t h  peaks d i m i n i s h i n g  th rough  t h e  r e c o r d  and w i t h  s t reambank 
enlargement  t a k i n g  p l a c e  anyway. Can d e t e n t i o n  be  a  p a r t  of  t h e  cause  o f  
s treambank en la rgemen t?  

With d e t e n t i o n ,  t h e  hydrograph i s  made l o n g e r  and f l a t t e r  a t  c o n s t a n t  
volume. The f low does n o t  run  a s  h i g h ,  b u t  i t  does run  a t  a  lower r a t e  f o r  a  
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much l o n g e r  p e r i o d  of  r ime.  The concept  of  impulse  a n a l y s i s ,  impulse  b e i n g  
t h e  p r o d u c t  o f  f o r c e  and the  t ime ove r  which i t  i s  a p p l i e d ,  was used  t o  s t u d y  
t l ic  d i f f e r e n c e s  i n  e r o s i v e  f o r c e  behav io r  i n  a s t r e a m  channel  w i t h  and w i t h o u t  
d e t e n t i o n .  It was found t h a t  t h e  o v e r a l l  impulse  was n o t  v e r y  d i f f e r e n t  w i t h  
o r  w i t h o u t  d e t e n t i o n .  But because  t h e  s t a g e  i s  h e l d  lower and t h e  f low pe r -  
s ists  a t  a  s i g n i f i c a n t  magnitude f o r  a  l o n g e r  p e r i o d  of t lme ,  w i t h  d e t e n t i o n  
t h e  i n t e n s i t y  of  t h e  impulse  i s  g r e a t e r  n e a r  t h e  bottom o f  t h e  channel  s i d e s .  
The c h a n n e l  s i d e s  a r e  undermined more s e v e r e l y ,  and slumping t a k e s  p l a c e  when 
t h e  s l o p e s  become s t r u c t u r a l l y  u n s t a b l e .  

The c u l v e r t  i s  seen  t o  be a main a c t o r  i n  wa te r shed  behav io r .  Should a  
t y p i c a l  s to rmwate r -de t en t ion  r e g u l a t i o n  be  i z p o s e d ,  i t  can be shown t h a t  t h e  
e n t i r e  e f f e c t  t o  be  expec ted  from t h e  r e g u l a t i o n  can o f t e n  be overwhelmed by 
t h e  en la rgemen t  o f  a  s i n g l e  highway c u l v e r t .  C u l v e r t  des ign  d e c i s i o n s  s h o u l d  
be  made i n  t h e  c o n t e x t  o f  t o t a l  watershed  management. 

F lood c o n t r o l  and sediment  c o n t r o l  a r e  des igned  a t  d i f f e r e n t  l e v e l s  o f  
r i s k .  E f f e c t i v e  sed imen t -con t ro l  d e s i g n s  s h o u l d  b e  done f o r  r e l a t i v e l y  f r e -  
q u e n t  s to rms  ( t h e  two t o  ten-year  e v e n t ) ,  whereas  flood-damage c o n t r o l  gen- 
e r a l l y  i s  j u s t i f i e d  f o r  r a r e r  s to rms  (50 t o  100-year  e v e n t s ) .  A r e g u l a t i o n  
i n t e n d e d  f o r  bo th  pu rposes  us ing  a  s i n g l e  d e s i g n  s to rm i s  d i f f i c u l t  t o  defend.  

S tormwater  d e t e n t i o n  is  q u i t e  e f f e c t i v e  i n  p r e v e n t i n g  n u i s a n c e  f l o o d i n g  
immedia t e ly  downstream o f  r a d i c a l  changes i n  l a n d  use .  For  t h i s  purpose  
d e t e n t i o n  i s  u s e f u l  t o  p r o t e c t  o f f - s i t e  downstream i n t e r e s t s ,  and i t  can b e  
used  p r o f i t a b l y  w i t h i n  p r o j e c t s  f o r  d e s i g n i n g  more economical  d r a i n a g e  s y s  tems 
than  t h o s e  des igned  c o n v e n t i o n a l l y .  The keys  t o  g a i n s  i n  economy a r e  t o  i n t e -  
g r a t e  t h e  d r a i n a g e  des ign  i n  t h e  o v e r a l l  p r o j e c t  p l a n n i n g  from the  o u t s e t  and  
t o  make use  o f  t h e  s t o r a g e  a r e a  f o r  o t h e r  pu rposes  i n  dry  wea the r .  

Stormwater  d e t e n t i o n  i s  n o t  recommended a s  a  s i n g l e  o r  c e n t r a l  p o l i c y  i n  
wa te r shed  management. I t  i s  one o f  s e v e r a l  a v a i l a b l e  t o o l s ,  t o  be used where 
i t  does  some good. I n  wa te r shed  management, i t  i s  i m p o r t a n t  t o  p r o v i d e  f o r  
t h e  e f f i c i e n t  a l l o c a t i o n  o f  a l l  r e s o u r c e s .  To s p e c i f y  one means of c o n t r o l ,  
t o  be  a p p l i e d  u n i v e r s a l l y ,  i s  e x p r e s s l y  i n e f f i c i e n t .  A p o t e n t i a l  mechanism f o r  
a l l o c a t i o n  i s  t o  t r e a t  t h e  d r a i n a g e  sys tem a s  a  p u b l i c  u t i l i t y ,  a s  w a t e r  d i s -  
t r i b u t i o n  and was tewa te r  c o l l e c t i o n  a r e  accompl ished .  Under c e n t r a l  p l a n n i n g  
and design, t h e  s e v e r a l  developments o f  a g i v e n  watershed  can b e  viewed a s  a  
u n i t ,  and  d r a i n a g e  c o s t s  may be a p p o r t i o n e d  among t h o s e  who b e n e f i t .  

The s treambank d e g r a d a t i o n  i s s u e  i s  complex. De ten t ion  may n o t  h e l p .  An 
urban  s t r e a m  a p p a r e n t l y  canno t  l ook  l i k e  a  r u r a l  s t r e a m ,  a  n a t u r a l  s t r e a m .  It 
need n o t  l o o k  l i k e  an open sewer.  Between, t h e r e  i s  something  t h a t  makes 
s e n s e ,  and  i t  may n o t  be  t h e  same t h i n g  f o r  a l l  r e a c h e s  of a g i v e n  s t r eam.  The 
R ive r  S e i n e  i s  a  t h i n g  of  b e a u t y ,  t h e  s u b j e c t  o f  many a r t f u l  r e n d e r i n g s ,  It 
d o e s n ' t  l o o k  l i k e  a  n a t u r a l  s t r e a m ,  but  i t  was r i g h t  f o r  t h e  L e f t  Bank. I n s t e a d  
o f  i n s i s t i n g  on "na tuca l "  urban  s t r eams ,  i t  may b e  more a p p r o p r i a t e  t o  a s k  what  
an  urban s t r e a m  can look l i k e  and t o  f i n d  what  a n  urban s t r e a m  ought  t o  look - - 
l i k e .  





CONCLUSIONS 

1. Urban wa te r sheds  d i s c h a r g e  s i g n i f i c a n t l y  more sed imen t  t han  r u r a l  water -  
sheds  of t h e  same s i z e .  The s o u r c e  o f  much of  t h i s  sediment  i s  t h e  e r o d i n g  
urban s t reambank.  

2. Streambank d e g r a d a t i o n  i s  f a r  more complex than  i s  g e n e r a l l y  t aken  i n t o  
accoun t  i n  s torm-dra inage  d e s i g n  and management p o l i c i e s .  It i s  u n l i k e l y  
t h a t  a  s u i t a b l e  s t r e a m - s t a b i l i t y  p o l i c y  can be developed t o  p r e s e r v e  urban 
streams i n  a  n a t u r a l  s t a t e .  

3 .  Watershed s i m u l a t i o n  models  a r e  n o t  y e t  ready t o  be  used  g e n e r a l l y  by 
c i t i e s  and o t h e r  l o c a l  j u r i s d i c t i o n s  a s  day-to-day decision-making t o o l s  
because  o f  t h e i r  c a p r i c i o u s n e s s ,  ga rgan tuan  a p p e t i t e  f o r  d a t a  and f i l e  
maintenance and because  o f  some rema in ing  gaps  i n  l o g i c  and means o f  d a t a  
a c q u i s i t i o n .  

4 .  Model s e l e c t i o n  and d a t a  a c q u i s i t i o n  s h o u l d  f o l l o w  c a r e f u l  s t u d y  o f  t h e  
c a p a b i l i t i e s  of  a v a i l a b l e  models  and t h e  d a t a  r e q u i r e d  f o r  c a l i b r a t i o n  
and v a l i d a t i o n .  The pu rpose  t o  which t h e  model i s  t o  be p u t  and  t h e  c o s t  
o f  d a t a  g a t h e r i n g  and f i l e  main tenance  ough t  t o  govern t h e  c h o i c e .  

5 .  The e f f e c t  o f  temporary s t o r a g e  o f  s u r f a c e  r u n o f f  on the  shape  of  t h e  
hydrograph i s  pronounced and h i g h l y  s i g n i f i c a n t .  The l o c a t i o n  and magni- 
t ude  of  s t o r a g e  i n  r e l a t i o n  t o  t h e  s i z e  of  t h e  wa te r shed  i s  i m p o r t a n t  i n  
de t e rmin ing  t h e  deg ree  o f  peak-flow r e d u c t i o n .  I n  g e n e r a l ,  l a r g e  f a c i l i -  
t ies on t h e  mainstem have a  g r e a t e r  e f f e c t  on t h e  peak than  s m a l l  f a c i l i -  
t i e s  d i s t r i b u t e d  wide ly  through t h e  wa te r shed .  

6 .  H i s t o r i c a l l y ,  c o n v e n t i o n a l l y  developed urban wa te r sheds  have  i n c l u d e d  
s i g n i f i c a n t  temporary s t o r a g e  c a p a c i t y  w i t h o u t  t h a t  i n t e n t .  That  s t o r a g e  
t y p i c a l l y  h a s  been  c o n c e n t r a t e d  b e h i n d  c u l v e r t s  and b r i d g e s .  

7. U r b a n i z a t i o n  g e n e r a t e s  more s u r f a c e  r u n o f f  b u t  n o t  n e c e s s a r i l y  h i g h e r  
peaks . 

8 .  A s  s t r e a m  c r o s s i n g s  a r e  "improved" d u r i n g  c o n s t r u c t i o n  o r  expans ion  of  
t r a f  f i c  a r t e r i e s ,  l a r g e  q u a n t i t i e s  o f  p r e v i o u s l y  a v a i l a b l e  temporary 
s t o r a g e  a r e  l o s t  when t h e  h y d r a u l i c  c a p a c i t i e s  of c u l v e r t s  and  b r i d g e s  
a r e  i n c r e a s e d .  The e f f e c t  i s  t o  i n c r e a s e  peak f lows  downstream from t h e  
new c o n s t r u c t i o n .  

9 .  The e f f e c t  on peak f low of i n c l u d i n g  s t o r a g e  d i s t r i b u t e d  b r o a d l y  a t  s m a l l  
s c a l e  i n  t h e  watershed  is  l o s t  a  s h o r t  d i s t a n c e  downstream from e a c h  
d e t e n t i o n  f a c i l i t y .  

10.  De ten t ion  measures i n t e n d e d  f o r  t h e  c o n t r o l  o f  s e d i m e n t a t i o n  can a g g r a v a t e  
f l o o d i n g  and c o n v e r s e l y .  

11. The d e t e n t i o n  d e s i g n  s t o r m  f o r  c o n t r o l  of s t reambank d e g r a d a t i o n  s h o u l d  b e  
a r e l a t i v e l y  f r e q u e n t  s to rm,  pe rhaps  t h e  2-year  s to rm,  w i t h  a  p e r m i s s i b l e  
ou t f low much l e s s  t h a n  bank f u l l .  s e t  by t r a c t i v e - f o r c e  c o n s i d e r a t i o n .  





1 2 .  De ten t ion  f a c i l i t i e s  f o r  flood-damage c o n t r o l  must r educe  f l o o d  s t a g e s  
below damaging l e v e l s  i n  r a re -even t  s to rms  of  r e c u r r e n c e  i n t e r v a l s  s e t  by 
economic a n a l y s i s - - u s u a l l y  rarer t h a n  t h e  50-year e v e n t .  

13 .  Programs o f  urban  f l o o d  c o n t r o l  and sediment  c o n t r o l  need  t o  be  c o o r d i -  
n a t e d  c a r e f u l l y  f o r  t h e y  have  t h e  p o t e n t i a l  f o r  mutual  c o n f l i c t .  

14.  Stormwater  d e t e n t i o n  as a s i n g l e  o r  c e n t r a l  p o l i c y  f o r  s ed imen t  c o n t r o l  i s  
o v e r l y  s i m p l i s t i c ,  p r o b a b l y  i n e f f e c t i v e ,  p o s s i b l y  damaging. Its e f f i c a c y  
canno t  be demonst ra ted  now. 

15.  S t o m w a t e r  d e t e n t i o n  as a s i n g l e  p o l i c y  f o r  f l o o d  c o n t r o l  i s  uneconomical  
because  o f  t h e  l a r g e  s t o r a g e  r equ i r emen t .  

1 6 .  Stormwater d e t e n t i o n  can  be q u i t e  economical  when done a t  s m a l l  s c a l e  t o  
c o n t r o l  n u i s a n c e  f l o o d i n g  j u s t  downstream from r a d i c a l  changes i n  l and  u s e .  
I t  i s  f r e q u e n t l y  l e s s  e x p e n s i v e  i n  f i r s t  c o s t  and maintenance  t h a n  conven- 
t i o n a l  d e s i g n  approaches  when i t  i s  i n t e g r a t e d  c a r e f u l l y  w i t h  o t h e r  f e a -  
t u r e s  of  t h e  p r o j e c t  p l a n .  

1 7 .  I n  watershed  management, i t  i s  i m p o r t a n t  t o  p r o v i d e  f o r  t h e  e f f i c i e n t  a l l o -  
c a t i o n  of a l l  r e s o u r c e s  a v a i l a b l e .  To s p e c i f y  one t o o l  t o  be a p p l i e d  un i -  
v e r s a l l y  i n  t h e  w a t e r s h e d  i s  e x p r e s s l y  i n e f f i c i e n t .  A p o t e n t i a l  mechanism 
f o r  t h i s  p r o v i s i o n  is  t o  t r e a t  t h e  d r a i n a g e  sys tem a s  a  p u b l i c  u t i l i t y  i n  
p a r a l l e l  w i t h  t h e  p r o v i s i o n  o f  w a t e r ,  sewerage ,  and s t r e e t s .  
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SECTION 1 

INTRODUCTION 

A.  BACKGROUND 

Urban s tormwater  management programs have h i s t o r i c a l l y  been unde r t aken  f o r  
two p r i n c i p a l  pu rposes :  f o r  m i t i g a t i o n  o f  urban f l o o d i n g  and f o r  c o n t r o l  of 
urban s e d i m e n t a t i o n .  Although urban  s e d i m e n t a t i o n  and f l o o d i n g  problems both  
occu r  a s  e f f e c t s  of  urban runof f  phenomena, t h e i r  s o l u t i o n s  have been  pursued 
t h r ~ u g h  s e p a r a t e  programs, t h e  o b j e c t i v e s  of  which have n o t  n e c e s s a r i l y  been 
mutua l ly  c o n s i s  t e n t .  

The i n t e n t  of  t h i s  r e s e a r c h  h a s  been  t o  s t u d y  s tormwater  management p r a c -  
t i c e s  a s  they r e l a t e  t o  emerging problems i n  North C a r o l i n a  and t o  a s k  i f  an  
i n t e g r a t e d  set  of s tonnwa te r  management s t a n d a r d s  might  be a p p r o p r i a t e  f o r  t h e  
economical  accomplishment o f  o b j e c t i v e s  i n  b o t h  a r e a s .  

As t h e  p r o j e c t  began,  programs i d e n t i f i e d  i n  o t h e r  g e o g r a p h i c a l  a r e a s  were 
seen  t o  be  v e r y  d i f f e r e n t  one from a n o t h e r ,  and t h e s e  e v i d e n c e s  o f  e x p e r i e n c e  
d id  n o t  p r o v i d e  c l e a r  guidance  f o r  programs o r  a p p r o p r i a t e  l e v e l s  o f  p r o t e c t i o n .  

I n  t h e  s e v e r a l  c o u n t i e s  of  Maryland, where p r e c e d e n t - s e t t i n g  programs were 
e s t a b l i s h e d ,  a  v a r i e t y  of  des ign  s t a n d a r d s  have emerged. Montgomery County,  
f o r  example, r e q u i r e s  t h e  peak o u t f l o w  from t h e  two-year s torm a f t e r  develop- 
ment t o  be h e l d  t o  t h e  peak o u t f l o w  of t h e  two-year s torm from t h e  same water -  
shed under  wooded c o n d i t i o n s .  

