








































In calculating time response r
6

, a problem was 

encountered using program FINVER. The location of the 
unit hydrograph in time is lost and the relative loca­
tion of the peak is not possible. In calculating T 

c 
(T8), several rainfall events were found which did not 

end in a clear and definite manner, but rather con­
tinued contributing very small amounts of rainfall past 
the point of inflection of the runoff hydrograph at a 
relatively constant rate. The end of rainfall in these 
cases was interpreted to be at the end of the last 
volume observed before the rainfall rate became con­
stant. 

The centroids of the excess rainfall and the run­
off were obtained by tracing the graphs with a digiti­
zer which punched the coordinates on cards . A computer 
program was then used to calculate the coordinates of 
the centroids. 

RAINFALL PARAMETERS 

The rainfall producing the runoff influences the 
hydrograph in a number of ways. The concept of the 
unit hydrograph and unit duration of rainfall excess 
tend to remove some of these variations. The rainfall 
parameter s used in this investigation are given in 
Table 7. 

Table 7 

Rainfall Parameters 
Lopez (1973) 

Definition 

Total volume of rainfall during storm 
considered average over the watershed. 

Units 

(Size of storm) inches 

ERF Volume of rainfall excess . Is con-
sidered equal to the volume of direct 
runoff. inches 

RFLOSS Volume of rainfall loss. That part of 
the total storm rainfall not appearing 
as runoff. 

TlO Duration of total storm rainfall 

PHYSICAL WATERSHED PARAMETERS 

Since the work of in 1851, 
nizcd that urbanization produces changes 
cal character of drainage basin. Some of 
in the watershed change the watershed 
characteristics, the watershed response 
wat ershed storage characteristics. 

inches 

minutes 

it was recog­
in the physi­
these changes 
infi ltration 

time, and the 

The effect of urbanization on the changes in the 
hydrologic characteristics are sometimes influenced by 
local building codes, construction procedures or by 
requirements established for Federal assistance from 
VA, FHA and HUD. Various physical variables which 
other research has shown to be important hydrologic 

have been measured. Some of these variables 
have been combined into parameters and the effect of 
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these variables or paramet ers was related to the run­
off hydrograph by means of a stepwise multiple regres· 
sion. The val ues of these rainfall parameters given in 
Table 8. 

Tabla 8 

Rainfall- Runoff Paramet<lrs for Denver Watersheds 

Catchaent 

II& Ory Cr. Trib. 
at li tt leton. CO 

Sanderson Cu lch 
T'Tlb. at 
LAkewood, CO 

Schneider Drain 
ar: Arvada, CO 

Toll C.ate Cr. Trib . 
at Au ron., CO 

Weste-rly Cr. Trib. 
at Aurora. CO 

Concourse 0 
Stor. Dra i.n at 
Stapleton AiJ'l)On. 

Tuck Oroln at 
Northglenn, CO 

Dra in at 
Nort hJ::lenn . CO 

Xtnnedy Drive Drain 
at Nonhghrm. CO 

QP/A 

No. (ln./hr . J 

1060702001 1.580 
1060702002 1.069 
1060702003 1.588 
106070ZOO• 1.596 
1060702005 .641 

1060716001 3.400 
1060716002 • . 000 
1060716003 3.307 
1060716004 2. 194 
1060716005 1.357 

1060798001 4 .310 
1060798002 3. 437 

1060742302 2. 753 
1060742305 2.949 
1060742307 2 .)60 
1060742306 2 •••• 

1060742708 1.294 

1060743002 3.240 

IOM701001 •• 272 
1060701002 l.l<l 
1060701003 l.bSl 
1060701008 S. BOO 
106070101 1 3.099 

I 060703001 5. 246 
IOM703002 4.h60 
1060703003 3.188 
1060703009 3. 586 
1060701010 3.514 
1060703015 

4 .MO 

1060704001 6 .632 
1060704002 s.•zJ 
1060704003 b.632 
106070-IOO• 

v•F ERF 1
10 

(in. J {ln.) (ln.) (•ln.) 

