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DETERMINING PEAK-DISCHARGE FREQUENCIES 
IN AN URBANIZING WATERSHED - A CASE STUDY 

S t e v e n  F .  Daly 
H y d r a u l i c  E n g i n e e r ,  Corps o f  E n g i n e e r s  

D e t r o i t ,  Michigan 48231 

John P e t e r s  
H y d r a u l i c  E n g i n e e r ,  Corps o f  E n g i n e e r s  

The H y d r o l o g i c  E n g i n e e r i n g  C e n t e r  
D a v i s .  C a l i f o r n i a  95616 

A b s t r a c t .  A c a s e  s t u d y  i s  p r e s e n t e d  of  a  h y d r o l o g i c  i n v e s t i g a t i o n  --- 
of t h e  Red Run Drain-Lower C l i n t o n  River  w a t e r s h e d ,  a n  a r e a  near  
D e t r o i t ,  Michigan ,  t h a t  h a s  undergone u r b a n i z a t i o n  s i n c e  t h e  
1 9 4 0 ' s .  The purpose  o f  t h e  s t u d y  was t o  d e t e r m i n e  ~ e a k - d i s c h a r g e  
f r e q u e n c i e s  a t  gaged and ungaged l o c a t i o n s  f o r  e x i s t i n g  and 
f u t u r e  c o n d i t i o n s .  P o p u l a t i o n  d e n s i t y  was used  a s  an i n d i c a t o r  of  
u r b a n i z a t i o n  i n  r e l a t i o n s h i p s  d e f i n i n g  u n i t  hydrograph  p a r a m e t e r s  
and h y d r o l o g i c a l l y  s i g n i f i c a n t  imperv ious  a r e a .  I n p u t  p a r a m e t e r s  
f o r  a  s i n g l e  e v e n t  r a i n f a l l - r u n o f f  s i n l u l a t i o n  model (HEC-1) were  
deve loped  t o  r e f l e c t  w a t e r s h e d  c o n d i t i o n s  i n  t h e  y e a r s  1940,  
1950 ,  1960 and 1975.  The i n p u t  p a r a m e t e r s  were v e r i f i e d  by 
r e c o n s t r u c t i n g  o b s e r v e d  f l o o d  e v e n t s  t h a t  occurxed  a t  t h e s e  
p o i n t s  i n  t i m e .  S e t s  o f  s y n t h e t i c  w i n t e r  and summer s t o r m  
h y e t o g r a p h s  were i n p u t  t o  HEC-1 t o  d e v e l o p  a  s e r i e s  o f  c u r v e s  f o r  
two g a g i n g  s t a t i o n s  t h a t  r e l a t e  peak d i s c h a r g e  t o  magni tude  o f  
s y n t h e t i c  s t o r m  f o r  e a c h  w a t e r s h e d  c o n d i t i o n .  The c u r v e s  were 
used  t o  t r a n s f o r m  t h e  s e r i e s  o f  r e c o r d e d  a n n u a l  peak d i s c h a r g e s  a t  
each  gage t o  a  s t a t i o n a r y  s e r i e s  t h a t  r e f l e c t s  1975 w a t e r s h e d  
c o n d i t i o n s .  D i s c h a r g e  f r e q u e n c y  e s t i m a t e s  were t h e n  deve loped  
f o r  ungaged l o c a t i o n s  u s i n g  w i n t e r  and summer s y n t h e t i c  s t o r m s  
t h a t  were a s s i g n e d  exceedance  f r e q u e n c i e s  c o n s i s t e n t  w i t h  a c t u a l  
exceedance  f r e q u e n c i e s  a t  t h e  gaged l o c a t i o n s .  P r o j e c t i o n s  o f  
f u t u r e  p o p u l a t i o n  d e n s i t y  were t h e  b a s i s  f o r  d e v e l o p i n g  HEC-1 
i n p u t  p a r a m e t e r s  r e p r e s e n t i n g  y e a r  2000 and 2025 w a t e r s h e d  con-  
d i t i o n s .  E s t i m a t e s  o f  peak  d i s c h a r g e - f r e q u e n c i e s  f o r  t h e  f u t u r e  
c o n d i t i o n s  were made a t  t h e  gaged and ungaged l o c a t i o n s  u s i n g  t h e  
methods d e s c r i b e d  above 

I n t r o d u c t i o n  --- 
I k t e r m i n i n g  t h e  impact  o f  u r b a n i z a t i o n  on f l o o d  

f l o w  f r e q u e n c y  i s  an a r e a  o f  s u b s t a n t i a l  i n t e r e s t  f o r  
f l o o d  c o n t r o l  p l a n n i n g  and d e s i g n  and f o r  s t u d i e s  
r e q u i r e d  by t h e  n a t i o n a l  f l o o d  i n s u r a n c e  program 
I h i s  paper r e p o r t s  methodology used i n  a  Corps o f  
E n g i n e e r s  s t u d y  ( 7 )  t o  e v a l u a t e  c h a n n e l  m o d i f i c a t i o n  
p r o p o s a l s  f o r  t h e  Red Run D r a i n ,  which i s  l o c a t e d  
immedia te ly  n o r t h  o f  D e t r o i t  i n  t h e  C l i n t o n  River  
b a s i n  The s t u d y  was conducted  t o  d e t e r m i n e  peak- 
d i s c h a r g e  f r e q u e n c y  c u r v e s  a t  two gaged and numerous 
ungaged l o c a t i o n s  f o r  e x i s t i n g  (1975) l a n d  u s e  con- 
d i t i o n s  a s  w e l l  a s  f o r  c o n d i t i o n s  i n  t h e  y e a r s  2000 
and 2025 Methodology i s  r e p o r t e d  h e r e i n  f o r  con- 
ver  t i n g  a  n o n s t a t i o n a r y  t ime  s e r i e s  o f  a n n u a l  peak  

d i s c h a r g e s  t o  a  s t a t i o n a r y  t ime  s e r i e s  r e p r e s e n t i n g  a  
s p e c i f i c  s e t  o f  l a n d  u s e  c o n d i t i o n s ,  and p r o c e d u r e s  
a r e  d e s c r i b e d  f o r  d e v e l o p i n g  p e a k - d i s c h a r g e  f r e q u e n c y  
c u r v e s  a t  ungaged s i t e s .  