These program r e q u i r e m e n t s ,  and o t h e r s  of  s i m i l a r  b a s i s ,  r e l y  h e a v i l y  on 
t h e  concept  o f  s to rmwate r  d e t e n t i o n  t o  b r i n g  about  t h e  d e s i r e d  r e s u l t s  of  
s t o m w a t e r  management f o r  sediment  c o n t r o l ,  f l o o d  c o n t r o l  o r  b o t h .  

I t  was i m p l i c i t l y  assumed a t  t h e  o u t s e t  of  t h i s  r e s e a r c h  t h a t  s to rmwate r  
d e t e n t i o n  i s  a  r e l i a b l e  p r a c t i c e  f o r  c o n t r o l l i n g  t h e  i n t e n s i t y  o f  f l o o d i n g  and 
f o r  r educ ing  the  r a t e  o f  s treambank d e g r a d a t i o n .  Thus, t h e  p r o j e c t  was con- 
ce ived  l a r g e l y  a s  an i n v e s t i g a t i o n  of  an a p p r o p r i a t e  set of  s t a n d a r d s  f o r  s torm- 
wa te r  d e t e n t i o n  t h a t  c o u l d  form t h e  b a s i s  f o r  s t a t e  r e g u l a t i o n s  and l o c a l  o r d i -  
nances  b e i n g  cons ide red  i n  North C a r o l i n a .  

A s  t h e  r e s e a r c h  un fo lded ,  i t  became i n c r e a s i n g l y  c l e a r  t h a t  t h e  b e h a v i o r  
o f  u r b a n i z i n g  wa te r sheds  i s  s o  complex t h a t  one shou ld  n o t  e x p e c t  one rnanage- 
ment response  o f  any k i n d  t o  be e f f e c t i v e  a l o n e .  Stormwater  d e t e n t i o n  can b e  
s e e n  t o  be  a  s i n g l e  t o o l  among many f o r  s tormwater  management. Problems 
d i f f e r  from r e g i o n  t o  r e g i o n  and from watershed  t o  wa te r shed .  I t  i s  unreason-  
a b l e  t o  e x p e c t  widely  d i f f e r e n t  problems t o  y i e l d  t o  a  s i n g l e  s o l u t i o n  s t r a t e g y .  
Within wa te r sheds  i t  i s  d e s i r a b l e  t o  be  a b l e  t o  d i s t r i b u t e  measures s t r a t e g i -  
c a l l y  r a t h e r  t han  un i fo rmly  i n  o r d e r  t o  a l l o c a t e  management r e s o u r c e s  e f f i c i e n t l y  . 

The r e s e a r c h  q u e s t i o n s  were p u t  t o o  na r rowly  i n  t h e  o r i g i n a l  p r o p o s a l ,  b u t  
t o  expand t o  the  comprehensive q u e s t i o n  of  what shou ld  b e  a n  a p p r o p r i a t e  scheme 
f o r  optimum management o f  a l l  wa te r sheds  i s  t o  e n l a r g e  t h e  scope  o f  t h e  p r o j e c t  
unreasonably .  The i n v e s t i g a t o r  dec ided  t o  s t i c k  t o  t h e  o r i g i n a l  o b j e c t i v e  set 
and t o  i n t e r p r e t  r e s e a r c h  f i n d i n g s  i n  r e l a t i o n  t o  t h e  o r i g i n a l  q u e s t i o n s .  





RESEARCH OBJECTIVES 

A s  g iven  i n  the  p r o p o s a l ,  t he  s p e c i f i c  r e s e a r c n  ob2ecrLves s r e :  

1. To d e f i n e  t h e  s t a t e  of  c u r r e n t  and pro?osed C. 5 .  ? r a c t r c e  concerning  
s tormwater  management programs r e l a t i n g  t o  m i t i g a t i o n  o f  s e d i m e n t a t i o n  
and f l o o d  damage r e s u l t i n g  from u r b a n i z a t i o n .  

2 .  To i n v e s t i g a t e  c u r r e n t l y  a v a i l a b l e  h y d r o l o g i c  models and to  s e l e c t  an 
a p p r o p r i a t e  one f o r  a s s e s s i n g  t h e  impact  o f  g i v e n  p r o j e c t s  on the  f low 
regimes o f  t h e  w a t e r s h e d s  i n  which they  a r e  s i t u a t e d .  

3 .  To s u b j e c t  s e l e c t e d  s e t s  of  program s t a n d a r d s  t o  a n a l y s i s ,  u s i n g  
r e g i o n a l  c a s e  s t u d i e s  from North C a r o l i n a ,  wi th  r e g a r d  f o r  

a .  p r o b a b l e  d e g r e e  o f  e f f e c t i v e n e s s  i n  m i t i g a t i n g  urban s e d i m e n t a t i o n  
a n d / o r  f l o o d  damage, 

b .  c o s t  o f  imp lemen ta t ion  on a  p r o j e c t  b a s i s ,  and 

c .  c o s t  o f  imp lemen ta t ion  on a  watershed  b a s i s .  

4 .  To de te rmine  whether  economies o f  s c a l e  a r e  r e a l i z a b l e  through p u b l i c  
i nves tmen t s  i n  s to rmwate r  management f a c i l i t i e s .  

5 .  To de t e rmine  whe the r  performance o b j e c t i v e s  i n  t he  two a r e a s  of  concern  
(urban s e d i m e n t a t i o n  and f l o o d  damage) shou ld  be pursued  i n  an i n t e -  
g r a t e d  sys tem,  o r  whe the r  t hey  shou ld  be pursued  i n  s e p a r a b l e  programs.  

6. To propose  an a p p r o p r i a t e  s e t  o f  s t o n w a t e r  management performance 
o b j e c t i v e s  f o r  d e s i g n  of  d r a i n a g e  sys tems i n  North C a r o l i n a .  

DESCRIPTION OF RESEARCH EFFORT 

The i n v e s t i g a t i o n  c o n s i s t e d  of  f o u r  g e n e r a l  a c t i v i t i e s ,  which proceeded i n  
p a r a l l e l .  These were t h e  l i t e r a t u r e  rev iew,  mode l l i ng  e f f o r t ,  s t a t i s t i c a l  
s t u d i e s  and desk-top d e s i g n  s t u d i e s .  

The l i t e r a t u r e  was reviewed c o n t i n u a l l y  f o r  sou rce  m a t e r i a l  on t h e  g e n e r a l  
t o p i c  and s p e c i f i c a l l y  f o r  work on flood-damage c o n t r o l  p r a c t i c e ,  t he  mechanics 
of  s t reambank d e g r a d a t i o n  and f o r  d e s c r i p t i o n s  of c u r r e n t  and proposed  
p r a c t i c e s  . 

An urban-runoff  s i m u l a t i o n  model was s e l e c t e d ,  c a l i b r a t e d ,  and v a l i d a t e d  
f o r  two wa te r sheds  i n  Nor th  C a r o l i n a .  S t u d i e s  were conducted t o  de termine  t h e  
r e l a t i v e  impor tance  of  t h e  v a r i o u s  c a l i b r a t i n g  pa rame te r s ,  t h e  e f f e c t  of u r b a n i -  
z a t i o n  on f lows,  v e l o c i t i e s  and e r o s i v e  f l o w s  d u r i n g  s t o m  e v e n t s ,  and t h e  
changes a t t a i n a b l e  th rough  t h e  use  o f  d e t e n t i o n  p o l i c i e s  i n  t h e  wa te r sheds .  
Ex tens ion  t o  o t h e r  g e o g r a p h i c  a r e a s  was i n v e s t i g a t e d ,  b u t  v a l i d a t i o n  o f  t h o s e  
r e s u l t s  was n o t  p o s s i b l e  f o r  l a c k  o f  d a t a .  

S t a t i s t i c a l  s t u d i e s  were conducted  of r a i n f a l l - r u n o f f  r e c o r d s  i n  North 
C a r o l i n a  t o  d e t e c t  t r e n d s  i n  f l o o d i n g  a s s o c i a t e d  w i t h  u r b a n i z a t i o n .  





Desk-top d e s i g n  s t u d i e s  were made u s i n g  v a r i o u s  d e t e n t i o n  p o l i c i e s  s o t n  Z D  

examine t h e  d i f f e r e n c e s  i n  a p p l i c a t i o n  of  v a r i o u s  s t a n d a r d s  a t  t h e  same ioca -  
t i o n  and t o  p r o v i d e  i n p u t  c o n d i t i o n s  f o r  t he  s i rnulac ion  moaei f o r  t h e  a s s e s s -  
ment of  changes i n  s t r eamf low from t h e  use  of g iven  measures f o r  c o n t r o l .  

There were o t h e r  s u p p o r t i n g  r e s e a r c h  a c t i v i t i e s .  Ifany n a t u r a i ,  g rban .  and 
u r b a n i z i n g  s t r e a m  sys t ems  were obse rved .  Design p r o f e s s i o n a l s ,  p u b l i c  o i f i -  
c i a l s ,  a ~ ~ d  i n v e s t i g a t o r s  i n  o t h e r  f i e l d s ,  such  a s  geology,  geography,  s o i l  
s c i e n c e  and s t a t i s t i c s ,  were c o n s u l t e d .  S e v e r a l  con fe rences  were a t t e n d e d .  
I n  some, p r e s e n t a t i o n s  o f  c u r r e n t  r e s e a r c h  and t e n t a t i v e  c o n c l u s i o n s  were made 
t o  o b t a i n  r e a c t i o n s  from r e s e a r c h e r s  and  u s e r s .  During much o f  t h e  r e s e a r c h  
p e r i o d ,  t h e  i n v e s t i g a t o r  was a  member o f  t h e  Techn ica l  Advisory Committee o f  
t h e  North C a r o l i n a  Sed imen ta t ion  C o n t r o l  Commission. The c o n t e n t  o f  t h e  
r e s e a r c h  was p r e s e n t e d  t o  and  i n f l u e n c e d  by t h a t  group a s  t hey  deba ted  and 
fo rmula t ed  r e g u l a t i o n s  f o r  c o n t r o l  of  s t reambank d e g r a d a t i o n  i n  urban  a r e a s .  





STOmIWATER DETEXTION P U C T I C E S  

Stormwater d e t e n t i o n  r e q u i r e m e n t s  have been imposed f o r  m e  pu rposes  c r  
f lood  c o n t r o l  ~ n d  c o n t r o l  o f  s t reambank d e t e r i o r a t i o n ,  t h e  i d e a  be ing  co reduce  
t h e  o u t f l o w  from a s i t e  i n  t h e  des ign  s t o r m  t o  some p e r m i s s i b l e  d i s c h a r g e  by 
caus ing  s tormwater  t o  be  s t o r e d  t e m p o r a r i l y  on s i t e .  I n  e f f e c t ,  s tormwater  
d e t e n t i o n  f a c i l i t i e s  a r e  s m a l l - s c a l e ,  f l o o d - c o n t r o l  impoundments. 

Design-storm magnitudes v a r y  wide ly  from p l a c e  t o  p l a c e ,  depending on t h e  
purpose  of t h e  r e g u l a t i o n  and t h e  l o g i c  on which i t  i s  based .  Those i n t e n d e d  
p r i m a r i l y  f o r  f l o o d  c o n t r o l  g e n e r a l l y  r ange  from t h e  10-year t o  t h e  100-year 
e v e n t .  Those i n t e n d e d  p r i m a r i l y  f o r  c o n t r o l  o f  s t reambank e r o s i o n  use  t h e  two 
t o  ten-year  s torms.  The widely  r e c o g n i z e d  program i n  Montgomery County, Mary- 
l a n d ,  perhaps  t h e  f i r s t  o f  i t s  k i n d ,  based  t h e  d e s i g n  r equ i r emen t  on t h e  two- 
y e a r  s to rm.  Given t h a t  s t r e a m s  i n  t h e  r e g i o n  a r e  observed  t o  s i z e  themselves  
n a t u r a l l y  t o  c o n t a i n  approx ima te ly  t h e  two-year s to rm a t  b a n k - f u l l  f l ow,  i t  was 
reasoned t h a t  a  s t r e a m  would n o t  t e n d  t o  e n l a r g e  i f  t h e  peak of  t h e  two-year 
s torm was h e l d  t o  t he  p r e - u r b a n i z a t i o n  d i s c h a r g e .  For v a r i o u s  r e a s o n s ,  i n  
o t h e r  l o c a t i o n s  where s i m i l a r  programs were  adop ted ,  o t h e r  d e s i g n  s to rms  were 
used .  The t e n t a t i v e  r e g u l a t i o n  among t h e  North C a r o l i n a  r e g u l a t i o n s  f o r  s e d i -  
ment c o n t r o l  s e t  t h e  ten-year  s to rm a s  t h e  d e s i g n  s torm t o  be  c o n s i s t e n t  w i t h  
the  r i s k  l e v e l  s e l e c t e d  f o r  o t h e r  s ed imen t -con t ro l  f e a t u r e s ,  such a s  sediment  
b a s i n s  f o r  c o n s t r u c t i o n  s i t e s ,  and t o  be  compa t ib l e  w i t h  t h e  p r e v a l e n t  des ign  
s to rm f o r  o t h e r  s tonn-d ra inage  e l emen t s .  

The t y p i c a l  s t a t e m e n t  of  t h e  d e s i g n  o b j e c t i v e  i s  t o  t h e  e f f e c t  t h a t  "The 
peak d i s c h a r g e  from t h e  s i t e  i n  t h e  n-year s t o m  a f t e r  development can  be  no 
g r e a t e r  t han  t h e  peak  d i s c h a r g e  i n  t h e  n-year  s to rm from t h e  same s i t e  p r i o r  
t o  development,"  Some r e g u l a t i o n s  r e q u i r e  t h e  post-development d i s c h a r g e  t o  
b e  e q u i v a l e n t  t o  t h a t  from a  wooded a r e a  of t h e  same s i z e ,  i r r e s p e c t i v e  of  t h e  
pre-development s i t e  c o n d i t i o n .  

Such r equ i r emen t s  g e n e r a l l y  r e s u l t  i n  t h e  d i s t r i 6 u t i o n  of a  g r e a t  many 
s m a l l - s c a l e  f a c i l i t i e s  d i s t r i b u t e d  wide ly  through t h e  w a t e r s h e d ,  developed i n  
a random p a t t e r n  i n  s p a c e  and t ime ,  and  r a r e l y  c o o r d i n a t e d  i n  d e s i g n .  

No r e t r o s p e c t i v e  f i e l d  e v a l u a t i o n s  of  t h e  e f  f e c  t i v e n e s s  of  d e t e n t i o n  prc-  
grams were found i n  t h i s  r e s e a r c h ,  





SECTIOS III 

XODEL SELECTIOS, CdLIi3R4TION AKD VALLDATION 

A .  MODELS CONSIDERED 

The second p r o j e c t  o b j e c t i v e  was t o  i n v e s t i g a t e  c u r r e n t l y  a v a i l a b l e  hydro- 
l o g i c  models and t o  s e l e c t  a n  a p p r o p r i a t e  one f o r  a s s e s s i n g  t h e  impacr of  g iven  
p r o j e c t s  on t h e  f low regimes  of t h e  w a t e r s h e d s  i n  which they  a r e  s i t u a t e d .  C r i -  
t e r i a  f o r  s e l e c t i n g  t h e  model were  t h a t :  

1. The model i s  i n  t h e  p u b l i c  domain, a v a i l a b l e  a t  nominal  hand l ing  c o s t .  

2.  I t  i s  s u f f i c i e n t l y  p r e c i s e  i n  r ep roduc ing  s to rm hydrographs  measured 
i n  North C a r o l i n a .  

3 .  I n p u t  d a t a  r e q u i r e m e n t s  a r e  a t  a  minimum f o r  s a t i s f a c t o r y  r e s u l t s .  

4 .  The model i s  s t r u c t u r e d  s o  a s  t o  b e  compa t ib l e  w i t h  computer  f a c i l i t i e s  
a t  North C a r o l i n a  S t a t e  U n i v e r s i t y .  

The models g i v e n  p r imary  c o n s i d e r a t i o n  were EPA-SWIM, Corps of  Eng inee r s  
HEC1, The S t a n f o r d  Watershed Model ( t o g e t h e r  w i t h  some o f  i t s  progeny) and t h e  
HIT Catchment Model. Other  models ,  s u c h  a s  t h e  U n i v e r s i t y  o f  C i n c i n n a t i  Urban 
Runoff Model and t h e  I l l i n o i s  Urban Dra inage  Ana lys i s  System, were reviewed i n  
the  l i t e r a t u r e  and dropped from c o n s i d e r a t i o n  f o r  v a r i o u s  r e a s o n s .  