. 17 .OlS .135 25 

.26 .025 .235 55 

.22 .on . 148 IS 

.15 .012 .271 30 

.75 .2• 5 .50S 

.22 .025 '195 15 

.26 .012 .248 zo 

.49 .060 .•30 IS 

. 4] . 110 .JOO 25 

. 32 . 116 '204 70 

. OS .023 .027 10 

.34 .048 .292 IS 

. 71 .240 .470 70 
1.09 .Z4S .845 lO 

.65 .260 . 390 100 ... .145 . 295 l5 

.M .l30 .310 JS 

.37 .1<8 .222 30 

.14 .068 .on IS 

.38 . 252 .IZS 40 

.Z4 .176 .06• 35 

.27 .108 .11\2 25 

.30 . 224 . 25 

.58 . 040 . 540 40 

.22 .010 .210 35 

. 31 .028 .282 45 

. 16 .032 .410 JO 

. :Ia . 055 .245 JO 
-19 '108 .082 so 
. :!J . 215 20 

. JI '108 .302 70 

.23 .074 .156 40 
. 3R . 145 . 25 
,]4 .1;!8 . IL2 20 

The definitions of the physical watershed vari­
ables of the basin and the methods used in obtaining 
them are given as follows: 

a) Length of Paved Street s and Roads, LPSR--The 

length of all paved streets and roads, in miles, was 
obtained from aerial photographs and records kept by 
the city engineer's offices. 

b) Length of Curbed and Guttered Streets, LCG-­

The length of paved, curbed and guttered streets, in 
miles, was obtained as in (a) above. 

c) Length of Unpaved Streets and Roads, LUSR--The 

length of unpaved streets and roads, in mi les, whether 
curbed and guttered or not was obtained as in (a) . 

d) Length of Streets and Roads, Ls R·-The sum 

total of all lengths of streets and roads, i n miles, 
whether paved, unpaved, with and without curb and 
gutter. 

e) Length of Storm Sewer, L55--The length of 

storm sewers in miles, was obtained from "as built" 
drawings generally kept at the jurisdictional city 



engineer's offices. Design drawings and field measure­
ments were also used to obtain this variable. 

f) Average Width of Curbed and Guttered Street~, 
WCGS--This variable, in feet, was calculated with the 

following equation: 

I: 1 w m m 
-n;-

where 1 
m is the length of a reach of street of con-

st ant width Wm. The widths of the streets were measured 

from the back of th~ paved walks on each side. As­
built and design drawings, aerial photos and field 
measurements were the source of this data. 

g) Slope of Curbed and-Guttered Streets, SCGS-­

This variable in feet per foot, was calculated with 
the following equation: 

2I: 11z1 

(I: li)2 

2r 1; z1 = ------,2,.--!-!. 

l CG 

where li is the distance measured between successive 

contours along the paved curbed and guttered streets , 
and zi is the average elevation above the outlet for 

each 11 which means that the elevation of the outlet 

must be subtracted from each average elevation of li. 

Large scale contour maps were often obtained from the 
jurisdictional city engineer's offices, which made the 
necessary measurements not only easier but more 
accurate. 

h) Catchment area, A, and Perimeter, P. -- The 
values of the areas, in square miles, used in this 
work were reported by Ducret and Hodges (1972) and 
checked by Lopez (1973) using 7.5 minute USGS quad­
rangle sheets. The area and the perimeter were obtained 
using a digitizer and a computer program, but could be 
obtained with a planimeter and a paper strip quite 
easily. 

i) Density of Paved Streets and Roads, DPSR-­

This parameter, expressed in miles per square mile, 
was calculated using the equation: 

where LPSR is the length of paved streets and roads, 

and A the area of the basin. 

j) Density of Paved Curbed and Guttered Streets, 
DCG5--This parameter, expressed in miles per square 

mile, was calculated using the equation: 

where LCG is the length of paved curbed and guttered 

streets, and A is the area of the catchment. 
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k) Density of Unpaved Streets and Roads, DUSR~~ 

This parameter, expressed in miles per square mile, 
was calculated using the equation: 

where LUSR is the length of unpaved streets and 

roads, and A is the area of the catchment. 