P r e v i o u s  S t u d i e s  

A number o f  s t u d i e s  r e l a t i n g  t o  t h e  h y d r o l o g y  o f  
S o u t h e a s t e r n  Michigan have been r e p o r t e d  ( 1 ,  2 ,  3, 4 ,  
5 ,  6 ) .  I n  p a r t i c u l a r ,  B r a t e r  and S h e r r i l l  ( 2 )  pro-  
v i d e d  t h e  r e s u l t s  o f  an e x t e n s i v e  p r o j e c t  i n i t i a t e d  
i n  1964 t o  d e v e l o p  a  p r o c e d u r e  f o r  e s t i m a t i n g  
f r e q u e n c y  o f  s t o r m  r u n o f f  f o r  s m a l l  b a s i n s  i n  v a r i o u s  
s t a g e s  o f  u r b a n i z a t i o n .  R e s u l t s  of  t h a t  p r o j e c t  were 
used  i n  a  number o f  i n s t a n c e s  i n  t h e  s t u d y  d e s c r i b e d  
i n  t h i s  p a p e r .  

*Paper presented at the International Symposium on Urban Storm Runoff, 
University of Kentucky, Lexington, Kentucky, July 23-26 1979. 



Watershed C h a r a c t e r i s t i c s  

The C l in ton  River Watershed covers  an a r e a  of 
760 squa re  mi les  i n  the  s o u t h e a s t e r n  p o r t i o n  of the  
lower p e n i n ~ u l a  of Michigan (F igu re  1)  The C l i n t o n  
River Watershed inc ludes  both  r u r a l  and urban a r e a s ,  
and roughly resembles a  maple l e a f ,  w i th  t he  stem o r  
base t h e  o u t l e t  t o  Lake S t .  C l a i r .  The Main Branch of 
the  C l i n t o n  River o r i g i n a t e s  i n  t he  h i l l y  coun t ry  o f  
Oakland County, where a  g r e a t  number of l a k e s ,  rang-  
ing  i n  s i z e  from a  few a c r e s  t o  s e v e r a l  square  m i l e s ,  
remain as a  legacy of the  l a s t  pe r iod  of g l a c i a t i o n .  
I t  i s  from these  l akes  t h a t  the  r i v e r  o b t a i n s  much of 
i t s  base  flow. The Main Branch flows i n  a  gene ra l  
s o u t h e a s t e r l y  d i r e c t i o n  for  69 m i l e s ,  through s e v e r a l  
sma l l e r  urban a reas  ( P o n t i a c ,  Roches ter ,  U t i c a ) ,  
where i t  i s  joined by t he  North and Middle Branches ,  
i h i r h  d r a i n  r e l a t i v e l y  r u r a l  a r e a s  of 201 and 77 
square  m i l e s ,  r e s p e c t i v e l y  The conf luence  of the 
t h r e e  t r i b u t a r i e s ,  known l o c a l l y  a s  the  "Forks Area ,"  
produces the C l in ton  River p rope r ,  which meanders 
t h r o ~ ~ g h  a  l e v e l  p l a i n  i n  a  g e n e r a l l y  e a s t e r l y  d i .  

r e c t i o n  f o r  11 m i l e s ,  through t h e  C i t y  o f  M t .  
Clemens, t o  i t s  o u t l e t  i n  Lake S t .  C l a i r  . 

Four. mi l e s  upstream of the Forks Area the  Main 
Branch i s  joi.ned by the  Red Run Drain .  The Red Run, 
which d r a i n s  an a rea  of approximate ly  1b0 squa re  
m i l e s ,  o r i g i n a t e s  i n  the  h e a v i l y  urbanized n o r t h e r n  
suburbs  of  D e t r o i t ,  and flows i n  a  n o r t h e a s t e r l y  
d i r e c t i o n  through t h e  r a p i d l y  u rban iz ing  s e c t i o n s  of 
wes t e rn  Macomb County. (F igu re  2) 

Three d i s t i n c t  types  of topography a r e  e v i d e n t  
i n  the  C l i n t o n  River  Watershed: The h i l l y ,  l ake  
covered r eg ion  t h a t  comprises the  head wa te r s  of t h e  
Main Branch; t he  r o l l i n g ,  wel l -dra ined coun t ry  t h a t  
comprises t he  watershed of the  Middle and North 
Branches;  and t h e  f l a t ,  poo r ly  d ra ined  a r e a s  t h a t  
extend i n  a  broad p l a i n  a long Lake S t .  C l a i r  and 
comprise t he  watershed of the  Red Run. I t  i s  i n  t h i s  
a r e a  of poor ly  d ra ined  g l a c i a l  t i l l  t h a t  t he  m a j o r i t y  
o f  development i n  the  watershed has taken p l a c e .  The 
Red Run Drain and i t  t r i b u t a r i e s  have been ex-- 

Figure  1. C l in ton  River  Watershed 



t e n s i v e l y  modif ied  t o  provide  adequate  c a p a c i t y  for  a v a i l a b l e  f o r  t h e  pe r iod  1960-1975 from t h e  South- 
s torm d ra inage  from the urban a r e a s .  However, t he  e a s t e r n  Michigacl Raingage Network, o f  which about  25 
r a t e  of  u r b a n i z a t i o n  has exceeded the  r a t e  of s t a t i o n s  l i e  i n  and around t h e  C l i n t o n  River Water- 
d ra inage  improvement i n  r e c e n t  years  and wlde-spread shed. Streamflow reco rds  a v a i l a b l e  fo r  t h e  30 U.S. 
ove r l and  and basement f l ood ing  has  r e s u l t e d .  Geo log ica l  Survey gaging s t a t i o n s  on t h e  C l ~ n t o n  