The S t a n f o r d  Watershed Model s y n t h e s i z e s  a  cont inuous  hydrograph u s i n g  a  
l a r g e  q u a n t i t y  of  c l i m a t o l o g i c a l  d a t a  and watershed  p r o p e r t i e s .  A summary o f  
t h e  model s t r u c t u r e  i s  r e a d i l y  a v a i l a b l e  i n  r e c e n t  hydrology texts ( e . g . ,  L i n s e l y ,  
e t  a l . ,  1979, and Viessman, e t  a l , ,  1977) .  The d a t a  base  f o r  t h i s  model i s  -- a- 

fo rmidab le .  There a r e  some 19  p a r a m e t e r s  which must be  measured i n  t h e  f i e l d  
o r  on maps, 30 p a r a m e t e r s  which must  be  a s s i g n e d  based  on r e c o r d s  o r  e x p e r i e n t i a l  
assumpt ion ,  12 p a r a m e t e r s  t o  be  s e t  by t r i a l - a n d - e r r o r  a d j u s t m e n t  and a  l a r g e  
number o f  c l e r i c a l  and  o u t p u t - c o n t r o l  p a r a m e t e r s .  

For  t h e  most p a r t ,  t h i s  p r o j e c t  i s  concerned  w i t h  d i r e c t  runof f  f rom s h o r t -  
t e r m  s to rm e v e n t s .  S i m u l a t i o n  o f  b a s e  f low,  runoff  from snowmelt,  e t c . .  were 
o f  l i t t l e  u s e ,  The e x t e n s i v e  d a t a  set and t h e  need f o r  c a l i b r a t i o n  of pa rame te r s  
f o r  which t h e r e  i s  no l o c a l  e x p e r i e n c e  p u t  t h e  e f f e c t i v e  u s e  o f  S t an fo rd - type  
models o u t s i d e  t h e  r e s o u r c e s  o f  t h e  p r o j e c t .  

The i n v e s t i g a t o r  had a  p e r i p h e r a l  involvement  i n  t h e  a p p l i c a t i o n  of t h e  EPA 
Storm Water Management Model (Metca l f  and Eddy, -- e t  a l . ,  1971) a s  a  p a r t  o f  a n  
u rban- runof f -qua l i t y  i n v e s t i g a t i o n  (Co l s  t o n ,  1974) . Based on t h a t  e x p e r i e n c e ,  
i t  was reasoned t h a t  SWMM is  b e s t  s u i t e d  f o r  dense ly  developed watersheds  o f  
h i g h  deg rees  of  i m p e r v i o u s n e s s ,  where i n f i l t r a t i o n  i s  n o t  a  dominant f a c t o r  i n  
e s t i m a t i n g  runoff  q u a n t i t i e s ,  and where t h e  b u l k  of  t h e  d r a i n a g e  system i s  i n  
p i p e .  I n  t h i s  s t u d y ,  t h e  main concern  i s  f o r  wa te r sheds  where t h e  o l d  n a t u r a l  
channe l s  r e c e i v e  t h e  r u n o f f  d u r i n g  u r b a n i z a t i o n .  The c h a n n e l  c r o s s - s e c t i o n  
t empla t e s  a v a i l a b l e  i n  SWMM d i d  n o t  seem t o  be  s u f f i c i e n t l y  f l e x i b l e  f o r  t h i s  
u se .  The model f i n a l l y  s e l e c t e d  had t h a t  f l e x i b i l i t y ,  and i t  a l s o  had more 
o p t i o n a l  submodels f o r  i n f i l t r a t i o n  which ,  a s  i t  tu rned  o u t ,  was a  t roublesome 
p r o c e s s  t o  c a l i b r a t e .  
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c a l i b r a t e d  s p e c i f i c a l l y  f o r  each  wa te r shea  c o n a l z l c n  3 1 2 g  .;=szzr::z- x r c .  
The i n v e s t i g a t o r  s h o r t l y  found t h a t  he  was us ing  rrn2 a o a e l  x e i l  J u c a r c s  z x  
l i m i t s  f o r  which i t  was developed and t h a t  t h e  s t r u c r u r e  of t k e  noae l  ;<as njr 
amenable t o  a s k i n g  t h e  what - i f  q u e s t i o n  a b o u t  changes Ln wa te r snea  composlr;;:- 
a f t e r  c a l i b r a t i o n .  

The model which was s e l e c t e d  f o r  u se  i n  t he  p r o j e c t  i s  NITCAT (Har l ey ,  1 9 7 5 ) .  
developed f o r  commercial  use  by Brendan Har l ey  from the  N I T  Catchment Xodel .  
MITCAT i s  a  d e t e r m i n i s t i c ,  d i s t r i b u t e d - p a r a m e t e r  model which produces  t h e  
hydrograph of  a  g i v e n  s to rm i n c i d e n t  b u t  does n o t  c a r r y  ove r  c o n t i n u o u s l y  from 
i n c i d e n t  t o  i n c i d e n t  because  groundwater  c o n t r i b u t i o n s  to  s t reamflow a r e  n o t  
computed. 

The wa te r shed  i s  viewed a s  an  a g g r e g a t i o n  of catchment e l emen t s  which 
r e c e i v e  r a i n f a l l ,  deduc t  h y d r o l o g i c  a b s t r a c t i o n s  and p a s s  t h e  s u r f a c e  runof f  
t o  s t r e a m  e l emen t s  i n  an  a p p r o p r i a t e  t ime p a t t e r n  de termined by t h e  s i z e ,  com- 
p o s i t i o n  and topography o f  t h e  ca tchment  e l e m e n t s .  Stream e l emen t s  a r e  con- 
n e c t e d  t o g e t h e r  t o  form t h e  s t r e a m  network ,  and t h e  f lows a r e  r o u t e d  a c c o r d i n g  
t o  t h e  k i n e m a t i c  wave e q u a t i o n  th rough  t h e  sys tem.  R e s e r v o i r  e l emen t s  may be 
i n t e r p o s e d  i n  t h e  ne twork  . 

An advantage  o f  MITCAT i s  t h a t  a lmos t  a l l  of  t he  c a l i b r a t i n g  pa rame te r s  
which a r e  n o t  measured d i r e c t l y  a r e  p a r a m e t e r s  f o r  which independen t  obse rva -  
t i o n s  e x i s t .  Examples a r e  t h e  Yanning roughness  c o e f f i c i e n t  and t h e  Hol tan  
i n f i l t r a t i o n  pa rame te r s .  So i t  i s  p o s s i b l e  t o  judge whether  c a l i b r a t i n g  
pa rame te r s  a r e  w i t h i n  d e f e n s i b l e  r a n g e s  when t h e  s i z e  and shape  of t h e  computed 
hydrograph approach  t h o s e  o f  t h e  obse rved  hydrograph.  

Of t h e  models rev iewed b e f o r e  and d u r i n g  t h e  p r o j e c t ,  MITCAT seemed b e s t .  
C a l i b r a t i o n  and v a l i d a t i o n  r e q u i r e d  t h e  l e a s t  e f f o r t  i n  f i e l d  work. R e s o l u t i o n  
of  t h e  model l ing  e f f o r t  ( t h e  s e l e c t i o n  of  t h e  s i z e  and number of ca tchment  e l e -  
ments)  cou ld  be v a r i e d  t o  s u i t  t h e  q u e s t i o n  under  i n v e s t i g a t i o n .  The impact  n f  
u r b a n i z a t i o n  on t h e  s t r e a m  sys t em and t h e  e f f e c t  o f  v a r i o u s  d e t e n t i o n  p o l i c i e s  
c o u l d  b e  modelled w i t h  r e a s o n a b l e  f i d e l i t y .  The s e l e c t i o n  c r i t e r i o n  t h a t  t h e  
model be  i n  t h e  p u b l i c  domain i s  n o t  s a t i s f i e d  by t h e  s e l e c t i o n  o f  MITCAT f o r  
i t  i s  a  p r o p r i e t a r y  model. 

B. AVAILABLE TEST WATERSHEDS 

The term o f  t h e  p r o j e c t  was n o t  l o n g  enough n o r  were r e s o u r c e s  s u f f i c i e n t  
t o  i n s t a l l  gaging  s t a t i o n s  t o  c o l l e c t  r u n o f f  and r a i n f a l l  d a t a  f o r  c a l i b r a t i n g  
and v a l i d a t i n g  t h e  model. The p r o j e c t  was,  t h e r e f o r e ,  dependent  upon e x i s t i n g  
h y d r o l o g i c  d a t a  f o r  t h e  m o d e l l i n g  e f f o r t ,  I t  was d e s i r a b l e  t h a t  t e s t  w a t e r -  
sheds  have  t h e  f o l l o w i n g  a t t r i b u t e s :  

1. That  r a i n f a l l  and s t r eamf low gag ing  d a t a  e x i s t e d  w i t h  s p a t i a l  coverage  
of r a i n f a l l  s u f f i c i e n t  f o r  good c o r r e l a t i o n  and temporal  coverage suf -- 
f i c i e n t  f o r  a s s e s s i n g  s t a t i s t i c a l  s i g n i f i c a n c e .  

2 .  That  d e t a i l e d  topograph ic  mapping o f  t h e  wa te r sheds  were o b t a i n a b l e .  



- . .  3 .  That  good r e c o r a s  o f  c r a l n a g e  : a c L ~ t i e s  x e r ?  ? v a l l a a - = .  

4 .  That  a r e l i a b l e  s o i l  su rvey  naa Seen c m a c c z a c .  

The l i m i t i n g  a t t r i b u t e  i s  t h e  r a i n f a l l / r u n o f f  reaulremeri;. ::er" -1-:J xa.-er- 
sheds  have been  gaged i n  urban  a r e a s  s u f f i c i e n t l y  ? r e c i s s l y  t3 r e i a r e  s ~ r r ' z c r  
r u n o f f  hydrographs  t o  t h e  c a u s a t i v e  r a i n f a l l .  The o n l y  s u i t a b i e  r e c o r a s  ~r ,cc~. - -  
e r e d  by t h i s  i n v e s t i g a t o r  a r e  t h o s e  used  f o r  t h e  e a r l i e r  USGS i n v e s ~ i g a t ~ o n  2:  

t h e  n a t u r e  of  urban  f l o o d i n g  i n  North C a r o l i n a  (Putnam, 1972) .  The d a t a  s e r  
f o r  t h a t  s t u d y  i n c l u d e s  s i m u l t a n e o u s l y  c o l l e c t e d  r a i n f a l l  and r u n o f f  observa-  
t i o n s  f o r  s to rm e v e n t s  o c c u r r i n g  i n  some c a s e s  d u r i n g  p e r i o d s  exceed ing  t e n  
y e a r s .  The a r e a  o f  coverage  i s  piedmont North C a r o l i n a .  b o n g  t h e  d a t a  a r e  
t h e  41.0 square-mi le  wa te r shed  of L i t t l e  Sugar Creek i n  c e n t r a l  C h a r l o t t e ,  
North C a r o l i n a ,  and s e v e r a l  subwatersheds  r ang ing  i n  s i z e  from less than  one 
s q u a r e  m i l e  t o  18.5 s q u a r e  m i l e s .  During t h e  t en -yea r  p e r i o d  of i n t e n s i v e  d a t a  
g a t h e r i n g  some o f  t h e  same s to rms  were r e c o r d e d  a t  a l l  of  t h e  gag ing  p o i n t s .  
The r e c o r d  of t h e  41.0 square-mi le  wa te r shed  e x t e n d s  back  t o  1924. The wa te r -  
sheds  a r e  shown i n  F i g .  1. 

Watershed mapping and r e c o r d s  of  s torm-dra inage  sys t em c o n s t r u c t i o n  were 
p r o v i d e d  by M r .  C l a r k  Read l ing ,  C i t y  E n g i n e e r ,  and h i s  s t a f f .  Recen t ly  com- 
p l e t e d  b u t  unpub l i shed  s o i l - s u r v e y  i n f o r m a t i o n  was p rov ided  by t h e  Mecklenburg 
County O f f i c e  o f  t h e  S o i l  Conse rva t ion  S e r v i c e .  L i t t l e  Sugar  Creek p o s s e s s e s  
t h e  d e s i r a b l e  a t t r i b u t e s  of  t e s t  wa te r sheds  t o  t he  g r e a t e s t  deg ree .  

The mountain and c o a s t a l  p l a i n  r e g i o n s  o f  North C a r o l i n a  a r e  a l s o  iinport- 
a n t  i n  t h e  a s ses smen t  of s to rmwate r  management p o l i c i e s .  However, no d a t a  was 
found f o r  model imp lemen ta t ion  i n  e i t h e r  r e g i o n .  Nor were s a t i s f a c t o r y  r e c o r d s  
found f o r  s i m i l a r  r e g i o n s  i n  a d j a c e n t  s t a t e s .  The d e c i s i o n  was made t o  con- 
c e n t r a t e  t h e  mode l l i ng  and s t a t i s t i c a l  e f f o r t s  i n  t h e  piedmont and t o  draw 
i n f e r e n c e s  f o r  t h e  o t h e r  r e g i o n s  where n e c e s s a r y .  

C .  MODEL CALIBRATION AND VALIDATION 

1. Genera l  C a l i b r a t i o n / V a l i d a t i o n  C o n s i d e r a t i o n s .  The pu rpose  of  c a l i b r a -  
t i o n  i s  t o  set p a r a m e t e r s  which must be e s t i m a t e d  a t  v a l u e s  such  t h a t  t h e  hydro- 
g raphs  computed f o r  g i v e n  h i s t o r i c a l  r a i n f a l l  i n c i d e n t s  match t h e  hydrographs  
obse rved  a t  t h e  gag ing  s t a t i o n  f o r  t h e  same s t o r m s .  The model i s  then  v a l i d a t e d  
by runn ing  one  o r  more s to rms  v a r y i n g  o n l y  t h e  p a r a m e t e r s  which r e f l e c t  r a i n -  
f a l l ,  a n t e c e d e n t  we tness  c o n d i t i o n s  and s e a s o n a l  v a r i a t i o n s  where they  a r e  
known. The c l o s e n e s s  of  t h e  computed hydrographs  t o  t h e  obse rved  hydrographs  
f o r  t h e  v a l i d a t i o n  s t o r m s  i s  a  measure of  t h e  f i d e l i t y  o f  t h e  mode l l i ng  p r o c e s s .  
Upon s a t i s f a c t o r y  v a l i d a t i o n ,  one may v a r y  s to rm s e v e r i t y  and p h y s i c a l  f e a t u r e s  
w i t h i n  t h e  wa te r shed  and e s t i m a t e  wa te r shed  r e sponse  t o  t h e  changes ,  w i t h i n  
r e a s o n a b l e  l i m i t s .  

Among t h e  p a r a m e t e r s  s u b j e c t  t o  c a l i b r a t i o n  a r e  t h e  Manning roughness  
c o e f f i c i e n t  f o r  o v e r l a n d  f low,  main channe l s  and overbank f low,  s e v e r a l  i n f i l -  
t r a t i o n  p a r a m e t e r s ,  and an ave rage  o v e r l a n d  f l o w  l e n g t h .  These a r e  s e t  f o r  
e a c h  catchment e l emen t  and s t r e a m  segment.  Pa rame te r s  measured i n  the  f i e l d  o r  
from maps a r e  s u b j e c t  o n l y  t o  o b s e r v a t i o n a l  e r r o r ,  and they  shou ld  n o t  be  
a d j u s t e d  e x c e p t  t o  improve t h e  p r e c i s i o n  o f  t h e  measurement. 

During c a l i b r a t i o n ,  e s t i m a t e d  p a r a m e t e r s  a r e  a d j u s t e d  w i t h i n  d e f e n s i b l e  
r anges  t o  match t h e  peak ,  volume,  and shape  of  t h e  computed hvdrograph to t hose  
o f  t h e  observed  hydrograph.  

9 



FIG. I CHARLOTTE WATERSHEDS 

10 

CR. 