1) Total Street and Road Density, DSR·This param­

eter, expressed in miles per square mile, was calcu­
lated using the equation: 

where D~SR and DUSR are the densities of paved and 

unpaved streets and roads respectively. 

m) Average Hydraulic Capacity of Curbed and 
Guttered Streets, QCGS·-This value, i n i nches per hour, 

was calculated using Manning's formula with the value 
n = 0.013, the slope of the curbed and guttered paved 
streets, SCGS' and the average cross sectional area 

obtained for the average width of curbed and guttered 
streets, WCGS " 

n) Average Storm Sewer Diameter, Dss··This vari­

able , expressed in inches, was calculated using the 
equation: 

where 1. is the length of a reach of storm sewer of 
J 

constant diameter dj. 

o) Average Slope of Storm Sewer, Sss·-This vari­

able, expressed in feet per foot, was calculated 
using the equation: 

where lk is the length of a reach of storm sewer of 

constant slope Sk. 

p) Average Capacity of Storm Sewer System, QSSS-­

This parameter, was calculated using Manning's for­
mula with a value of n = 0,013, the average storm sew­
er diameter DSS, and the average slope of the storm 

sewer sss· 

q) Average Hydraulic CapacityofUrban Area, CQ-­

This parameter, expressed in inches per hour, was cal­
culated with the equation: 

CQ = QCGS + Osss ' 
where QCGS and QSSS are the average capacities of 

the curbed and guttered streets and of the storm sewer 
system respectively. 



C.atchltent 
USGS 
No. 

SWID 
No. 

Sanderson Gulch 
Tributary u 
Ld.evood, CO 

06711600 1060716001 

8ig Dry Creek Trib. 06710200 
a't. Littl eton, CO 

1\ltk Ora1n u 
Northglenn, C:O 06720100 

Schneider Drain 06719800 
at '-rvada, CO 

Concourse 0 Sto.AI 06714300 
Drain at Stapleton 
Airport, Denver. CO 

Toll Cate Creek 
Trib . .at Aurora. 
c:o 

06714230 

Westerly Cnek 06714270 
Tl:'ib . at Aurora, CO 

HH !crest Drain 0~720300 
ot Northaltn.n, co 

Kenn~th OThe Drain 06720400 
•t North&lenn, CO 

USGS 

'lo. 

1060716002 
1060716003 
1060716004 
1060716005 

1060702001 
1060702002 
1060702003 
1060702004 
1060702005 
1060702006 
1060702007 

1060701001 
1060701002 
1060701003 
1060701008 
1060701009 
106070101.1 

1060798001 
1060798002 

1060743002 
1060743003 

1060742302 
1060742305 
1060742307 

1060742708 

1060703001 
1060703002 
1060703003 
1060703009 
1060703010 
1060703015 
1060703016 

1060704001 
1060704002 
I 060704003 
1060704004 

SW10 

'lo. 

S3nderson Cul ch 
Tributary .n 
l.oktwood, CO 

06711600 1060716001 
1060716002 
1060716003 
1060716004 
1060716005 

Sit Dry Crook Trlb. 06710200 
at L1UlotOft, CO 

1060702001 
1060702002 
1060702003 
1060702004 
1060702005 
1060702006 
1060702007 