River and t r i b u t a r i e s  extend t o  a  maxirnum pe r iod  o f  
Sumr.i~i >f  Ava i l ab l e  Data 41 y e a r s  f o r  t h e  Yain Branch C l i n t o n  River gage a t  

Noravian Dr ive  i n  M t .  Clemens. 
Meteorologic  and s treamf low reco rds  for  t h e  

C l i n t o n  Rivec Basin a r e  r e l a t i v e l y  comprehensive and 
provide  e x c e l l e n t  coverage of t h e  more r e c e n t  f l oods .  Parameter Development and HEC-1 C a l l b r a t l o n  
P r e c i p i t a t i o n  r eco rds  f o ~  ~ i l e  C ~ t y  of M t .  Clemens, 
cons ide red  t y p i c a l  o f  t he  b a s i n ,  a r e  a v a i l s b l e  from Basin  rnodellng c o n s l s t s  of d e s c r i b i n g  t h e  topo- 
about 1897 t o  tllp p i  % o r .  Yoully r a i n f a l l  d a t a  a r e  l o g l c  s t r u c t u r e  of a  bas ln  (drainage b a s ~ n  bound- 
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Table  1. L i s t i n g  of U.S .G.S .  Gages 

STATION -- 

Main Branch 

04161000 Clinton R. @ Auburn Hts 
04161100 Galloway Cr nr. Auburn Hts . 
04161540 Paint Cr at Rochester 
04168000 Stoney Cr nr . Washington 

Red Run Watershed 

04162900 Big Beaver nr.. Warren 
04163400 Plum Brook at Utica 

Clinton River -- 
04164000 Clinton River nr. Eraser 
04164500 N. Br Clinton River nr. Mt . Clemens 28 
04165500 Clinton River at Ht. Clemens 

i n p u t  t o  t h e  model i s  a  t ime h i s t o r y  of p r e c i p i t a t i o n  
f o r  each subbas in  f o r  t h e  d u r a t i o n  of t h e  s to rm even t  
under s tudy .  The b a s i c  ou tpu t  i s  computed f l o o d  
hydrographs t h a t  r e p r e s e n t  a  t ime h i s t o r y  of t h e  
hydro log ic  response  o f  t h e  b a s i n s  and s t r eam channe l s  
under s tudy .  

Computer Program HEC-1 ( 8 )  u s e s  a  lumped-para- 
meter approach f o r  de termining runof f  from each sub- 
a r e a  under c o n s i d e r a t i o n ,  i . e . ,  t h e  parameters  and/or 
computa t ions  f o r  a  p a r t i c u l a r  subbas in  a r e  assumed t o  
app ly  f o r  i t s  e n t i r e  a r e a .  Because o f  t h e  many p o i n t s  
of i n t e r e s t  throughout  t h e  Red Run b a s i n  and t h e  
Lower C l i n t o n  R ive r ,  t h e  s tudy  a r e a  was d iv ided  i n t o  
a  t o t a l  o f  22 subbas ins  r ang ing  i n  s i z e  from roughly  5 
t o  200 squa re  mi l e s  a s  shown i n  t h e  schemat ic  diagram 
i n  F i g u r e  3 .  

Unit Hydrograph Parameters  - To develop t h e  r e q u i r e d  
u n i t  hvdrographs f o r  p a s t ,  e x i s t i n g  and f u t u r e  land 
u s e  c o n d i t i o n s  f o r  t h e  numerous subbas ins  of t he  

a r  i e s ,  s t r eam channe l s ,  and t h e  l o g i c a l  r e l a t i o n s h i p s  C l i n t o n  River Watershed, r e g i o n a l  r e l a t i o n s h i p s  were 
between t h e  d ra inage  a r e a s  and s t r eam channe l s )  and determined fo r  u n i t  hvdrograph parameters  In  ad- 
d e f i n i n g  t h e  parameters  t h a t  d e s c r i b e  t h e  p r e c i p i t a -  d i t i o n ,  u n i t  hydrograph parameters  f o r  f i v e  r u r a l  
t i on - runof f  response  of t h e  subbas ins  and t h e  subbas ins  were determined by o p t i m i z a t i o n  t echn iques  
channels  t h a t  comprise t h e  bas in .  The b a s i c  d r i v i n g  from recorded d a t a  

HENRY GRAMM z u 
> 

+ + + cx - c 
3 - 

z z 2 
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z z 2 
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RED RUN U I S  PLUM BROOK 
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Figure  3 .  HEC-1 Schematic Diagram 
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Table 2 Drainage Basin C h a r a c t e r i s t i c s  and Uni t  Hydrograph Parameters  

Popu la t ion  
USGS Densi ty  

Drainage Gage Area Pe r sons /  Qp( l )  TR (2) 
Basin No. S a . .  M i .  So. Hi.. CFS H r  s  
-- -- - -- 

Big Beaver Creek near 
IJarren,  M I  4-1629.0 23.5 774 799 13 .0  

Plum Brook near 
U t i c a ,  1II 4-1633.0 22.9 731 779 15.9 

'ouge River  
Birmingham, PI1 4-1660.0 36.9 1212 1107 12 .5  

Rouge River  
S o u t h f i e l d ,  M I  4-1661. 0 88 .0  1390 2288 15. .0  

Rouge River  
D e t r o i t ,  M I  4-1665.0 185.0 2710 3700 27..0 

C l in ton  River  
Xt.  Clemens, MI 4-1655.0 734 .0  1000 98 36 38 . O  

XcBride Drain  near  
>facomb, M I  4-1644.5 5.8 11 4 223 9 . 3  

Tupper Brook 
Ray Cen te r ,  M I  4-1642 ..5 8 .6  6 0 318 5 .. 0 

Evans Di t ch  
S o u t h f i e l d ,  "I1 4-1662 .. 0 9 . 5  2376 603 12 .0  

Eas t  Branch Coon C r .  
Armada, M I  4-1643.0 13 .0  56 520 10 .0  

Gloede Di t ch  near 
Waldenburg, M I  4-1652.0 1 6 . 0  560 432 1 4 . 1  

Upper Rouge River  
Farmington, M I  4-1663.0 17 .5  1129 700 10 .0  

Red Run n e a r  
Royal Oak, M I  3 6 . 5  7500 5110 4 .. 0 

(1) Qp = u n i t  hydrograph peak d i scha rge .  