2 .  The Sudbury Watershed.  YITCAT was a p p i i e a  zo  t ne  v a c e r s c e c  :: rn: - 
unnamed t r i b u t a r y  of B r i a r  Creek a t  Sudbur:~ Road i n  C h a r l o r z e .  3 .  C .  L n -  

- L -  

convenience t h e  wa te r shed  i s  c a l l e d  "Sudbur~-" r?.roughour z n e  r e ~ o r z .  3~ 
dra inage  a r e a  i s  approx ima te ly  360 a c r e s  a t  t n e  %ag ing  srat:cc. -.cnlcc 1 s  
l o c a t e d  a t  l a t i t u d e  35'-13'-26" and l o n g i t u d e  80'-h6'-01". The ropograpn:? 1% 
r o l l i n g .  Over land f low s l o p e s  used  i n  t h e  model v a r y  from 0 . 0 1 h o  0.11 ave r -  
a g i n g  0.04. The mainstem o f  t h e  s t r e a m  sys t em f a l l s  80 i e e r  I n  t n e  5 L 0 0 - f ~ .  
d i s t a n c e  from t h e  most remote r i d g e  p o i n t  t o  rhe  o u t l e t .  The s o i l s  a r e  o f  :ne 
C e c i l  c l a s s i f i c a t i o n .  The wa te r shed  i s  a l m o s t  f u l l y  developed a t  abou t  f o u r  
d w e l l i n g s  p e r  a c r e ,  w i t h  some s c a t t e r e d  commercial  and i n s t i t u t i o n a l  u sage .  
Imperviousness  r anges  from 15 t o  30 p e r c e n t  among t h e  catchment e l e m e n t s ,  
a v e r a g i n g  19  p e r c e n t .  The w a t e r s h e d  i s  shown i n  F i g .  2 .  

Four s to rms  were s e l e c t e d  from t h e  r e c o r d  f o r  c a l i b r a t i o n / v a l i d a t i o n .  
Three were used f o r  c a l i b r a t i o n  hav ing  been  chosen f o r  t h e i r  s e v e r i t y  and tem- 
p o r a l  p a t t e r n .  The d a t e s  and  t o t a l  r a i n f a l l  f o r  t h e  c a l i b r a t i o n  s t o r m s  a r e :  
9  June 68 ,  1 .71  i n . ;  23 Aug. 6 7 ,  1 .84  i n . ;  and  2 3  J u l  70, 1 . 3 8  i n .  They a r e  
l i s t e d  i n  descend ing  o r d e r  w i t h  r e s p e c t  t o  peak f low.  The s i n g l e  v a l i d a t i o n  
s to rm o c c u r r e d  1 0  Aug. 67 ,  w i t h  1.47 i n .  o f  r a i n f a l l .  These s t o r m s  and t h e i r  
hydrographs  a r e  shown i n  F i g s .  3,  4 ,  5 ,  and 6 ,  t o g e t h e r  w i t h  t h e  mode l l i ng  
r e s u l t s .  

I n  t h e  e a r l y  a t t e m p t s  t o  c a l i b r a t e  t h e  model ,  t h e  e f f e c t  of  temporary s t o r -  
age i n  t h e  wa te r shed  was n e g l e c t e d .  Using d e f e n s i b l e  v a l u e s  f o r  i n f i l t r a t i o n  
pa rame te r s  and f o r  o v e r l a n d  and channe l  roughness  c o e f f i c i e n t s ,  computed hydro- 
graphs  were o b t a i n e d  w i t h  s i g n i f i c a n t l y  h i g h  peak  f lows  and e a r l y  t imes-to-  
peak.  Peaks were de l ayed  i n  t i m e  by u s i n g  l a r g e r  Manning c o e f f i c i e n t s ,  and 
peak f lows  were reduced by a d j u s t i n g  t h e  i n f i l t r a t i o n  c o e f f i c i e n t s .  The peak 
c o o r d i n a t e s  of  t h e  computed and obse rved  hydrographs  cou ld  n o t  b e  a l i g n e d  i n  
t h i s  manner w i t h o u t  l o s i n g  agreement  o f  computed and obse rved  su r f ace - runof f  
volumes. F u r t h e r ,  t h e  p a r a m e t e r s  o f  h y d r a u l i c  roughness  and i n f i l t r a t i o n  
n e c e s s a r y  t o  a l i g n  t h e  peaks were absu rd .  

The h y d r a u l i c  roughness  and i n f i l t r a t i o n  p a r a m e t e r s  were r e t u r n e d  t o  defen-  
s i b l e  l e v e l s ,  and temporary s t o r a g e  was c o n s i d e r e d .  Ten c u l v e r t s  were model led  
a s  r e s e r v o i r s  based  on f i e l d  o b s e r v a t i o n s  of  h y d r a u l i c  performance of  t h e  cu l -  
v e r t s  and map o b s e r v a t i o n s  o f  t h e  s t a g e - s t o r a g e  r e l a t i o n s h i p .  The r e s u l t s  were 
much improved. F u r t h e r  f i n e  t u n i n g  o f  roughness  parameters y i e l d e d  t h e  f i n a l  
c a l i b r a t i o n  r e s u l t s  shown i n  F i g s .  3 ,  4 ,  and 5 .  

For t h e  v a l i d a t i o n  r u n ,  t h e  i n p u t  d a t a  were  p r e p a r e d  u s i n g  a l l  pa rame te r s  
s e t  i n  t h e  c a l i b r a t i o n  p r o c e s s .  Only r a i n f a l l  and a n t e c e d e n t  m o i s t u r e  condi -  
t i o n s  were made s p e c i f i c  t o  t h e  s to rm o f  i n t e r e s t .  V a l i d a t i o n  r e s u l t s ,  which 
may b e  t aken  a s  an e s t i m a t e  o f  model f i d e l i t y ,  a r e  shown i n  Fig .  6. 

In  t h e  Sudbury mode l l i ng  e x p e r i e n c e ,  t h e  impor t ance  of t h e  e f f e c t s  of  i n f i l -  
t r a t i o n  and temporary s t o r a g e  on t h e  s i z e  and shape  of  t h e  hydrograph i s  demon- 
s t r a t e d .  I n  MITCAT, o p t i o n a l  i n f i l t r a t i o n  submodels a r e  i n c l u d e d  based  on t h e  
commonly used  Horton,  SCS, and Ho l t an  t e c h n i q u e s .  Of t h e s e  t h r e e ,  on ly  t h e  
Hol tan  method (Ho l t an ,  1961) cou ld  b e  a p p l i e d  s a t i s f a c t o r i l y  by t h i s  i n v e s t i g a t -  
i n g  group.  The Ho l t an  e x p r e s s i o n  i s :  
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FIG. 2 WATERSHED OF TRIBUTARY OF BRIAR CREEK 
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where f = i n f i l t r a t i o n  capacic:: (in. :nr., 

a  = i ndex  o f  su r f ace -connec ted  porosic:: 

Fp = a v a i l a b l e  s t o r a g e  i n  t h e  s o i l  l a y e r l s  ( i n c h e s )  

f c  = c o n s t a n t  r a t e  o f  i n f i l t r a t i o n  a f t e r  p ro longed  w e t t i n g  ( i n . / h r . :  

The uppe r  s o i l  l a y e r  i s  viewed a s  a  r e s e r v o i r  r e c e i v i n g  t h e  i n f i l t r a t e d  w a t e r  
from above and p a s s i n g  i t  t o  t h e  s o i l  below a t  a  r a t e ,  f c .  The i n d e x  of  
su r f ace -connec ted  p o r o s i t y  h a s  been viewed a s  b e i n g  s e a s o n a l l y  i n f l u e n c e d .  
The a v a i l a b l e  s t o r a g e  a t  t h e  b e g i n n i n g  o f  t h e  s to rm i s  s e t  by c o n s i d e r a t i o n  o f  
t h e  s o i l  t ype  and the  a n t e c e d e n t  m o i s t u r e  c o n d i t i o n s .  I n  t h e  model ,  t h e  Hol tan  
e q u a t i o n  i s  used  t o  conduct  a  mass b a l a n c e  o f  i n f i l t r a t e d  s to rmwate r ,  and Fp i s  
updated  a f t e r  each  time i n t e r v a l .  The v a l u e  f c  can be e s t i m a t e d  a s  t h e  l i m i t -  
i n g  i n f i l t r a t i o n  c a p a c i t y  of  t h e  lower  s o i l  l a y e r s .  

It was found t h a t  t h e  model r e s u l t s  were q u i t e  s e n s i t i v e  t o  t h e  pa rame te r s  
s e l e c t e d  f o r  f c  and t h e  i n i t i a l  v a l u e s  o f  Fp. It  can  be  obse rved  r e a d i l y  t h a t  
f o r  r e l a t i v e l y  impervious  s o i l s  t h e  v a l u e  o f  f c  i s  q u i t e  s m a l l  s o  e s t i m a t e s  o f  
upper-zone s o i l  s t o r a g e  a r e  c r u c i a l .  I n  more p e r v i o u s  s o i l s ,  t h e  d i s t i n c t i o n  
between w a t e r  h e l d  i n  upper-zone s o i l  s t o r a g e  and t h a t  i n f i l t r a t e d  t o  lower  
zones  is  l e s s  pronounced s o  some c a l i b r a t i n g  f l e x i b i l i t y  e x i s t s  i n  d e f i n i n g  t h i s  
c o n d i t i o n .  For t h e  C h a r l o t t e  w a t e r s h e d s ,  SCS s o i l  s u r v e y s  augmented by f i e l d  
o b s e r v a t i o n s  of  t o p s o i l  d e p t h  were used  t o  o b t a i n  e s t i m a t e s  of  f c  and dry-  
wea the r  v a l u e s  of Fp. The work o f  Lu tz  was used  f o r  i n f e r e n t i a l  e s t i m a t e s  o f  
t h e  e f f e c t  on t h e  i n i t i a l  v a l u e  o f  Fp o f  a n t e c e d e n t  m o i s t u r e  c o n d i t i o n s  (Lu tz ,  
1970) . 

The l a c k  of a  r e l i a b l e  i n f i l t r a t i o n  submodel  w i t h  which mode l l i ng  r e s u l t s  
may be reproduced and c r o s s - v a l i d a t e d  by d i f f e r e n t  i n v e s t i g a t o r s  i s  a  fo rmidab le  
impediment t o  t h e  r e g u l a r  u s e  o f  w a t e r s h e d  models  f o r  p l a n n i n g  and e n g i n e e r i n g  
purposes .  I t  i s  a  f e r t i l e  t o p i c  f o r  f u r t h e r  r e s e a r c h .  

I t  was an  e a r l y  f i n d i n g  t h a t  e x i s t i n g  temporary  s t o r a g e  i n  t h e  wa te r shed  
must be  i n c l u d e d  f o r  r e a s o n a b l e  v a l i d a t i o n  of  t h e  model. There a r e  a t  l e a s t  
two i m p l i c a t i o n s  of  t h i s  on w a t e r s h e d  management. The f i r s t  i s  t h a t  temporary 
s t o r a g e  i n  urban wa te r sheds  i s  an  i m p o r t a n t  p a r t  o f  t h e  i n p u t  d a t a  s e t .  From 
s t u d i e s  l a t e r  t o  be  d i s c u s s e d ,  i t  may be  judged t h a t  s t o r a g e  f a c i l i t i e s  n e a r  
t h e  o u t l e t  on ma jo r  t r i b u t a r i e s  have t h e  g r e a t e s t  e f f e c t .  The second impl i ca -  
t i o n  i s  t h a t  i f  temporary s t o r a g e  i s  i m p o r t a n t  i n  model v a l i d a t i o n ,  i t  must  
l i k e w i s e  be  an impor t an t  f a c t  o f  w a t e r s h e d  b e h a v i o r ,  e s p e c i a l l y  from t h e  s t a n d -  
p o i n t s  of f l o o d i n g  and s t r eambank  d e g r a d a t i o n .  C o n s i d e r a b l e  a t t e n t i o n  i s  p a i d  
t o  t h i s  i n  t h e  f o l l o w i n g  s t u d i e s .  

3 .  The Watershed of  Briar Creek a t  Sharon Road. MITCAT w a s  a l s o  a p p l i e d  
t o  t h e  much l a r g e r  w a t e r s h e d  of  B r i a r  Creek a t  t h e  Sharon Road c r o s s i n g  where 
t h e  wa te r shed  a r e a  i s  abou t  18.5 s q u a r e  m i l e s .  The gag ing  s t a t i o n  is  a t  l a t i -  
tude  35'-10'-47", l o n g i t u d e  80'-49'-46". The s t r e a m  was gaged from A p r i l  1962 
t o  March 1973. For p a r t  o f  t h i s  t i m e  hydrographs  and m u l t i p l e  r a i n f a l l  observa-  
t i o n s  were o b t a i n e d  a t  f ive-minute  i n t e r v a l s  d u r i n g  s to rms .  The Sudbury water -  
shed  i s  a  t y p i c a l  subcatchment  o f  t h e  Br iar -Sharon wa te r shed .  S lopes  of  t h e  
v a r i o u s  s t r e a m  e l emen t s  r ange  from 0.002 t o  0.08. The ave rage  s l o p e  o f  t h e  
mainstem i s  approximate ly  0.0028. The s o i l s  a r e  o f  t h e  C e c i l  and Cecil-Urban 
groups.  It  can be obse rved  t h a t  d i s t u r b a n c e  of  t h e s e  s o i l s  i n  t h e  u r b a n i z a t i o n  
p r o c e s s  g e n e r a l l y  r educes  t h e  upper-zone s t o r a g e  c a p a c i t y  markedly ,  even  i n  



t h o s e  a r e a s  which wouid nor: D e  c o u n t s a  as  being ~ m ~ e r - ? l o u s  :r: x s  =e:?rxn&;-  
o f  t h e  p e r c e n t  imperv iousness .  Impervious  cove r  r anges  f r o n  1 rc  -5 3 e - - 0 ~ -  .. i-__ _ . 
The wa te r shed  i s  shown i n  F ig .  1. 

The c a l i b r a t i o n  s to rms  f o r  B r i a r  a t  Sharon o c c u r r e a  cn ;ne aaces  :f - ,Ln s c  

and 12  Mar 68. R a i n f a l l  f o r  t h e s e  s to rms  were  observed  a t  a s  xan1.- 5s 51:: :o17A-5 

i n  and n e a r  t h e  watershed .  The s p a t i a l  v a r i a t i o n  of  r a i n f a l l  was =axen 1 - z :  
- - accoun t  w i t h i n  t h e  model. The v a l i d a t i o n  s t o m  o c c u r r e d  i n  23 Aug c I . 

R e s u l t s  of  t h e  c a l i b r a t i o n / v a l i d a t i o n  e f f o r t s  a r e  s h o m  i n  F igs .  7 ,  8 ,  and 
9 .  V a l i d a t i o n  of t h e  model f o r  t h e  w a t e r s h e d  o f  B r i a r  Creek a t  Sharon Road was 
n o t  as good a s  t h a t  of t h e  Sudbury wa te r shed .  The r e a s o n s  f o r  t h e  p o o r e r  
r e sponse  a r e  n o t  a l t o g e t h e r  c l e a r .  C e r t a i n l y ,  s p a t i a l  v a r i a t i o n  i n  r a i n f a l l  
t h a t  was n o t  d e t e c t e d  i n  t h e  c o a r s e  ra in-gage  ne twork  i s  one f a c t o r .  The 
inadequacy of  t h e  i n f i l t r a t i o n  submodel t o  r ep roduce  t h e  s u r f a c e  runof f  h i s t o r y  
is  a n o t h e r .  There was e v i d e n c e  o f  n u m e r i c a l  i n s t a b i l i t y  o f  t h e  kinematic-wave 
p rocedure  w i t h i n  t h e  model f o r  some r u n s .  C o n s u l t a t i o n  w i t h  t h e  a u t h o r  o f  t h e  
model conf i rmed t h a t  t h e r e  had  been  some d i f f i c u l t y  w i t h  t h a t  r o u t i n e  i n  o t h e r  
a p p l i c a t i o n s  and t h a t  s u b s e q u e n t  v e r s i o n s  of  MITCAT have b u i l t - i n  checks and 
remedies  f o r  t h e  c o n d i t i o n .  Given s c a r c e  t ime r e s o u r c e s  and abundant  u n r e l a t e d  
c a l i b r a t i n g  problems,  t h e  i n v e s t i g a t o r  d i d  n o t  p u r s u e  t h e  q u e s t i o n  of numer i ca l  
i n s t a b i l i t y .  

Although v a l i d a t i o n  of  t h e  model was n o t  a s  c l o s e  a s  d e s i r a b l e  f o r  t h e  
l a r g e r  w a t e r s h e d ,  i t  was s u f f i c i e n t  t o  conc lude  t h a t  t r e n d s  i n  hydrograph shape ,  
g i v e n  changes i n  wa te r shed  s t o r a g e ,  were  d i s c e r n i b l e .  S p e c i f i c  v a l u e s  f o r  
s t a g e  and f low y i e l d e d  by t h e  model would n o t  b e  v a l i d  w i t h o u t  f u r t h e r  improve- 
ment i n  t h e  mode l l i ng  e f f o r t .  

Conclus ions  r e g a r d i n g  t h e  e f f e c t  and  d i s t r i b u t i o n  o f  s t o r a g e  i n  t he  wa te r -  
shed  w i l l  b e  p r e s e n t e d  i n  more d e t a i l  s u b s e q u e n t l y .  