( 2 )  TR = pe r iod  of r i s e  of u n i t  hydrograph.. 

C r l t e r i a  fo r  r e l a t i n g  u n i t  hydrograph parameters 
t o  watershed c h a r a c t e r i s t i c s  fo r  use  i n  s o u t h e a s t e r n  
Michigan were g iven by B r a t e r  and S h e r r i l l  ( 2 )  U ~ l t  
hydrograph parameters  fo r  13 gaged b a s i n s  i n  south-  
e a s t e r n  Michigan a r e  summarized i n  Table 2 The u n i t  
hydrograph parameters  i n  Table  2 a r e  fo r  average  u n i t  
hydrographs developed from a number of storms fo r  
each b a s i n  Extens ive  a n a l y s i s  by Bra t e r  and Sher- 
r i l l  showed t h a t  popu la t ion  d e n s i t y  and d ra inage  a r e a  
were t h e  most s i g n i f i c a n t  watershed c h a r a c t e r i s t i c s  
i n  de termining u n i t  hydr ograph parameters Data from 
Table 2 were en t e red  i n t o  HEC's m u l t i p l e  Linear  Re- 
g r e s s i o n  computer program t o  develop equa t ions  fo r  
u n i t  hydrograph peak d i s c h a r g e ,  Q , and pe r iod  of 
r i s e ,  Tr. The r e s u l t i n g  equa t ions  % r e  g iven below: 

Qp = a n t i l o g  (l.85+.69410gA+.000099Pd) ( 1 )  

T = a n t i l o g  ( 66+ 3591ogA- 000067Pd) ( 2 )  

where : 

Q =peak d i scha rge  of u n i t  hydrograph i n  CFS 
P 

T , = t i m e  of r i s e  of u n i t  hydrograph i n  hours  

A=drainage a r e a  i n  square  m i l e s  

P =popu la t ion  d e n s i t y  i n  pe r sons  per sq.  m i l e  
d 

The e r r o r  i n  u s i n g  equa t ion  1 t o  e s t i m a t e  Q f o r  
t h e  1 3  b a s i n s  ranges  from .3% t o  33%, wi th  a n  av&rage 
of 10%. The c o r r e l a t i o n  c o e f f i c i e n t  fo r  equa t ion  1 
i s  .991. The e r r o r  i n  u s ing  equa t ion  2 t o  e s t i m a t e  T 
f o r  t h e  13  b a s i n s  ranges  from 4% t o  95%, wi th  a; 
average  of 24%. The c o r r e l a t i o n  c o e f f i c i e n t  f o r  
equa t ion  2 i s  .831. 

Equat ions  1 and 2 were used t o  develop u n i t  
hydrogr aph parameters  f o r  t h e  ungaged subbas ins  i n  
t h e  Red Run bas in .  Required popu la t ion  d e n s i t i e s  fo r  
t h e  y e a r s  1940, 1950, 1960, and 1975 were ob ta ined  
from census  d a t a .  Popu la t ion  p r o j e c t i o n s  f o r  t h e  
y e a r s  2000 and 2025 were ob ta ined  from t h e  South- 
e a s t e r n  Michigan Council  of Governments. To f a c i l i -  
t a t e  u s e  of HEC-1, v a l u e s  f o r  Q and T from equations 

1 and 2 were t ransformed toPequ iv21en t  v a l u e s  of 
Snyder u n i t  hydrograph parameters ,  t and C . 
Adopted v a l u e s  f o r  t h e s e  parameters  a r g  shown Pn 
Table  3. 



Table 3. Uni t  Hydrograph Parameters  and Impervious Areas f o r  t h e  Red Run Drain 

F a s i n  .-- --- sq. A ~ i .  1"' 
Twelve Town 37.13 10.2 

j Bcnry Gramm 21.08 - - -, 

Local Inflow 
a t  Bear 
Creek 

Bear Creek 

1 Big Beaver I 

Local Inflow 
a t  S ter l ing  

I i 
Plum Brook i i  I---. 

j (1) t - Snyder "Standard" Lag i n  Hours 
P 

I (2)  C - Snyder Peak Discharge Coeff ic ient  
P I 

(3) Inp. - Hydrologically s ign i f i cant  imper.vious area expressed as 
a proportion of subbasin area 

I n f i l t r a t i o n  Ana lys i s  - Hydrographs recorded f o r  
e i g h t  subbas ins  were analyzed t o  determine  average  
s o i l  i n f i l t r a t i o n  c a p a c i t y .  I n  a d d i t i o n ,  d a t a  from 
o t h e r  subbas ins  of t h e  C l i n t o n  R ive r  and t h e  a d j a c e n t  
R ive r  Rouge were analyzed and publ ished by Bra t e r  and 
S h e r r i l l  ( 2 ) .  There i s  c o n s i d e r a b l e  s c a t t e r  around 
t h e  ave rage  seasona l  v a l u e s ,  depending p r i m a r i l y  on 
an t eceden t  r a i n f a l l  and evapo- t r ansp i r a t i on .  The 
adopted average  va lues  f o r  i n f i l t r a t i o n  were .40 
inch/hour  f o r  summer c o n d i t i o n s  and .10 inch/hour  fo r  

e-F-- eon&&io*s ~-~ ~ - -  ~ ------ 

Impervious A r e ~ .  An impor t an t  e f f e c t  of u rban iza -  
t i o n  i s  t o  c r e a t e  a d d i t i o n a l  impervious a r e a .  An 
e s t i m a t e  f o r  t he  a r e a  o f  impervious s u r f a c e s  may be 
made from a e r l a l  photographs ,  but  a l l  p r e c i p i t a t ~ o n  
on such i m p e r v ~ o n s  a r e a s  does no t  c o n t r i b u t e  t o  su r -  
f a c e  r u n o f f .  For t h i s  r ea son ,  Bra t e r  (2 )  employed 
t h e  concept  of a  "Hydrologica l ly  S i g n i f i c a n t  Imper- 
v ious  Area" (HSIA), which r e p r e s e n t s  t he  pe rcen t  of 
t he  t o t a l  a r e a  ryhich always contributes a  runoff  
equa l  t o  t h e  t o t a l  p r e c l p i t a t l o n  mlnus r e t e n t i o n ,  o r ,  
i n  o t h e r  words,  a lmost  100% r u n o f f .  Values fo r  HSIA 
can be de r ived  from t h e  a n a l y s i s  of hydrographs 
r e s u l t i n g  from l a r g e  s torms o c c u r r i n g  a f t e r  a  long 
summer d r y  s p e l l ,  when t h e  i n f i l t r a t i o n  c a p a c i t y  of 
t he  pervious  p o r t i o n  i s  ve ry  h igh  and t h e r e f o r e  t h e  
e n t i r e  s u r f a c e  runof f  i s  de r ived  from t h e  Hydro- 
l o g i c a l l y  S i g n i f i c a n t  Impervious Area. I n  south-  
e a s t e r n  Michigan, t h e  HSIA i s  approximate ly  twenty 
f i v e  pe rcen t  of t h e  g ros s  phys i ca l  impervious a r e a  a s  
de termined from a e r i a i  photographs.  B r a t e r  showed a  
c o r r e l a t i o n  between HSIA and popu la t ion  d e n s i t y ,  P  , 
f o r  twelve watersheds  i n  s o u t h e a s t e r n  Michigan ( 2 7 .  
This r e l a t i o n s h i p  i s  a s  fo l lows:  

HSIA = 1.38 P  
d  ( 3 )  

where : 

Pd = t he  popu la t ion  d e n s i t y  i n  thousands of 
persons  per square  mi l e  

RSIA i s  i n  pe rcen t  of t o t a l  a r e a  

P r e c i p i t a t i o n  - I n  order  t o  s imu la t e  t he  hydro log ic  
response  of t he  C l i n t o n  River Basin us ing  t h e  HEC-1 
program, i t  was neces sa ry  t o  review and c o l l e c t  t h e  
per t -he f l r  p iecIpi' m€i-o~-da~tZi T i ~ f K i X - t h e T F g i ~ h ~ ~ f o ~ ~  5 
number of h i s t o r i c  s torms.  P r e c i p i t a t i o n  amounts 
were i n p u t  i n t o  t h e  HEC-1 program on a  subbas in  b a s i s  
u s i n g  t h e  i h i e s s e n  polygon or i s o h y e t a l  method, de-  
pending on t h e  e x t e n t  of t h e  d a t a  a v a i l a b l e .  

Stream Flow Rout ing - Stream flow r o u t i n g  was done 
u s i n g  t h e  Modified Pu l s  methods. With t h e  Modified 
Pu l s  method, d i s c h a r g e  i s  cons idered  a  unique func- 
t i o n  of s t o r a g e .  A  number of reaches  were e s t ab -  
l i s h e d  fo r  t h e  Main Branch of t h e  C l i n t o n  R ive r  and 
t h e  Red Run Drain .  S to rage  volumes v e r e  determined 
fo r  each r each  u s i n g  the  REC-2 Vater  Su r face  P r o f i l e s  
Program. (11)  Discharge-s torage  r e l a t i o n s h i p s  were 
then developed t o  provide  t h e  r e q u i r e d  inpu t  fo r  t h e  
HEC-1 program. 

C a l i b r a t i o n  and V e r i f i c a t i o n  - S i x  s e p a r a t e  HEC-1 
d a t a  models were developed i n  t h i s  s t u d y ,  r ep re -  
s e n t i n g  d i f f e r e n t  s t a g e s  of t h e  development and ur- 
b a n i z a t i o n  of the  C l i n t o n  River  Watershed. These 
nodels r e p r e s e n t  c o n d i t i o n s  i n  the  19401s ,  1 9 5 0 1 s ,  
19601s ,  1 9 7 0 1 s ,  yea r  2000, and year  2025. The e i g h t  
l i s t o r i c  s torm e v e n t s  l i s t e d  i n  Table 4  were simu- 
l a t e d  t o  v e r i f y  t h a t  t h e  parameters  used were 
reasonable .  From gage r e c o r d s ,  f l ood  hydrographs 
dere  determined f o r  t he  C l i n t o n  River  a t  F r a s e r ,  
which inc ludes  runof f  from both  the  Upper C l i n t o n  
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River and the Red Run Drain; the North Branch at Mt. 
Clemens, which includes runoff from the North Branch; 
and the Clinton River at Mt. Clemens, which includes 
runoff from almost the entire Clinton River Basin. 
The rainfall associated with each historic event was 
input to HEC-1 and computed flood hydrographs were 
compared to the observed hydrographs. The infiltra- 
tion parameter DLTKR, which is an index of antecedent 
moisture conditions, ( 8 )  was calibrated within rea- 
sonable limits to provide the best hydrograph repro-. 
duction. Typical hydrograph reproductions are shown 
in Figures 4 ,  5, and 6 .  