4.  Summary of F ind ings  on Model A p p l i c a t i o n s  

F u r t h e r  

Watershed s i m u l a t i o n  models  a r e  n o t  y e t  ready t o  be  used  g e n e r a l l y  
by c i t i e s  and o t h e r  l o c a l  j u r i s d i c t i o n s  because  o f  t h e i r  c a p r i -  
c i o u s n e s s ,  ga rgan tuan  a p p e t i t e  f o r  d a t a  and f i l e  main tenance ,  and 
because  o f  some rema in ing  gaps  i n  l o g i c  and means o f  d a t a  
a c q u i s i t i o n .  

Model s e l e c t i o n  and d a t a  a c q u i s i t i o n  s h o u l d  f o l l o w  c a r e f u l  s t u d y  
of  t h e  c a p a b i l i t i e s  o f  v a r i o u s  models  and  t h e  d a t a  r e q u i r e d  f o r  
c a l i b r a t i o n  and v a l i d a t i o n .  The pu rpose  t o  which t h e  model i s  t o  
be  put  and t h e  c o s t  o f  d a t a  g a t h e r i n g  and f i l e  main tenance  ought  
t o  govern t h e  c h o i c e .  

work i s  needed b e f o r e  models can become r e g u l a r  and r e l i a b l e  t o o l s  
f o r  wa te r shed  management. Now, model development h a s  p r o g r e s s e d  t o  t h e  p o i n t  
where t h e  n e c e s s i t y  f o r  f u r t h e r  r e f i n e m e n t s  i n  measu r ing  wa te r shed  pa rame te r s  
h a s  s t a l l e d  t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  More p r e c i s e  d e s c r i p t i v e  submodels 
of t h e  h y d r o l o g i c  a b s t r a c t i o n s ,  such  a s  i n f i l t r a t i o n  a n d  d e p r e s s i o n  s t o r a g e ,  
a r e  needed.  Subsequen t ly ,  un i fo rm methods m d  t e s t s  a r e  needed f o r  t h e  measure- 
ment o f  i n p u t  pa rame te r s  s o  t h a t  r e s u l t s  may be  reproduced by independen t  
o b s e r v e r s .  
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FIG. 7 STORM HYDROGRAPH - JUNE 9, 1968 
BRIAR CREEK AT SHARON ROAD 







Model deve lope r s  shou ld  accoun t  f o r  downstream e f f e c t s  i n  r o u t l a g  
a l g o r i t h m s ,  p a r t i c u l a r l y  f o r  t a i l w a r e r  submergence o r  2 - i v e r t s  and f o r  3ac~ iu ' a te r  
i n  t r i b u t a r i e s  caused by h i g h  s r a g e s  i n  t h e  mainstems :>to v h i c n  =he;? empcs. 
Many urban s t r e a m s  have s i g n i f i c a n t l y  wide f l o o d  p l a i n s .  I: is  u n c l e a r  12 :ne 
s t ream-segment- rout ing  p rocedures  of  many models  whether  t h e  s t o r a g e  e f f e c r  o f  
t h e  f l o o d  p l a i n  i n  damping t h e  hydrograph i s  a d e q u a t e l y  model led .  

The r a i n f a l l l r u n o f f  d a t a  b a s e  is  a b s o l u t e l y  n e c e s s a r y  f o r  c a l i b r a t i o n  ana  
v a l i d a t i o n  o f  any model. Ra the r  t han  t o  advoca te  widespread  g a t h e r i n g  o f  s u c h  
d a t a ,  t h e  i n v e s t i g a t o r  recommends t h a t  c o o r d i n a t e d  r a i n  and s t r eamf low gages  be 
i n s t a l l e d  where t h e  need  f o r  mode l l i ng  i s  e s t a b l i s h e d .  Adequate l e a d  t ime 
would have t o  be a l lowed t o  g a t h e r  a  s u f f i c i e n t  s e t  of  s t o r m s ,  and con t inued  
o p e r a t i o n  o f  t h e  gages i s  recommended where models  a r e  t o  be used f o r  manage- 
ment d e c i s i o n s .  



SECTION I-? 

MODEL STUDIES OF URBANIZATICN AXD DETENTION 

The MITCAT model, a s  c a l i b r a t e d  and v a l i d a t e d  f o r  t h e  two s t u d y  wate r sheas ,  
was used t o  s tudy t h e  e f f e c t  on hydrograph shape o f  e x i s t i n g  s t o r a g e  i n  =he 
watershed and of new s t o r a g e  t h a t  might be added I n  response t o  new stormwater 
d e t e n t i o n  p o l i c i e s .  

A. EFIFZCT OF EXISTING STORAGE ON DISCHARGE 

I n  the  d e s c r i p t i o n  of t h e  c a l i b r a t i o n  p r o c e s s ,  i t  was r e p o r t e d  t h a t  i t  was 
necessa ry  t o  inc lude  t h e  p r i n c i p a l  c u l v e r t s  and b r i d g e s  a s  s t o r a g e  f a c i l i t i e s  
i n  o r d e r  t o  be a b l e  t o  c a l i b r a t e  the  model adequate ly  w i t h  d e f e n s i b l e  v a l u e s  
of independent ly  observable  parameters .  This l e d  n a t u r a l l y  t o  the  q u e s t i o n  of 
t h e  e x t e n t  t o  which e x i s t i n g  s t r u c t u r e s  i n  conven t iona l ly  developed watersheds  
s e r v e  t o  counter  t h e  e f f e c t  of u r b a n i z a t i o n  on storm f lows.  

1. Bas i s  of t h e  Study. The watersheds  were s t u d i e d  i n  a  h i s t o r i c a l  s to rm 
and under cond i t ions  in tended  t o  s imula te  a  ten-year even t .  The hyetograph f o r  
t h e  ten-year even t  was c o n t r i v e d  such t h a t  f o r  any d u r a t i o n  t h e  accumulated 
r a i n f a l l  approximates t h e  ten-year v a l u e s  given i n  U. S. Weather Bureau Tech- 
n i c a l  Paper 40 e x t r a p o l a t e d  t o  inc lude  d u r a t i o n s  l e s s  than t h i r t y  minutes u s i n g  
Technical  Paper No. 25 a s  a  guide.  The hyetograph,  shown i n  F ig .  1 0 ,  h a s  t h e  
p roper ty  of being a  ten-year r a i n f a l l  f o r  any s e l e c t e d  e l a p s e d  t ime,  up t o  f o u r  
hours.  Thus, the  s torm should produce a  peak which c rude ly  approximates t h e  
ten-year flow event  f o r  t h e  l a r g e r  watershed and any subcatchment.  The inves -  
t i g a t o r  i s  aware of t h e  arguments f o r  and a g a i n s t  t h e  use of hyetographs  of one 
p a t t e r n  o r  another  t o  produce a  given d i scharge  e v e n t  and of t h e  f a c t  t h a t  t h e  
r e t u r n  pe r iod  of t h e  f lood  i s  n o t  n e c e s s a r i l y  o r  even u s u a l l y  e q u a l  t o  t h a t  o f  
t h e  r a i n f a l l  t h a t  produced i t .  But h e r e ,  t h e  motive f o r  t h e  s tudy  i s  t o  examine 
d i f f e r e n c e s  i n  behavior  of a  given watershed and i t s  subcatchments i n  a  common 
storm under d i f f e r i n g  development cond i t ions ,  s o  the  crudeness  of t h e  approxi-  
mation i s  acceptable .  I n  p o i n t  of f a c t ,  t h e  peak computed i n  t h e  model f o r  t h e  
smal le r  watershed i s  w e l l  w i t h i n  t h e  range of e s t i m a t e s  produced independent ly  
by t h e  Ra t iona l  Method, t h e  S o i l  Conservat ion Serv ice  Small  Watershed Method 
and t h e  s t a t i s t i c a l  a n a l y s i s  r e p o r t e d  by USGS (Putnam, 1972). 

For the  h i s t o r i c a l  s to rm on t h e  Sudbury watershed and t h e  ten-year s torm 
on both  watersheds ,  t h r e e  watershed development c o n d i t i o n s  were s imula ted .  The 
p r e s e n t  cond i t ion  of development was t aken  a s  a  base .  Then, t h e  b r i d g e s  and 
c u l v e r t s  were removed from t h e  model t o  a s s e s s  t h e  e f f e c t  of t h o s e  s t r u c t u r e s  
on t h e  hydrograph. F i n a l l y ,  t h e  watershed w a s  "de-urbanized" by r e t u r n i n g  t h e  
p e r c e n t  imperviousness t o  zero ,  roughening t h e  over land f low n-value and 
a d j u s t i n g  i n f i l t r a t i o n  parameters  t o  r e f l e c t  the  e x i s t e n c e  of a  permeable 
f o r e s t  f l o o r .  The b r i d g e s  and c u l v e r t s  were l e f t  o u t .  Th i s  is n o t  t o  s a y  
t h a t  t h e  a c t u a l  r u r a l  cond i t ion  was be ing  s imula ted ,  f o r  t h e  r e a l  d a t a  f o r  
t h a t  cond i t ion  a r e  n o t  t o  be found. Rather ,  i t  i s  a  p robab le  r u r a l  c o n d i t i o n ,  
a  s i t u a t i o n  t h a t  might have been. 

2. The Sudbury Watershed. For t h e  360-acre watershed,  t h e  e f f e c t  of 
removing n i n e  c u l v e r t s  i s  shown i n  Fig .  11 along  w i t h  t h e  computed and observed 
hydrographs wi th  t h e  c u l v e r t s  i n c o r p o r a t e d ,  f o r  t h e  s to rm of 9 June 68. The 
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- .  s to rm was something  l e s s  ma-. 2 a ~ v e - p e a r  s c o r n .  The r e s u i ~ a  = n c l c s r a  :zcr 
t h e s e  s t r u c t u r e s  c o l l e c t i v e l y  he13 cne pea& =o  aoour L50 c f s  a s  ZomDarea : c  
i?e p o t e n t i a l  740 c f s  which might  have o c c u r r e c  had rnev n o z  3eec  In : lac?.  ; 
r e d u c t i o n  of 40 p e r c e n t .  

The ten-year  s to rm hyetograph was p a s s e d  th rough  t h e  w a t e r s h e c  m o e r  '!rural1' 
c o n d i t i o n s ,  p r e s e n t  c o n d i t i o n s  and p r e s e n t  c o n d i t i o n s  w i t h o u t  c u i v e r ~ s ,  as  
d e s c r i b e d  above. The r e s u l t s ,  g iven  i n  F ig .  1 2 ,  i n d i c a t e  t h a t  u r b a n i z a t i o n  
migh t  have caused  peaks  t o  i n c r e a s e  from abou t  500 c f s  t o  a p o t e n t i a l  of 
900 c f s ,  and t h a t  t h e  c u l v e r t s  h e l d  t h e  i n c r e a s e  t o  abou t  650 c f s .  The poten-  
t i a l  i n c r e a s e  of  80 p e r c e n t  was h e l d  t o  30 p e r c e n t .  

D i f f e r e n t  i n v e s t i g a t o r s  would, w i t h o u t  doubt  , o b t a i n  d i f f e r e n t  n u m e r i c a l  
r e s u l t s  from s i m i l a r  a n a l y s e s ,  b u t  t h e  r e s u l t s  would s t i l l  l e a d  t o  t h e  conclu-  
s i o n  t h a t  t h e  e x i s t i n g  c u l v e r t s  a r e  p r o v i d i n g  s i g n i f i c a n t  peak  r e d u c t i o n .  

3 .  The Briar Creek Watershed ( a t  Sharon Road). S i m i l a r  s t u d i e s  were con- 
d u c t e d  on t h e  less w e l l  v a l i d a t e d  18.5 square-mi le  wa te r shed .  Accept ing  t h a t  
t h e  t r e n d s  migh t  be  i n s t r u c t i v e  i n  s p i t e  o f  t h e  e r r o r  o f  v a l i d a t i o n ,  t h e  t en -  
y e a r  s t o r m  was l i k e w i s e  pas sed  through t h e  w a t e r s h e d  under  t h e  same t h r e e  con- 
d i t i o n s  of development. The r e s u l t s ,  shown i n  Fig .  1 3 ,  a r e  more d r a s t i c .  The 
l a r g e  r a i l r o a d  f i l l  and s e v e r a l  roadway c r o s s i n g s  immedia te ly  above t h e  gaging  
s i t e  a p p a r e n t l y  p r o v i d e  t h e  dominant c o n t r o l .  Under t en -yea r  s t o r m  c o n d i t i o n s ,  
t h e  c o n j e c t u r a l  r u r a l  peak i s  abou t  3600 c f s ,  t h e  p o t e n t i a l  urban  peak i s  
4300 c f s  and t h e  e f f e c t  o f  t h e  c u l v e r t s  and b r i d g e s  i s  t o  h o l d  t h e  peak t o  a 
p r o t r a c t e d  2700 c f s .  Were t h e  model t o  be b e l i e v e d ,  t h e  p r e s e n t  peak i s  lower  
t h a n  t h e  r u r a l  peak.  

Can peak d i s c h a r g e s  d e c l i n e  w i t h  u r b a n i z a t i o n ?  There i s  some s t a t i s t i c a l  
ev idence  i n  t h e  a f f i r m a t i v e  t o  be d i s c u s s e d  i n  S e c t i o n  V .  

4 .  2. A p p a r e n t l y ,  under c o n v e n t i o n a l  
u r b a n  development c o n d i t i o n s  i n  C h a r l o t t e ,  s to rmwate r  d e t e n t i o n  h a s  been  b u i l t  
i n  u n i n t e n t i o n a l l y ,  and i t  i s  s i g n i f i c a n t  i n  r e d u c i n g  peak d i s c h a r g e s  i n  s t o r m s  
o f  r e t u r n  p e r i o d s  of  f i v e  t o  t e n  y e a r s .  It i s  r e a d i l y  o b s e r v a b l e  i n  t h e  w a t e r -  
s h e d  t h a t  t h e  c h a n n e l s  have d e t e r i o r a t e d ,  and c o n t i n u e  t o  d e t e r i o r a t e ,  i n  s p i t e  
o f  t h e  s t o r a g e  h a v i n g  been i n  e f f e c t .  From t h e  l o n g  f l a t t e n e d  shape  o f  t h e  
hydrograph of t h e  l a r g e r  wa te r shed ,  o b s e r v a b l e  b o t h  i n  t h e  model led  s to rm h e r e  
and  i n  t h e  r e c o r d e d  hydrographs  g i v e n  e a r l i e r ,  i t  may be  s e e n  t h a t  a  l a r g e  
q u a n t i t y  o f  s t o r a g e  would be  n e c e s s a r y  t o  g e t  f u r t h e r  s i g n i f i c a n t  r e d u c t i o n s  i n  
peak d i s c h a r g e .  

The s t u d y  a l s o  raises q u e s t i o n s  abou t  t h e  e n l a r g e m e n t  of c u l v e r t s  and 
b r i d g e s  d u r i n g  t h o r o u g h f a r e  improvements. F r e q u e n t l y ,  a s  street improvements 
are made, t h e  o l d  "unders ized"  c u l v e r t s  and b r i d g e s  a r e  made b i g g e r  t o  accom- 
modate l a r g e r  e s t i m a t e d  d i s c h a r g e s  t o  r e f l e c t  l ower  a c c e p t e d  des ign  r i s k s  o r  
t o  a l l e v i a t e  ponding c o n d i t i o n s  upstream. These en la rgemen t s  a r e  l i k e l y  t o  
remove s i g n i f i c a n t  s t o r a g e  from t h e  sys t em and t o  cause  h i g h e r  s t a g e s  down- 
stream f o r  t h e  same d e s i g n  s torm.  I n  a  f l o o d ,  r e l a t i v e  t o  a g iven  p o i n t  on t h e  
stream, t h e  water can  b e  h e l d  t e m p o r a r i l y  ups t r eam o r  i t  can b e  r e l e a s e d  down- 

. s t r eam.  Whether one o r  t h e  o t h e r  i s  o b j e c t i o n a b l e  depends mainly  on l o c a l  c i r -  
cumstances.  But  t h e  street c u l v e r t  i s  a main a c t o r  i n  u rban  wa te r shed  manage- 
ment. Cons ide rab le  t hough t  s h o u l d  be  g i v e n  t o  i t s  e f f e c t  e l s ewhere  i n  t h e  
wa te r shed .  
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FIG. 13 10-YEAR STORM SIMULATION 
BRIAR CREEK AT SHARON ROAD 

(18.5 Sq. Mi.) 