Frequency Curves At Gaged Sites 

Two key stream gage sites in this study are the 
Clinton River near Fraser and the Clinton River at 
Mt, Clemens. The Fraser gage has been in operation 
since 1947 and measures runoff from a 444 square mile 
area that includes the Upper Clinton River and the 
Red Run Drain. The Mt Clemens gage has been in 
operation since 1934 and measures runoff ~IOIII i 3 4  
square miles, which is nearly the entire Clinton 
River basin.. Records from these two gages were of 
substantial importance in this study for calibrating 
the rainfall-runoff simulation model, and for assign- 
ing the exceedance frequencies to synthetic storm- 
loss rate combinations. 



Peak Discharge  Peak Discharge  

a t  F r a s e r  a t  M t .  Clemens 

Table 4. H i s t o r i c  Storm Events  Used f o r  The t ime s e r l e s  of annual peak d i scha rges  a t  
V e r i f i c a t i o n  and C a l i b r a t i o n  each s i t e  i s  n o n s t a t i o n a r y  and nonhomogeneous - non- 

s t a t i o n a r y  because of t he  time-dependent e f f e c t s  of 
urban development; nonhomoge~leous because i n  some 
y e a r s  a  winter  event  produces t he  annual maximum 
d i s c h a r g e ,  whereas i n  o t h e r  yea r s  a  summer event  
produces t h e  annual maximum. Winter runoff  e v e n t s  
a r e  c h a r a c t e r i z e d  by cyc lon ic  storms and ve ry  low 
l o s s  r a t e s ,  summer e v e n t s  by thunders torms and 
relatively l a r g e  l o s s  r a t e s .  Ihe  following pro- 
cedures  were used f o r  transforming t h e  recorded 
annual  peak discharges a t  F ra se r  and M t .  Clemens 
I n t o  consistent s e r l e s  t h a t  r e f l e c t s  e x l s t l n g  land 
use c o n d l t l o n s  and channel  c h a r a c t e r l s t l c s  ( 1 2 )  

As i n d i c a t e d  p rev ious ly ,  i npu t  d a t a  s e t s  f o r  
HEC-1 were developed and c a l i b r a t e d  t o  r e f l e c t  e x i s t -  
i ng  watershed c o n d i t i o n s  and c o n d i t i o n s  i n  1960, 
1950, and 1940 S y n t h e t i c  winter  and summer s torm 
e v e n t s  were prepared us ing  s torm p a t t e r n s  ( i  e  , t ime 
d i s t r i b u t i o n s )  developed by Bra t e r  and S h e r r i l l  ( 2 )  
They found t h a t :  

"Typical  l a r g e  r a in s to rms  i n  S o u t h e a s t e r n  
Michigan have a  n e a r l y  symmetrical  t ime 
d i s t r i b u t i o n  wi th  t he  maximum hour near t h e  
c e n t e r  of t he  r a i n  storm I n  winter  t he  
maximum hour c o n t a i n s  about 24 pe rcen t  of 
t h e  r a i n  and i n  summer the  maximum hour 
u s u a l l y  provides  about 55 pe rcen t  of t he  
t o t a l  storm r a i n f a l l  . " 

The magnitude of a  "base" s torm was f i x e d  by 
adop t ing  a  25-year r ecu r rence  i n t e r v a l ,  24-hour dur- 
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a t i o n  p l e c i p i t a t i o n  depth  from NOAA's Technica l  Paper 
No 40 ( 9 ) .  The r ecu r rence  i n t e r v a l  of 25 y e a r s  was 
a r b i t r a r y .  I t  was not  assumed i n  t h e  approach des- 
c r i b e d  h e r e i n  t h a t  t he  frequency of runoff  i s  equal  
t o  t he  f requency a s s o c i a t e d  wi th  the  s y n t h e t i c  s torm 
Ra the r ,  t h e  purpose was t o  e s t a b l i s h  a  base  storm fo r  
u se  i n  subsequent  s t e p s  i n  t he  a n a l y s i s  

S i x  s y n t h e t i c  storms for  each season ,  summer and 
w i n t e r ,  were developed by app ly ing  s c a l r n g  r a t i o s  t o  
t h e  base  storms Ra t io s  were s e l e c t e d  so  t h a t  peak 
d i s c h a r g e s  r e s u l t i n g  from the stornis would cover t h e  
range of d i scha rges  r equ i r ed  t o  de f ine  d ischarge-  
f requency curves  a t  the  Fraser  and M t  Clemens gage 
l o c a t i o n s .  Winter s y n t h e t i c  storms were developed 
us ing  s c a l i n g  r a t i o s  of 2 ,  6 ,  1  0 ,  1 4 ,  1 .8  and 2  2 
Summer s y n t h e t i c  storms were developed wi th  r a t i o s  of 
. 2 5 ,  5 ,  1 . 0 ,  1  5 ,  2  0 ,  and 2 5  

The m u l t i p l a n - m u l t i r a t i o  c a p a b i l i t y  of HEC-1 
pe rmi t t ed  c a l c u l a t i o n  of d i scha rge  hydrographs f o r  
s i x  s torms and four  s e t s  of runoff  parameters  ( f o r  
watershed cond i t i ons  i n  1975, 1960, 1950, and 1940) 
i n  one run of the  program. Hence two runs  were 
r e q u i r e d  - one f o r  summer cond i t i ons  and one fo r  
winter  c o n d i t i o n s .  R e s u l t i n g  r e l a t i o n s h i p s  f o r  c a l -  
c u l a t e d  peak d i scha rge  ve r sus  s c a l i n g  r a t i o  f o r  t h e  
F ra se r  and M t  Clemens gages a r e  shown i n  F igu res  7  
and 8 .  The r e l a t i o n s h i p s  were used t o  t ransform each 
r eco rded  annual peak d i scha rge  ( f o r  each season)  t o  
an e x i s t i n g - c o n d i t i o n  annual peak.. This  was achieved 
by e n t e r i n g  t h e  a p p r o p r i a t e  s e t  of curves  hor izon-  
t a l l y  w i t h  t h e  recorded peak d i scha rge  t o  t he  i n t e r -  
s e c t i o n  with a  curve ( o r  i n t e r p o l a t e d  curve)  f o r  t he  

year i n  which the  d i scha rge  was r eco rded ,  and then  
moving v e r t i c a l l y  t o  an i n t e r s e c t i o n  wi th  t h e  1975 
cu rve ,  from which the  t ransformed peak d i scha rge  
could  be determined The l a r g e s t  of t he  two t r a n s -  
formed peaks f o r  each year  was inco rpo ra t ed  I n  a  t i m r  
s e r i e s  of annual peaks S t a t i s t i c a l  a n a l y s e s  of t he  
r e s u l t i n g  s e r i e s  was performed us ing  t echn iques  i n  
B u l l e t i n  17 o f  t he  Water Resources Council  (10)  The 
r e s u l t i n g  f requency curves  a r e  shown i n  F igu res  9  and 
10 Also  shown a r e  frequency curves  based on ob- 
served (unt ransformed)  peak d i scha rges  Urban iza t ion  
has  had a  s u b s t a n t i a l  i n f luence  on the  f requency 
curve f o r  F r a s e r ,  whereas the  i n f luence  a t  M t  
Clemens i s  minor 

Seasonal  Frequency Curves At F r a s e r  

Subsequent developiwnt of d i scha rge  f requency 
cu rves  f o r  ungaged s i t e s  r equ i r ed  s e p a r a t e  f requency 
curves  f o r  w in t e r  and summer cond i t i ons  f o r  t h e  
C l i n t o n  River  a t  F r a s e r .  The curves  a r e  shown i n  
F igu re  11. The annual curve  i s  t h e  same a s  shown i n  
Figure  9. The win te r  curve  was obta ined g r a p h i c a l l y  
u s i n g  Weibull  p l o t t i n g  p o s i t i o n s  f o r  t h e  transforlned 
win te r  peaks.  The s e r i e s  of summer peaks was t runca -  
t e d  because f o r  a  number of y e a r s  t he  observed summer 
peaks were smal ler  than t h e  base  va lue  used by  t h e  
U.S. Geologica l  Survey a s  a  b a s i s  f o r  pub l i sh ing  
in s t an t aneous  peaks.  The sumlller f requency curve  was 
t h e r e f o r e  ob ta ined  by s u b t r a c t i o n  us ing  t h e  fo l lowing  
equa t ion :  

SUMMER WINTER 

Figure  8. Peak Discharges  v s  R a t i o s  of T o t a l  R a i n f a l l  a t  t h e  Tlt. Clemens Gage 
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e Weibull P l o t t i n g  P o s i t i o n  

F i g u r e  9 .  Frequency  Curve a t  F r a s e r  

where:  

PSUFmEK = Exceedance p r o b a b i l i t y  f o r  a  g i v e n  
d i s c h a r g e  on  t h e  summer-season f r e -  
quency c u r v e .  

PWIN,.dR= Exceedance p r o b a b i l i t y  f o r  a  g i v e n  
d i s c h a r g e  on  t h e  w i n t e r - s e a s o n  f r e -  
quency  c u r v e .  

S y n t h e t i c  w i n t e r  and summer s t o r m s  were b a s e d  on 
c r i t e r i a  from NOL4A's T e c h n i c a l  Paper No. 40  ( 9 )  and 
t h e  t ime  d i s t r i b u t i o n s  d e v e l o p e d  by B r a t e r  and 
S h e r r i l l  ( 2 ) .  A p p l i c a t i o n  of  a r e a l  a d j u s t m e n t s  from 
T e c h n i c a l  P a p e r  No. 40  t o  p o i n t  r a i n f a l l s  o f  v a r i o u s  
d u r a t i o n s  r e s u l t s  i n  s t o r m  h y e t o g r a p h s  t h a t  a r e  a  
f u n c t i o n  of  d r a i n a g e  a r e a  s i z e .  T h e r e f o r e ,  s e p a r a t e  
HEC-1 r u n s  were made u s i n g  s t o r m  h y e t o g r a p h s  a s -  
s o c i a t e d  w i t h  d r a i n a g e  a r e a s  o f  1 0  s q u a r e  m i l e s  and 
400 s q u a r e  m i l e s .  Peak d i s c h a r g e  f o r  any  p a r t i c u l a r  
(ungaged)  d r a i n a g e  a r e a  s i z e  was o b t a i n e d  by l o g -  
a r i t h m i c  i n t e r p o l a t i o n  between t h e  peak d i s c h a r g e  
a s s o c i a t e d  w i t h  t h e  s t o r m  h y e t o g r a p h s  f o r  10 s q u a r e  
m i l e s  and 400 s q u a r e  m i l e s .  

= Exceedance p r o b a b i l i t y  f o r  a  g i v e n  Winter  and summer f r e q u e n c y  c u r v e s  were deve lop-  
P ~ ' ~ u A L  d i s c h a r g e  on t h e  a n n u a l  ( a l l - r e a s a n )  e d  a t  a l l  ungaged l o c a t i o n s  of  i n t e r e s t ,  f o r  e x i s t i n g  

f r e q u e n c y  c u r v e .  l a n d  u s e  c o n d i t i o n s  and f o r  l a n d  u s e  c o n d i t i o n s  i n  
t h e  y e a r s  2000 and 2025,  u s i n g  t h e  t e c h n i q u e s  d e s -  
c r i b e d  above .  Winter  and summer f r e q u e n c y  c u r v e s  f o r  

The a v a i l a b l e  t r a n s f o r m e d  summer peaks a r e  p l o t t e d  i n  a  g i v e n  l a n d  u s e  c o n d i t i o n  were t h e n  combined t o  
~ i ~ ~ ~ ~ e  1 1  f o r  co lnpar i son  u s i n g  ' r l z ibu l l  p l o t t i n g  o b t a i n  a n  a n n u a l  c u r v e  b a s e d  on t h e  p r o b a b i l i t y  o f  

p o s i t  i o n s .  u n i o n  o f  i n d e p e n d e n t  e v e n t s .  F i g u r e  12 shows a  
t y p i c a l  s e t  o f  f r e q u e n c y  c u r v e s  f o r  a n  ungaged l o c a -  

Frequency  Curves At Ungaged S i t e s  t i o n .  