EFFECT OF STORAGE ON DISCHARGE AT DOWNSTREAM LOCATIONS 

To determine t h e  e f f e c t  of stormwater s t o r a g e  on d i scharge  a t  l o c a t i o n s  
some d i s t a n c e  downstream of t h e  s t o r a g e  l o c a t i o n ,  t h e  model was used t o  execu te  
s t u d i e s  i n  t h e  360-acre Sudbury watershed and t h e  18.5 square-mile watershed of 
B r i a r  Creek a t  Sharon Road. 

1. Hypothe t i ca l  New Development i n  t h e  Sudbury Watershed. TWO shopping 
c e n t e r s  were assumed t o  have been cons t ruc ted  i n  the  upper reaches  of t h e  Sud- 
bury Watershed, one a t  30 a c r e s ,  the  o t h e r  a t  16.5 a c r e s .  Using t h e  p r e s e n t  
c o n d i t i o n s  of t h e  watershed a s  a  base ,  t h e  two shopping c e n t e r s  were inc luded  
by a d j u s t i n g  t h e  a p p r o p r i a t e  model elements t o  r e f l e c t  decreased over land  flow 
roughness,  complete imperviousness and paved-channel d e l i v e r y  of runoff  t o  t h e  
d i scharge  p o i n t .  S to rm-~a te r  d e t e n t i o n  f a c i l i t i e s  were designed f o r  each shop- 
ping c e n t e r  t o  c o n t r o l  the  runoff  i n  t h e  ten-year s torm t o  an outf low equiva- 
l e n t  t o  t h a t  from t h e  same s i t e  w i t h  a  r a t i o n a l  runoff c o e f f i c i e n t  o f  0.3.  The 
model was t h e n  run  t o  i n c l u d e  t h e  shopping c e n t e r s  wi thout  d e t e n t i o n  f a c i l i t i e s  
and a g a i n  t o  inc lude  shopping c e n t e r s  w i t h  de ten t ion  f a c i l i t i e s .  

The r a i n f a l l  used i n  t h e  model was t h e  "ten-year" d e c l i n i n g - i n t e n s i t y  s to rm 
d i scussed  above. Pass ing  t h i s  storm through one of t h e  shopping c e n t e r s  y i e l d s  
t h e  r e s u l t s  g iven i n  Fig .  1 4 .  The e f f e c t ,  then,  of s t o r a g e  on f lows j u s t  down- 
s t ream of t h e  s i t e  i s  pronounced, a s  expected.  

The r e s u l t s  of t h e  f u l l  watershed model runs  a r e  given i n  Fig.  15.  A t  t h e  
360-acre watershed o u t l e t ,  about 4000 f e e t  downstream from the  shopping c e n t e r s ,  
l i t t l e  d i f f e r e n c e  i s  d e t e c t e d  by the  model between any o f  t h e  t h r e e  s i t u a t i o n s :  
p r e s e n t  c o n d i t i o n s ,  shopping c e n t e r s  i n  w i t h  no c o n t r o l ,  and shopping c e n t e r s  
i n  w i t h  adequate d e t e n t i o n .  Table 1 shows t h e  s p e c i f i c  peak-discharge v a l u e s  
ob ta ined  from t h e  model. 

Table 1 

PEAK-DISCHARGE CQMPARISONS OF SHOPPING CENTER STUDY 

Watershed P r e s e n t  Shopping c e n t e r s  Shopping c e n t e r s  
Location a r e a  c o n d i t i o n s  wi thout  de ten t ion  w i t h  d e t e n t i o n  

2. Hydrograph Response a t  Sharon Road t o  Storage a t  Sudbury. The l a r g e r  
watershed.  B r i a r  Creek a t  Sharon Road (18.5 sa mi) ,  and i t s  subwatershed,  Tribu- 

Shopping 
Center  A 

Shopping 
Center B 

Watershed 
O u t l e t  

t a r y  of B r i a r  Creek a t  Sudbury Road (360 a c  o r  0.56 sq  mi ) ,  were used t o  s t u d y  
the  e f f e c t  of a  s i n g l e  s t o r a g e  f a c i l i t y  on peak discharge w e l l  below t h e  p o i n t  
o f  s t o r a g e .  

30 a c  

16.5 a c  

360 a c  

91 c f s  - 

52 c f s  

665 c f s  

128 c f s  

72 c f s  

688 c f s  

82 c f s  

5 1  c f s  

642 c f s  
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FIG. 14 EFFECT OF DETENTION ON DISCHARGE IMMEDIATELY BE!-OW 
HYPOTHETICAL SHOPPING CENTER 
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FIG. 15 EFFECT OF UPSTREAM SHOPPING-CENTER DETENTION ON 
DISCHARGE AT WATERSHED OUTLET 



A d e t e n t i o n  f a c i l i z y  was Lncluaaa a= Sucbury 3oac  r e a u c e  t ne  g e a ~  ~ 1 s -  
cha rge  a t  Sudbury Road from 6 8 4  c f s  zo 230 c f s  m e n  zne :en-year a e c l i n l n g -  
,. + s n s i t y  s t o r m  was pas sed  rhrough t h e  system. 31s IS r cugn lv  .qu- ,va ien~ r: 
designZng f o r  a n  e f f e c t i v e  r e d u c t i o n  o f  t h e  X a r l o n a l  r u n o f f  
0 .6  t o  0 .2 .  

The s t o r m  was p a s s e d  through t h e  Sudbury wa te r shed ,  w i t h  and w i t h o u t  t h e  
d e t e n t i o n  f a c i l i t y ,  t o  o b t a i n  two hydrographs .  I n  t h e  model network o f  t h e  
18 .5  square-mi le  wa te r shed ,  t h e  Sudbury subcatchment  e lement  was removed and 
r e p l a c e d  by each  o f  t h e  hydrographs ,  u s i n g  a  f e a t u r e  of  MITCAT x h i c h  p r o v i d e s  
f o r  hydrograph i n p u t  t o  be  made compa t ib l e  i n  time w i t h  t h e  s y n t h e s i s  o f  o t h e r  
d i s c h a r g e s  w i t h i n  t h e  wa te r shed .  The r e s u l t s  o f  t h e  two r u n s  a r e  shown i n  
F i g .  16 .  

I n  Tab le  2 ,  computed d i s c h a r g e  v a l u e s  a r e  shown f o r  v a r i o u s  c r o s s i n g s  o f  
t h e  mainstem a l o n g  B r i a r  Creek  from Sudbury Road t o  Sharon Road. Examining t h e  
o u t f l o w  v a l u e s  a t  e a c h  c r o s s i n g ,  w i t h  and w i t h o u t  d e t e n t i o n  a t  Sudbury,  shows 
t h a t  t h e r e  i s  a  reduced e f f e c t  of  Sudbury s t o r a g e  a s  one p roceeds  downstream. 

3 .  Storage-Locat ion  S t r a t e g i e s .  The model was used  t o  s t u d y  s t o r a g e - l o c a t i o n  
+ s t r a t e g i e s  i n  t h e  Sudbury wa te r shed .  As t h e  s t u d y  p r o g r e s s e d ,  i t  became a p p a r e n t  

t h a t  i t  was t o o  s i t e - s p e c i f i c  t o  g e n e r a l i z e  t h e  q u a n t i t a t i v e  r e s u l t s .  For pur-  
poses  o f  t h e  s t u d y ,  t h e  Sudbury wa te r shed  was taken  up t o  30 p e r c e n t  impervious-  
n e s s  t o  r e p r e s e n t  a t y p i c a l  o f f i c e - i n s t i t u t i o n a l  development i n  t h e  360-acre 
wa te r shed .  It was presumed t h a t  o u t f l o w  from t h e  wa te r shed ,  and pe rhaps  w i t h i n  
t h e  wa te r shed ,  was t o  be h e l d  t o  t h e  e q u i v a l e n t  o f  t h a t  from a  wooded a r e a .  
Systems of  r e s e r v o i r s  were d e v i s e d  f o r  t he  t en -yea r  s to rm by desk-top p r e l i m i -  
n a r y  d e s i g n ,  then  modeled f o r  v e r i f i c a t i o n ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  
s t r a t e g i e s :  

a ,  Locate  d e t e n t i o n  f a c i l i t i e s  wherever f e a s i b l e  t o  l i m i t  t h e  o u t f l o w  
from e a c h  c o n t r o l  p o i n t  t o  t h a t  e x p e c t e d  i f  t h e  a r e a  were wooded. 

b .  Loca te  d e t e n t i o n  f a c i l i t i e s  a t  a l e s s e r  number of  s e l e c t e d  p o i n t s  i n  
t h e  w a t e r s h e d  deemed m o s t  s u i t a b l e  by v i r t u e  of  t h e i r  p o t e n t i a l  f o r  
s t o r a g e ,  des igned  unde r  t h e  same s p e c i f i c a t i o n s  a s  ( a ) ,  above .  

c .  Loca te  one  d e t e n t i o n  f a c i l i t y  a t  t h e  wa te r shed  o u t l e t  t o  p r o t e c t  t h e  
downstream a r e a ,  des igned  under  t h e  same c o n d i t i o n s .  

D e t e n t i o n  r e q u i r e m e n t s  f o r  the d e s i g n  c r i t e r i a  t o  b e  s a t i s f i e d  by e a c h  of 
t h e  s t r a t e g i e s  i s  g i v e n  i n  Tab le  3.  Hydrograph r e s u l t s  a r e  shown i n  F i g .  1 7 .  

I n  t h e  d e s i g n  p r o c e s s .  i t  was n o t  p o s s i b l e  t o  u t i l i z e  e x i s t i n g  s t o r a g e  l o c a -  
t i o n s  b e h i n d  c u l v e r t s  t o  meet t h e  o b j e c t i v e .  Cons ide rab ly  more s t o r a g e  was 
r e q u i r e d  than  was a v a i l a b l e ,  The s t o r a g e  p r o v i d e d  would have t o  be  made a v a i l -  
a b l e  by  e x c a v a t i o n .  The r e s e r v o i r s  used  i n  t h e  s t u d y  were v e r t i c a l - s i d e d  
d e p r e s s i o n s  w i t h  e s s e n t i a l l y  f l a t  bot toms;  hence ,  t h e  a r e a  and dep th  r e q u i r e -  
ments would seem t o  be n e a r  minimum. These d e p t h s  a r e  p robab ly  n o t  a c c e p t a b l e  
i n  developed a r e a s  s u c h  a s  t h o s e  assumed i n  t h e  s t u d y .  

A s i m p l i f i e d  desk- top  s t u d y  was e x e c u t e d  t o  compare t h r e e  g e n e r a l  s t o r a g e -  
l o c a t i o n  s t r a t e g i e s  under  more t i g h t l y  c o n t r o l l e d  c i r c u m s t a n c e s ,  S to rage -  
l o c a t i o n  s t r a t e g i e s  can be  grouped i n  t h r e e  main c a t e g o r i e s ,  i l l u s t r a t e d  a s  
f o l l o w s  where i t  i s  d e s i r e d  to  e f f e c t  a  40 p e r c e n t  r e d u c t i o n  i n  peak o u t f l o w  
a t  t h e  wa te r shed  o u t l e t :  

3  2 



A BRIAR CREEK AT SHARON- 
NO DETENTION FACILITY 

O BRIAR CREEK AT SHARON- 
DETENTION AT SUDBURY 

FIG. 16 HYDROGRAPH RESPONSE OF BRlAR CREEK AT SHARON ROAD TO 
DETENTION AT SUDBURY 



T a b l e  2 

EFFECT OF DETENTION AT SUDBURY ROAD ON PEAK DISCHARGE AT POINTS DOWNSTREAM 

Country Club D r .  I 2168 2012 2014 19  11 1 1 0 1  ( 5 .O 
I 

C r o s s i n g  

C e n t r a l  Ave. 2536 2513 2316 2297 1 216 8.6 

Tab le  3 

With d e t e n t l o n  a t  Sudbury 

Commonwealth Ave. 

R a i l r o a d  

P rov idence  Rd . 
Sharon Rd. 

DETENTION REQUIREMENTS I N  STORAGE LOCATION STUDY OF SUDBURY WATERSl1ED 

I n f l o w  peak 
( c f s )  

Outf low peak 
( c f s )  

Without  d e t e n t i o n  a t  Sudbury 

2640 

3185 

2781 

27 73 

I n f l o w  peak 
( c f s )  

Change i n  OutElow 

S t r a t e g y  

a .  D i s t r i b u t e d  
s t o r a g e  

b.  S e l e c t e d  
sites 

c .  S i n g l e  s i t e  

Outf low peak 
( c f s )  

N e t  
( c f s )  

25 80 

2635 

2771 

2754 

R e l a t i v e  

-- (%) 

No. of R e s e r v o i r s  

9 

5 

1 

2439 

315 3 - 
2733 

2 730 

2401 

2542 

2723 

271.1 

Avg s t o r a g e  
Depth ( f t )  -- 

6 . 8  - -.. 

8.2  -- 

11.1 
.- 

T o t a l  s t o r a g e  
Volume ( a c / f t )  

3 3 

35 

46 
-- 

T o t a l  a r e a  
~ e q ' d  ( a c )  

4 . 8 

4 .3  

4.2 

179 

9 3 

4 8 

4 3 

6.9 -- 
3.5 

1 . 7  -- 

1.6  





a .  Locate  a  s i n g i e  r e s e r v o i r  2 ;  :?.e ncz;zz s e s l g c e c  f:: -3 2 e r c e r :  

r e d u c t i o n  i n  peak d i s c h a r g e .  

b .  Locate  s e v e r a l  r e s e r v o i r s  t h r o u g n o u ~  =he xace r snec .  2s:' ;ss::rs; 
t o  reduce  t h e  l o c a l  peak by 40 p e r c e n t .  

c .  Locate  r e s e r v o i r s  such  t h a t  t h e i r  a g g r e g a t e  c o n t r i b u t o r y  d ra inaga  
a r e a  compr ises  40 p e r c e n t  o f  t h e  t o t a l  wa te r shed ,  and des ign  2ach 
f o r  v i r t u a l l y  comple te  ca tchment  of  t h e  f loodwa te r  volume. 

A h y p o t h e t i c a l  wa te r shed  o f  320 a c r e s ,  s u b d i v i d e d  i n t o  two watersheds  o f  
130 a c r e s  (40 p e r c e n t  of t o t a l )  and 190 a c r e s ,  was s e l e c t e d  a s  shown i n  F ig .  18 .  
R e s e r v o i r  S i t e  A  i s  a t  t h e  o u t l e t  o f  t h e  130-acre wa te r shed ,  S i t e  B of  t h e  
190-acre wa te r shed  and S i t e  C j u s t  below t h e  conf luence  s o  a s  t o  be f e d  b y  t h e  
t o t a l  wa te r shed  of 320 a c r e s .  

Hydrographs were f o r m u l a t e d  f o r  e a c h  o f  t h e  t h r e e  s i t e s  i n  t h e  same manner 
a s  t h o s e  f o r  t h e  channel - impulse  a n a l y s i s  o f  S e c t i o n  V I  of  t h i s  r e p o r t .  Based 
on a  6-hour, ten-year  s t o r m  t o t a l i n g  3.75 i n c h e s  of r a i n  and an  SCS curve  num- 
b e r  of  75, hydrographs  were f i t t e d  t o  t h e  s t e p - f u n c t i o n  such  t h a t  t h e  hydro- 
g raphs  a t  A and B sum approx ima te ly  t o  t h e  hydrograph a t  C ,  o r d i n a t e  by o r d i -  
n a t e .  The same s t a g e - s t o r a g e  e x p r e s s i o n  w a s  u sed  f o r  a l l  t h r e e  s t o r a g e  s i tes :  

A t  l o c a t i o n s  A,  B ,  and C ,  r e s e r v o i r s  were c o n t r i v e d  t o  e f f e c t  40 p e r c e n t  
r e d u c t i o n  i n  peak  ou t f low.  A t  l o c a t i o n  A  a n o t h e r  r e s e r v o i r  was s i z e d  f o r  9 9  
p e r c e n t  r e d u c t i o n  i n  peak  ou t f low.  The e l e m e n t s  of t h e s e  d e s i g n s  a r e  shown 
i n  Tab le  4. 

Tab le  4  

SUMMARY OF RESERVOIR DESIGNS FOR STORAGE 
LOCATION STUDY I N  HYPOTHETICAL WATERSHED 

Item 

T a r g e t  P e r c e n t  Reduct ion  

In f low Hydrograph 
Peak Discharge  ( c f s )  
Peak Time (min) 

Al lowable  Outf low ( c f s )  

P i p e  S e l e c t i o n *  

Rout ing  R e s u l t s  
Peak Outflow ( c f s )  
Peak S t a g e  ( f t )  
S t o r a g e  Volumes ( a c  f t )  
S t o r a g e  Area ( a c )  3.14 ( 

*The p i p e s  were c o n s i d e r e d  a s  c u l v e r t s  unde r  i n l e t  c o n t r o l .  