The b a s i s  f o r  d e v e l o p i n g  p e a k - d i s c h a r g e  f r e -  
quency c u r v e s  a t  ungaged s i t e s  t h r o u g h o u t  t h e  140 F i n d i n g s  
s q u a r e  m i l e  Red Run Bas in  was t o  u s e  b a l a n c e d  
s y n t h e t i c  s t o r m s  a s  i n p u t s  t o  c a l i b r a t e d  SEC-1 models  The Red Run D r a i n  and Lower C l i n t o n  R i v e r  w a t e r -  
f o r  t h e  b a s i n .  S y n t h e t i c  s t o r m - - l o s s  r a t e  combina- s h e d s  have  under gone u r b a n i z a t i o n  s i n c e  t h e  1 9 4 0 ' s .  
t i o n s  were a s s i g n e d  exceedance  Erequencies  i n  a c -  The e f f e c t  of  t h i s  u r b a n i z a t i o n  on  t h e  peak d is - .  
c o r d a n c e  w i t h  exceedance  f r e q u e n c i e s  o f  c a l c u l a t e d  c h a r g e s  r e c o r d e d  a t  t h e  i r a s c r  and M t .  Clemens g a g e s  
peak d i s c h a r g e s  o b t a i n e d  from t h e  p r e v i o u s l y  d e v e l o p -  c a n  be s e e n  i n  F i g u r e s  7 and 8. U r b a n i z a t i o n  h a s  had 
ed f r e q t l ~ n ~ : y  c u r v e s  f o r  F r a s e r .  a  s u h s t a n t i a l  i n f l u e n c e  on  t h e  f r e q u e n c y  of  d i s c h a r g e  



f o r  F r a s e r ,  a s  shown i n  F igu re  9 .  The peak d i scha rge  
a t  Fraser  i s  comprised a lmost  e n t i r e l y  of runoff  from 
t h e  Red Run Drain ,  which peaks much sooner  t han  
runof f  from t h e  main branch of t he  C l in ton  River .  The 
Red Run h a s  been s u b s t a n t i a l l y  urbanized,  and s o  t h i s  
change i n  f requency i s  no t  unexpected.  The i n f l u e n c e  
o f  u r b a n i z a t i o n  a t  M t .  Clemens i s  minor a s  shown i n  
F igu res  8 and 10. Peak d i scha rges  a t  M t .  Clemens a r e  
a  combination o f  runof f  from the  North Branch Water- 
shed,  l a r g e l y  r u r a l ,  and t h e  Red Run Drain.  Urbani-  
z a t i o n  has  decreased t h e  peaking t ime of t h e  Red Run 
Drain ,  which tends  t o  move a p a r t  t h e  time of occur-  
rence  of t h e  peak runof f  r a t e s  o f  t h e  North Branch and 
t h e  Red Run Drain.  This  phenomenon has  tended t o  
c o u n t e r a c t  t h e  i n c r e a s e  i n  peak d i scha rge  r a t e s  due 
t o  u r b a n i z a t i o n .  

Summa2 -- 
The development of peak-discharge f requency 

e s t i m a t e s  a t  ungaged l o c a t i o n s  i n  an u rban iz ing  
watershed f o r  e x i s t i n g  and f u t u r e  cond i t i ons  i s ,  i n  
our op in ion ,  one of t he  most challenging t a s k s  a  
h y d r o l o g i s t  can  f ace .  Three f a c t o r s  a ided subs t an -  
t i a l l y  i n  t h e  conduct of t h e  s tudy ;  (1) a v a i l a b i l i t y  
of r e s u l t s  of previous  e x t e n s i v e  s t u d i e s  p e r t a i n i n g  
t o  t h e  hydrology of Sou theas t e rn  Pfichigan, ( 2 )  a  
r e l a t i v e  abundance of p r e c i p i t a t i o n  d a t a  and ( 3 )  t h e  
f i n d i n g  o f  a  s t a t i s t i c a l l y  s i g n i f i c a n t  index of u r -  
b a n i z a t i o n ,  popu la t ion  d e n s i t y ,  t o  which runoff  para-  
meters  could be r e l a t e d  i n  a  convenient  f a sh ion .  

The b a s i c  approach was t o  use  a  s i n g l e  even t  
r a i n f a l l - r u n o f  f  model t o  t r ans fo rm n o n s t a t i o n a r y ,  
nonhomogeneous s e r i e s  of recorded annual  peak d i s -  
charges  t o  c o n s i s t e n t  s e r i e s  r e p r e s e n t i n g  e x i s t i n g  
and f u t u r e  c o n d i t i o n s .  The problem of nonho~nogeneity 
was handled  by us ing  s e p a r a t e  a n a l y s e s  for  t h e  summer 
and winter  seasons .  N o n s t a t l o n a r l t y  was t r e a t e d  by 
developing a  s e t  of s to rm magnitude vs .  peak d i s -  
charge  r e l a t i o n s h i p s  f o r  v a r i o u s  p o i n t s  i n  t ime and 
u s i n g  t h e s e  r e l a t i o n s h i p s  t o  t ransform n o n s t a t i o n a r y  
s e r i e s  t o  s t a t i o n a r y  ones.  I n  u t i l i z i n g  s y n t h e t i c  
s torms t o  develop peak d i s c h a r g e s  for ungaged loca -  
t i o n s ,  s torm-loss  r a t e  combinations were a s s i g n e d  
exceedance E r + q n ~ n c i e s  equa l  t o  t h e  exceedance f r e -  
quenc ie s  of c a l c u l a t e d  peak d i scha rges  a t  t h e  gage a t  
F ra se r  . 
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