99 

95 
14 8 

1 

1 @ 3.5" 

1 . I 3  
10.73 
25.65 

7 . 7 7  
r d  s i z e s  

were used  t o  o b t a i n  c l o s e  agreement  between t a r g e t  o u t f l o w  and rou ted  ou t f low.  

36 



NOT TO SCALE 

FIG. 18 HYPOTHETICAL 320-ACRE WATERSHED FOR STORAGE- 
LOCATION ANALYSIS 



The e f f e c t  of r e s e r v o i r s  a t  A and 3 w a s  o o c a m e c  3:: sumrang z3e cur:-:-., 
hyd rographs ,  o r d i n a t e  by o r d i n a t e .  The e f f e c t  o f  -omplece caccnmen; z r  , IS . - -  ;: d e d u c t  t h a t  hydrograph from t h e  f low ac C ,  vn icn  1ezves r2e :nr-::; 1: 3 2s  
t h e  o n l y  f low a t  C ,  e f f e c t i v e l y .  

The r e s u l t s  a r e  summarized i n  Tab le  5 .  

Table  5 

RESULTS OF STORAGE LOCATION STUDY I N  HYPOTHETICAL WATERSHED 

Uncon t ro l l ed  peak a t  C ( c f s )  

C o n t r o l l e d  peak a t  C ( c f s )  

P e r c e n t  Reduction 

Volume Deta ined  ( a c  f t )  
a t  A 
a t  B 
a t  C 
TOTAL 

Area Inundated  ( ac )  
a t  A 
a t  B 
a t  C 
TOTAL 

I s e r v o i r  L o c a t i o n  
A o n l v  

I n  t h i s  r e s t r i c t e d  s t u d y ,  t h e  t h r e e  s t r a t e g i e s  produce e s s e n t i a l l y  t h e  same 
I 
I e f f e c t  a t  p o i n t  C ,  a b o u t  4 1  p e r c e n t  r e d u c t i o n  i n  peak d i s c h a r g e .  The s i n g l e -  

r e s e r v o i r  s t r a t e g y  r e q u i r e s  l e a s t  volume ( b u t  n o t  much l e s s  t h a n  t h e  two- 
r e s e r v o i r  schemes) and i n u n d a t e s  s i g n i f i c a n t l y  less a r e a  than  e i t h e r  o f  t h e  
o t h e r  schemes. The comple te  c a p t u r e  scheme a p p e a r s  t o  r e q u i r e  s i g n i f i c a n t l y  I more s t o r a g e .  

I 

The r e s u l t s  a r e ,  o f  c o u r s e ,  dependent  upon t h e  s p e c i f i c  s t a g e - s t o r a g e  r e l a -  
t i o n s h i p s  f o r  t h e  s i t e s .  But  t h e  volume-requirement compar isons  ough t  t o  b e  
g e n e r a l i z a b l e  t o  t h e  e x t e n t  o f  s a y i n g  t h a t  t h e  complete c a p t u r e  approach w i l l  
r e q u i r e  t h e  most s t o r a g e  t o  a c h i e v e  a  g i v e n  level of  peak r e d u c t i o n  and t h a t  
t h e  o t h e r  two schemes w i l l  r e q u i r e  abou t  t h e  same volume when t h e  l o c a t i o n s  a r e  
n e a r  t h e  o u t l e t .  I t  i s  a l s o  g e n e r a l i z a b l e  t h a t  one  r e s e r v o i r  w i l l  r e q u i r e  less 
s u r f a c e  a r e a  than  two of  t h e  same t o t a l  volume g i v e n  g e n e r a l l y  obse rved  s t a g e  
s t o r a g e  f u n c t i o n s .  R e s e r v o i r s  a r e  e s s e n t i a l l y  of  t h e  shape  o f  i n v e r t e d  pyra-  
mids;  a  f o o t  of dep th  up h i g h  w i l l  c o n t a i n  much more w a t e r  t h a n  a  f o o t  down 
low. 

Othe r  s t u d i e s  have d e a l t  w i t h  t h e  e f f e c t  on wa te r shed  o u t f l o w  of d i s t r i b u t -  
i n g  s t o r a g e  throughout  t h e  wa te r shed  a t  s m a l l  s c a l e .  One (McKuen, 1 9 7 4 )  shows 
t h a t  d e t e n t i o n  p l a c e d  on t r i b u t a r i e s  n e a r  t h e  wa te r shed  o u t l e t  can i n c r e a s e  



peak ou t f low by de lay ing  water  which would have been d i scharged  e a r l y  i n  t h e  
hydrograph s o  a s  t o  c o i n c i d e  w i t h  t h e  peak discharge .  Another (Lumb, e t  a l . ,  
1974) c i t e s  the  f a c t  t h a t  whi le  s t o r a g e  reduces  peak flow a t  a  p o i n t ,  i t  does 
n o t  reduce volume. Cumulative downstream e f f e c t s  make d i s t r i b u t i o n  of s t o r a g e  
throughout the  watershed l e s s  e f f e c t i v e  i n  downstream reaches .  

Thus, i t  can be observed t h a t  the  response  of a  watershed t o  randomly 
l o c a t e d  s t o r a g e  f a c i l i t i e s ,  a s  genera ted  by a  t y p i c a l  stormwater d e t e n t i o n  
ordinance,  i s  unpred ic tab le .  The l o c a t i o n  of  s t o r a g e  f a c i l i t i e s  i s  impor tan t ;  
the  i n t e r a c t i o n  of s t o r a g e  f a c i l i t i e s  one w i t h  ano the r  can be such t h a t  t h e y  
a r e  mutual ly  s u p p o r t i v e ,  damaging o r  t h a t  they c o u n t e r a c t  each o t h e r  s o  a s  t o  
have no d i s c e r n i b l e  e f f e c t .  

C.  SENSITIVITY OF DISCHARGE AND RUNOFF VOLUME TO WATERSHED IMPERVIOUSNESS 

The s o i l s  of t h e  C h a r l o t t e  s tudy  watersheds  a r e  of t h e  C e c i l  s o i l  t y p e ,  It 
i s  of i n t e r e s t  r e g i o n a l l y  t o  s tudy  u r b a n i z a t i o n  e f f e c t s  on o t h e r  s o i l  t y p e s .  
The C e c i l  s o i l s  a r e  t i g h t  s o i l s  w i t h  sha l low t o p s o i l s  and r e l a t i v e l y  low 
c a p a c i t y  f o r  upper-zone s t o r a g e  of i n f i l t r a t e d  water .  The r a t e  of i n f i l t r a t i o n  
from the  upper zone t o  deeper zones i s  a l s o  q u i t e  low. By c o n t r a s t ,  a  Norfolk  
s o i l ,  t y p i c a l  of t h e  sandy s o i l s  o f  e a s t e r n  North Caro l ina ,  i s  c h a r a c t e r i z e d  
a s  having a  r e l a t i v e l y  h igh  c a p a c i t y  f o r  s t o r a g e  of wa te r  i n  t h e  upper zone and a  
h igh r a t e  of i n f i l t r a t i o n  t o  deeper  zones. 

The model was used t o  examine the  d i f f e r e n c e s  i n  response  expected from 
Norfolk-type s o i l s  a s  compared t o  Ceci l - type s o i l s .  The Sudbury watershed was 
used a s  c a l i b r a t e d  f o r  p r e s e n t  c o n d i t i o n s  i n  the  watershed.  The s torm w a s  t h e  
ten-year d e c l i n i n g - i n t e n s i t y  r a i n f a l l .  P e r c e n t  imperviousness was v a r i e d  from 
2  t o  98 p e r c e n t  i n  s e p a r a t e  model runs.  The peak d i scharge  and runoff  volume 
f o r  each l e v e l  of imperviousness were t h e  parameters  o f  i n t e r e s t  . 

For t h e  Norfolk-soi l  s e n s i t i v i t y ,  t h e  same runs  were execu ted ,  excep t  t h a t  
the  i n f i l t r a t i o n  parameters  were s e t  t o  r e p r e s e n t  t h e  sandy s o i l .  

The i n f i l t r a t i o n  parameters  used f o r  t h e  two s o i l  types  a r e  shown i n  
Table 6. A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  Holtan i n f i l t r a t i o n  method i s  
found i n  S e c t i o n  I11 of  t h i s  r e p o r t  and i n  t h e  r e f e r e n c e s .  

Table  6 

HOLTAN INFILTUTION PARAMETERS FOR IMPERVIOUSNESS STUDY 

1 A v a i l a b l e  S to rage  ) Ult imate  I n f i l t r a t i o n  Rate 
S o i l  Type 1 

- 
Fp ( i n )  f c  ( i n / h r )  

I I 

The r e s u l t s  of t h e  s e n s i t i v i t y  a n a l y s i s  a r e  shown i n  Figs .  19 and 20. 

C e c i l  0.76 

Norfolk 

0 

0.2 



BRIAR CREEK AT SUDBURY ROAD 

10-YEAR DESIGN STORM 
PRESENT STORAGE CONDITIONS 
AREA: 0 . 5 6  Sq. Mi. 

8004 
CECIL SOIL t 

PERCENT IMPERVIOUSNESS 

FIG. 19 SENSITIVITY OF PEAK DISCHARGE TO WATERSHED IMPERVIOUSNESS 



BRIAR CREEK AT SUDBURY ROAD 

10-YEAR DESIGN STORM 
PRESENT STORAGE CONDITIONS 
AREA: 0 . 5 6  Sq. Mi. 

p/ LT NORFOLK SO1 L 

- 
LINEAR REGRESSION 

PERCENT IMPERVIOUSNESS 

FIG. 20 SENSITIVITY OF RUNOFF VOLUME TO WATERSHED IMPERVIOUSNESS 



The curves  tend t o  converge t o  a  maximum vaiue  a t  i O O  pe rcen t  impervious- 
n e s s  f o r  bo th  peak d i scharge  and runoff  volume. Since :he s o i l  having t h e  - - 
.."her i n f i l t r a t i o n  capac i ty  g e n e r a t e s  l e s s  runoz: ana ?eaics a= z Lower d i s -  
charge,  the  e f f e c t  of  i n c r e a s i n g  the  e x t e n t  of impervlous cover 2s g r e a c e r  ~2 

the  more porous s o i l .  

One may conclude t h a t  t h e  e f f e c t  of  u rban iza t ion  on runoff  behavior  i s  
more s e v e r e  i n  r e g i o n s  where t h e  s o i l s  have h igher  i n f i l t r a t i o n  c a p a c i t i e s .  



SECTION V 

STATISTICAL STUDIES OF URBANIZATION AND WATERSHED RESPONSE 

Ear ly  i n  the  p r o j e c t  work, t h e  e x t e n s i v e  s e t  of streamflow d a t a  f o r  Char- 
l o t t e  was s t u d i e d  wi th  t h e  i n t e n t  of d e f i n i n g  the  a c t u a l  upward t rend  of peak 
d i scharge  wi th  time i n  an u rban iz ing  watershed.  Data e x i s t s  back t o  1924 f o r  
the  41.0 square-mile watershed of L i t t l e  Sugar Creek a t  Tyvola Road. I n i t i a l l y ,  
the  d a t a  s e t  was d i v i d e d  i n  h a l f ,  and t h e  means were computed f o r  t h e  two 
halves .  The mean f o r  t h e  e a r l i e r  h a l f  was found t o  be l a r g e r  than  t h a t  o f  t h e  
more r e c e n t  h a l f  of t h e  s t reamflow record ,  i n  s p i t e  of t h e  f a c t  t h a t  urbaniza- 
t i o n  was t ak ing  p l a c e  throughout the  record.  Described h e r e  a r e  some of t h e  
s t u d i e s  t h a t  l e a d  one t o  conclude t h a t  f l o o d  d i scharges  do n o t  n e c e s s a r i l y  
i n c r e a s e  wi th  u r b a n i z a t i o n .  

TESTS OF HYPOTHESIS 

Having found t h a t  t h e  mean annual  f l o o d  based on t h e  r e c e n t  h a l f  of t h e  
d a t a  was l e s s  than t h a t  of t h e  e a r l i e r  h a l f ,  t h e  da ta  were d iv ided  i n t o  t h r e e  
s u b s e t s ,  based on i n t e r v i e w s  w i t h  l o c a l  municipal  o f f i c i a l s :  

1. Set  A (1924-1939) - The watershed was s u b s t a n t i a l l y  r u r a l ,  a l though 
the  nor thwestern  s e c t o r  was urban throughout t h e  record.  There was 
a t  l e a s t  one c h a n n e l i z a t i o n  p r o j e c t  undertaken i n  1936. 

2 .  S e t  B (1940-1960, 1946 miss ing)  - During the  i n t e r m e d i a t e  p e r i o d ,  
t h e r e  a r e  remembered i n s t a n c e s  of s m a l l  watershed f lood ing  w i t h i n  
the  s tudy  watershed.  By today ' s  s t a n d a r d s ,  c u l v e r t s  and b r i d g e s  were 
s y s t e m a t i c a l l y  unders ized.  

3 .  Set  C (1961-1975) - During t h e  l a s t  s e t ,  t h e r e  have been concer ted 
e f f o r t s  t o  improve channel  and s t r u c t u r e  performance by channel iza-  
t i o n  and s t r u c t u r e  enlargement throughout the  watershed t o  m i t i g a t e  
l o c a l  f looding.  

To these  s e t s ,  s t a t i s  t i c a l  hypo thes i s - t es  t i n g  procedures  were app l ied  a s  
fol lows : 

1. Ho: pA < " - Can t h e  hypothes i s  be r e j e c t e d  t h a t  S e t  A has  a s m a l l e r  
mean than S e t  B? 

2 .  H : pB > pC - Can t h e  hypothes i s  be r e j e c t e d  t h a t  t h e  middle p a r t  o f  
0 

t h e  record  h a s  a g r e a t e r  mean than t h e  l a s t  p a r t 2  

The d a t a  a r e  given i n  Table 7. 

For a n a l y s i s ,  t h e  d a t a  were t ransformed by t ak ing  t h e  n a t u r a l  logar i thm.  
The transformed s e t s  were more n e a r l y  normal ly  d i s t r i b u t e d .  The t e s t  used i s  
t h e  t - t e s t  a s  desc r ibed  i n  O s t l e ,  1963, p. 123, p. 119, and p. 122. 

The t e s t  f o r  e q u a l i t y  o f  v a r i a n c e s  i n d i c a t e d  t h a t  t h e  v a r i a n c e s  were w i t h i n  
reasonable  limits. The hypothes i s  t e s t ,  i n  t h i s  c a s e ,  is  a one- ta i l ed  t-test 
i n  which t h e  va lue  of t i s  computed a s  



Table : 
AXNUAL >fAXIi.ILX FLOODS 

LITTLE SUGAR CREEK, NEAR C W B O T Z .  . I. 
DRAINAGE AREA: 41.0 SQ, !.11. 

Year  Flow ( c f s )  Year  Flow ( c f s )  

T a b l e  8 - 
S W Y  OF STATISTICAL PARAMETERS FOR ANNUAL WImf E O O D  DATA 

LITTLE SUGAR CREEK, NEAR CHARLOTTE 

A r i t h m e t i c  mean ( c f s )  
A r i t h m e t i c  S t d .  d e v i a t i o n  ( c f s )  
Mean of n a t u r a l  l o g a r i t h m s  
S t d .  dev. o f  n a t u r a l  l o g a r i t h m s  
Skew c o e f f .  o f  n a t u r a l  l o g a r i t h m s  
Geometr ic  mean ( c f s )  
10-yr.  f l o o d  (In-Pearson-111) 

E n t i r e  
r e c o r d  

406 9 
1605 

8.23603 
0.39975 
-0.41 

3 775 
6 1  70 

S u b s e t s  

84 70 
5 1  

100-yr. f l o o d  ( l n - P e a r s o n - I I I )  
Sample s i z e  

C 
1961-1975 

4518 
1720  

8.35442 
0.35829 
0.26 

4249 

A I B 

1 6  20 1 5  I 

1924-1939 

4339 
1 8 3 8  

8.27744 
0.49111 

-1.15 
39 34 

8150 

1940-1960 

351 7 
1 1 8 1  

8.11411 
0.32767 
0.093 

3341 

7340 1 10460 
6 740 5100 1 6780 



where 

and 

i n  which = mean of sample (mean of t h e  logar i thms  i n  t h i s  case )  

S  = sample s t a n d a r d  d e v i a t i o n  

n  = number o f  obse rva t ions  i n  sample 

t = t e s t  s t a t i s t i c  

Numerical t e s t  r e s u l t s  a r e  given i n  Table 9. 

Table  9 

RESULTS OF HYPOTHESIS TESTS OF ANNUAL FLOOD DATA FOR 
LITTLE SUGAR CREEK AT TWOLA ROAD, CHAFZOTTE, N. C. 

The t e s t  r e s u l t s  show t h a t  t h e  hypothes i s  may be  r e j e c t e d ;  o r  t h a t ,  i n  f a c t ,  
the  p r o b a b i l i t y  is small t h a t  t h e s e  r e l a t i o n s h i p s  between t h e  means of Samples A 
and B and those  of Samples B and C could  have occurred randomly. It appears  
t h a t  f lood d i scharges  were h i g h e r  i n  t h e  e a r l i e r  and l a t e r  p a r t s  of t h e  record  
than they were i n  the  middle p a r t  of t h e  record.  

I t e m  

Degrees o f  freedom 

t observed 

P r o b a b i l i t y  o f  g r e a t e r  t 

Ho: PA < PB 

34 

1.194 

0.12 

Ho: PB > PC 

33 

2.063 

0.023 



MOVING-AVERAGE ANALYSIS 

The moving-average p rocedure  p r o v i d e s  a means zo f o i l o w  a o r e  n e a r l y  con- 
t i n u o u s l y  t h e  t r e n d s  i d e n t i f i e d  by h y p o t h e s i s  t e s t i n g .  The p roceaure  :s  20: 

h e l d  i n  h igh  r e g a r d  by many because  of  i t s  obvious  l i m i t a t i o n s .  Here, i t  :s 
used  t o  s t u d y  t h e  t r e n d s  i n  t h e  d a t a  set  r a t h e r  t han  t o  p l a c e  any s o r t  3f 
n u m e r i c a l l y  measured c o n f i d e n c e  i n  t h e  r e s u l t s .  

1. Annual Peaks.  A moving a v e r a g e  o f  f i f t e e n - y e a r  s u b s e t s  of annua l  peaks 
was p a s s e d  through t h e  r e c o r d  from 1924 th rough  1975. Again,  t h e  f lows  were 
t r ans fo rmed  u s i n g  t h e  n a t u r a l  l o g a r i t h m  s o  t h a t  t h e  moving ave rage  is  a  f a i r  
estimate o f  t h e  t r e n d  o f  t h e  two-year f l o o d  a s  computed from f i f t e e n - y e a r  
samples .  The t r e n d  is  shown i n  Fig .  21. 

The e s s e n t i a l s  o f  t h e  h y p o t h e s i s  tests a r e  r e f l e c t e d  i n  t h e  moving ave r -  
age .  Flood d i s c h a r g e s  were h i g h e r  i n  t h e  e a r l y  and l a t e  p a r t s  o f  t h e  r e c o r d  
and lower  du r ing  t h e  p e r i o d  1950 th rough  1960. 

2. Floods Above t h e  Base. Among t h e  c r i t i c i s m s  of  moving-average pro- 
c e d u r e s  is t h e  o b s e r v a t i o n  t h a t  an  e x t r a o r d i n a r i l y  l a r g e  e v e n t  o r  a  s m a l l  one 
w i l l  a f f e c t  s i g n i f i c a n t l y  t h e  magni tude  o f  t h e  moving a v e r a g e  i n  any s u b s e t  i n  
which t h e  extreme v a l u e  i s  i n c l u d e d .  I n  o r d e r  t o  gua rd  a g a i n s t  t h e  f a l s e  
i n t e r p r e t a t i o n  o f  a t r e n d ,  a s  a  r e s u l t  o f  ex t r eme  e v e n t s  b e i n g  i n c l u d e d  i n  t h e  
d a t a  s e t ,  a  new sample was drawn. For e a c h  y e a r  i n  t h e  r e c o r d ,  t h e  f l o o d s  
above a n  a r b i t r a r y  b a s e  (2100 c f s )  were o b t a i n e d .  The annua l  peak ,  which was 
a  p a r t  o f  t h e  p r e v i o u s  d a t a  set,  was d i s c a r d e d  u n l e s s  i t  was t h e  o n l y  peak 
a v a i l a b l e .  The remaining  v a l u e s  were a v e r a g e d  f o r  each  o b s e r v a t i o n ,  
and t h e  moving ave rage  was computed. 

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  a l s o  shown i n  F ig .  21. It i s  notewor thy  
t o  obse rve  t h a t  t h e  t r e n d s  a r e  p r e s e r v e d  when d i f f e r e n t  s o u r c e  d a t a  a r e  used.  

3 .  R a i n f a l l .  There  is  some c o n c e r n  t h a t  t h e  t r e n d s  o b s e r v a b l e  i n  t h e  
f l o o d s  may b e  caused  by c o r r e s p o n d i n g  t r e n d s  i n  r a i n f a l l .  Analyses  o f  r a i n -  
f a l l  t r e n d s  were conducted  f o r  s e v e r a l  r a i n f a l l  r e c o r d s  i n  t h e  r e g i o n .  

F lood ing  e v e n t s  i n  t h e  s t u d y  w a t e r s h e d  a p p e a r  t o  r e s u l t  from r a i n f a l l  
e v e n t s  o f  f o u r  t o  e i g h t  h o u r s '  d u r a t i o n .  Moving-average a n a l y s e s  were con- 
d u c t e d  f o r  r a i n f a l l s  o f  f o u r ,  s i x ,  and e i g h t  h o u r s '  d u r a t i o n .  I n  e a c h  a n a l y s i s ,  
r a i n f a l l  r e c o r d s  were scanned t o  f i n d  f o r  e a c h  y e a r  t h e  maximum v a l u e  o f  r a i n -  
f a l l  of  t h e  d u r a t i o n  b e i n g  ana lyzed  a t  t h e  l o c a t i o n  i n  q u e s t i o n  t o  form t h e  
d a t a  se t .  The moving-average a n a l y s i s  was t h e n  conducted  i n d e p e n d e n t l y  f o r  
t h e  t h r e e  d u r a t i o n s  a t  e a c h  o f  s e v e r a l  l o c a t i o n s .  The t r e n d s  which emerged 
were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from l e v e l ,  b u t  t h e y  were c o n s i s t e n t l y  
r e v e r s e d  from t h o s e  found f o r  t h e  d i s c h a r g e s  i n  L i t t l e  Sugar  Creek.  (See 
Fig .  22.) 

It was concluded t h a t  the t r e n d s  i n  f l o o d  peaks  do n o t  r e s u l t  from t r e n d s  
i n  r a i n f a l l .  

4. Conclus ions  of  t h e  S t a t i s t i c a l  S t u d i e s .  Based on s t a t i s t i c a l  a n a l y s i s  
of  r a i n f a l l  and s t r eamf low r e c o r d s ,  i t  i s  a p p a r e n t  t h a t  d u r i n g  t h e  e a r l y  
p e r i o d  f o r  which r e c o r d s  a r e  a v a i l a b l e ,  f l o o d  d i s c h a r g e s  w e r e T d i m i n i s h i n g  w i t h  
t i m e ,  i n  s p i t e  o f  u r b a n i z a t i o n  o f  t h e  wa te r shed .  During t h e  p e r i o d  s i n c e  
abou t  1960,  f l o o d  d i s c h a r g e s  have  i n c r e a s e d  markedly .  



\FLOODS ABOVE BASE 

CALENDAR YEAR 

FIG. 21 MOVl NG AVERAGE (LOG-TRANSFORMED) RECORD 
OF L I T T L E  SUGAR CREEK, CHARLOTTE 

(41.0 Sq. Mi.) 
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FIG. 22 15-YEAR MOVING AVERAGE OF RAINFALL AT 
TWO STATIONS IN CHARLOTTE, N.C. 



The resources  a v a i l a b l e  i n  t h i s  p r o j e c t  have not  been adequate f o r  d e t a i l e d  
a n a l y s i s  of t h e  c a u s a t i v e  f a c t o r s  behind t h e  t r ends .  The w r i t e r  proposes t o  
conduct f u r t h e r  s t u d i e s  under s e p a r a t e  sponsorship  t o  t r y  t o  determine t h e  
reasons  f o r  t h e  t r ends .  Based on t h e  model s t u d i e s  d i scussed  elsewhere i n  t h i s  
r e p o r t ,  t h e  roadway c u l v e r t s  and b r idges  appear  t o  be a  major f a c t o r  i n  t h e  
response of t h e  watershed t o  changes i n  i ts  urban composition. 





SECTION V I  

STUDIES OF URBANIZATION, STORMWATER DETENTION AND TRACTIVE FORCE 

Stormwater d e t e n t i o n  is widely adopted f o r  t h e  purpose of reducing stream- 
bank degradat ion i n  u rban iz ing  a r e a s  by p reven t ing  t h e  i n c r e a s e  of peak flows 
f o r  storms of g iven r e t u r n  pe r iods .  S t u d i e s  descr ibed elsewhere i n  t h i s  r e p o r t  
i n d i c a t e  t h a t  e f f e c t i v e  temporary s t o m w a t e r  s t o r a g e  may accompany conven t iona l  
u r b a n i z a t i o n  of watersheds and t h a t  d e t e r i o r a t i o n  of s t reams p e r s i s t s  i n  s p i t e  
of s t o r a g e .  

The purpose of t h e  s t u d i e s  of t h i s  s e c t i o n  is t o  examine the  time d i s t r i -  
b u t i o n  of the  f o r c e  which tends  t o  erode t h e  streambank dur ing the  passage of 
a  hydrograph a s  t h a t  f o r c e  d i s t r i b u t i o n  i s  changed by u rban iza t ion  and 
de ten t ion .  

A. THE IMPULSE IDEA 

A s  t h e  s torm flow passes  through a  given channel,  t h e  t r a c t i v e  f o r c e  
a p p l i e d  a t  the  channel  s i d e s  v a r i e s  i n  i n t e n s i t y ,  v e r t i c a l l y  and i n  t ime, a s  
t h e  depth  o f  flow changes. To s tudy  t h e  d i f f e r e n c e s  i n  impacts o f  v a r i o u s  
shapes and s i z e s  of hydrographs,  i t  i s  necessa ry  t o  account  both  f o r  t h e  magni- 
tude of t h e  f o r c e  and t h e  time over which i t  i s  a p p l i e d .  

A s u i t a b l e  concept i s  t h e  impulse i d e a  of mechanics. Impulse, t h e  product  
of an app l ied  f o r c e  and the  time of a p p l i c a t i o n ,  may be equated t o  t h e  change 
i n  momentum of the  o b j e c t  t o  which t h e  f o r c e  i s  app l ied .  

I = F t  = AmV 

f o r  a  c o n s t a n t  f o r c e  a p p l i e d  over  a  f i n i t e  time increment.  

Given t h a t  t h e  f o r c e  v a r i e s  wi th  t ime, a s  i n  t h e  channel ,  impulse i s  

The r ightmost  term, t h e  t o t a l  change i n  momentum, may be conceived i n  t h e  chan- 
n e l  as being reduced by t h e  "breakaway" f o r c e  r e q u i r e d  t o  d i s lodge  t h e  p a r t i -  
c l e s  from t h e  s i d e  of t h e  channel ,  l e a v i n g  a  r e s i d u a l  change i n  momentum which 
sets the  p a r t i c l e s  on t h e i r  way i n  t h e  complex tu rbu lence  near  t h e  channel  
s i d e .  

A t  t h i s  s t a g e  of s t u d y ,  t h e  f a t e  o f  t h e  p a r t i c l e s  i s  n o t  of i n t e r e s t .  
Rather,  t h e  a n a l y t i c a l  r esource  provided by t h e  impulse i d e a  i s  used i n  t h e  
account ing of t h e  force-t ime aggrega t ion  a s  a  measure of t h e  r e l a t i v e  impacts 
of t h e  s e v e r a l  hydrographs on t h e  s i d e s  o f  t h e  channel.  Thus, t h e  d i f f e r e n c e s  
i n  magnitude and v e r t i c a l  d i s t r i b u t i o n  of a p p l i e d  impulse c o n s t i t u t e  a n  e s t i -  
mate of t h e  n a t u r e  of t h e  response of t h e  channel a s  changes occur i n  t h e  shape 
and s i z e  of t h e  s torm hydrograph. The impulse is viewed a s  a  crude s u r r o g a t e  
f o r  t h e  q u a n t i t y  of m a t e r i a l  eroded. 



Two a s p e c t s  of  t h e  irnpuise a r e  s t u d i e d :  

1. For e a c h  hydrograph of  i n t e r e s t ,  t h e  r o r a i  f o r c e  p e r  u n l r  -engtn  2 5  

channe l  i s  i n t e g r a t e d  o v e r  t h e  t ime base  of  t h e  h y d r o g r s ~ n  :a Jota2:- 
t h e  t o t a l  impu l se .  The l a r g e r  t h e  impu l se ,  t h e  g r e a t e r  i s  t h e  ten-  
dency t o  e r o d e .  

2. For e a c h  hydrograph o f  i n t e r e s t ,  the  impulse  i n t e n s i t y ,  d e f i n e d  h e r e  
a s  impulse  p e r  u n i t  a r e a  of  channel  s i d e ,  i s  e s t i m a t e d  a s  i t  i s  d i s -  
t r i b u t e d  v e r t i c a l l y  a l o n g  t h e  s i d e  of t h e  channel .  These r e s u l t s  
show whe the r  one hydrograph shape ,  a s  compared t o  a n o t h e r ,  i s  more 
l i k e l y  t o  c a u s e  s lumping o f  t h e  channe l  banks.  

B. TRACTIVE FORCE DISTRIBUTION 

A s  a  b a s i s  f o r  a n a l y s i s ,  t h e  work o f  Lane (Lane, 1955) was adap ted  t o  t h e  
p r e s e n t  purpose .  E x p r e s s i o n s  were o b t a i n e d  t o  r e l a t e  t r a c t i v e  f o r c e  a t  a  
s p e c i f i e d  d e p t h  t o  t h e  maximum t r a c t i v e  f o r c e  and t o  e s t i m a t e  t h e  t o t a l  a p p l i e d  
f o r c e  a t  t h e  c h a n n e l  s i d e .  

1. Maximum T r a c t i v e  Force.  From F ig .  1 of t h e  Lane r e f e r e n c e ,  a n  
e x p r e s s i o n  was d e r i v e d  by s t a t i s t i c a l  r e g r e s s i o n  a n a l y s i s  t o  y i e l d  a good f i t  
f o r  maximum t r a c t i v e  f o r c e  as a  f u n c t i o n  of r e a d i l y  o b s e r v a b l e  p a r a m e t e r s :  

T 
max 

= yys  r0.749 + 0.0145 I n  (BIY)] 

where r = Maximum t r a c t i v e  f o r c e  
max 

Y = Uni t  we igh t  o f  w a t e r  

Y = ~ e ~ t h  o f  f low 

s = Water s u r f a c e  s l o p e  

The e q u a t i o n  i s  s p e c i f i c  t o  a  channe l  s i d e  s l o p e  o f  2 t o  1. See a l s o  t h e  d e f i n i -  
t i o n  s k e t c h ,  F i g .  23. 

2. D i s t r i b u t i o n  of  T r a c t i v e  Force.  An e x p r e s s i o n  was a l s o  o b t a i n e d  t o  
relate t r a c t i v e  f o r c e  a t  a  g i v e n  v e r t i c a l  l o c a t i o n  t o  t h e  maximum t r a c t i v e  f o r c e .  

The v a l u e s  f o r  t r a c t i v e  f o r c e  a t  g i v e n  l e v e l s  f o r  v a r i o u s  width-depth  
r a t i o s ,  a s  p r e s e n t e d  by Lane, f o r  s i d e  s l o p e s  o f  2 t o  1 a r e  shown i n  Tab le  9.  
It may be  no ted  t h a t  t h e  maximum t r a c t i v e  f o r c e  o c c u r s  a t  a  l e v e l  o f  0.2 y ,  
measured from t h e  bot tom,  f o r  a  wide r ange  o f  width-depth r a t i o s  and t h a t  t h e  
t r a c t i v e  f o r c e  a t  c o n s t a n t  v e r t i c a l  l o c a t i o n  i s  i r r e g u l a r  w i t h  changing  width-  
dep th  r a t i o .  For t h i s  pu rpose ,  t h e  magnitude o f  t r a c t i v e  f o r c e  a t  a  g i v e n  
v e r t i c a l  l o c a t i o n ,  z / y ,  was c o n s i d e r e d  t o  be  independen t  o f  width-depth  r a t i o .  
Mean v a l u e s  of  t r a c t i v e  f o r c e ,  w i t h  one - s t anda rd -dev ia t ion  limits, a r e  shown 
i n  t h e  r i g h t m o s t  column o f  t h e  t a b l e .  

An e x p r e s s i o n  was o b t a i n e d  s o  a s  t o  f o l l o w  c l o s e l y  t h e  v e r t i c a l  d i s t r i b u -  
t i o n  o f  mean t r a c t i v e  f o r c e :  






















