Tuck Dn1n It 
Northgl~nn, CO 

SC:hneidtr Ora l n 
at Arva.da, CO 

06720100 

06719800 

Concour se 0 Stona 06714300 
DT-atn at Su.phton 
Alrport, Denver, CO 

Toll Cate Creek 06714230 
Tl'ib. at Auron, co 

Wesur1y Crttk 06714270 
Trib . at Aurol"'a, CO 

Hillcrest Drai n at 06720300 
Nort h&ltnn, CO 

Kenne-dy Orivc Drain 06720400 
at Horth.&lonn, CO 

1060701001 
1060701002 
1060701003 
1060701008 
1060701009 
1060701011 

I 060798001 
IM~798002 

1060743002 
10607•3003 

1060742302 
1060742305 
1060742307 

1060742708 

1060703001 
1060703002 
1060703003 
1060703009 
1060703010 
1060703015 
1060703016 

1060704001 
1060704002 
1060704003 
1060704004 

7.10 
7.70 
7 .82 
7.82 
7.82 

13.40 
13.40 
13. 40 
13 .40 
13.40 
13.40 
13.60 

1.17 
1.17 
1.17 
1.17 
1. 17 
1.17 

s.oo 
s.oo 

2. 7l 
2.80 
2.80 

2.86 

5.63 
5.63 
5.63 
5 . 63 
5.63 
5.63 
5.63 

I. 78 
1. 78 
I. 78 
I. 78 

Table 9 

Physical ll'at er shed Variables 

Lee 
ali. 

1.10 
7. 70 
7.82 
7.82 
7.82 

11.30 
11.30 
11.30 
11.30 
11.30 
11.30 
11.4 

1.17 
1.17 
1.17 
1.17 
1.17 
1.17 

5. 00 
s.oo 
0 
0 

2.11 
2.30 
2. 30 

2.86 

5.63 
5 . 63 
5.63 
5.63 
5.63 
5.63 
5.63 

I. 78 
I. 78 
I. 78 
l. i8 

LusR 
Ill.. 

0.120 
O.IZO 
0 
0 
0 

0.434 
0.434 
0.434 
0.434 
0.434 
0.434 
0.434 

0 
0 
0 
0 
0 
0 

1.130 
1.130 

0.130 
0.150 
0.150 

0.520 

0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.022 

0 
0 
0 
0 

7.82 
7.81 
7.82 
7.82 
7.82 

13.83 
13.83 
13 . 8$ 
13.83 
13.83 
13. 83 
U.03 

1.17 
1.17 
1.17 
1.17 
1.17 
1.17 

6. 13 
6. 13 

0 
0 

2.86 
2.95 
2. 95 

3. 38 

5.64 
5 .64 
5 .64 
5.64 
5.64 
5.64 
5.65 

1.78 
I. 78 
1. 78 
I. 78 

0.050 
o.oso 
0 . 050 
0 .050 
o.oso 
0.900 
0 . 900 
0.900 
0.900 
0 . 900 
0.900 
0.900 

0 .142 
0. 142 
0. 142 
0. 142 
0 .142 
0.142 

1.140 
1.140 

0.950 
0 •. 950 

0 . 262 
0.262 
0.262 

0 

0.192 
0.192 
0.192 
0.192 
0.192 
0.192 
0 .192 

0.729 
0. 729 
0.729 
0 . 729 

Tabl e 10 

0.440 
0.440 
0.440 
o.uo 
O.HO 

0.542 
0.542 
0.542 
o. 542 
0.542 
0.542 
0.542 

0 
0 
0 
0 
0 
0 

0.313 
0.313 
0.313 

0.208 
0. 208 
0. 208 
0. 208 
0.208 
0.208 
0.208 

0 
0 
0 
0 

48.00 
48.00 
48 .00 
48.00 
48.00 

48.36 
48.36 
48.36 
48.36 
48.36 
48 .36 
48 .36 

49 . 00 
4!l .OO 
4!1 .00 
4!1.00 
49.00 
4!1.00 

48 .00 
411.00 

4l.OO 
4J.OO 
48 .oo 
48 .00 

48.00 
48 .00 
48 .00 
48 .00 
48 .oo 
48.00 
48 .00 

48.60 
48.60 
48.60 
48.60 

Physical Watershed Variables 

oss 
in. 

12 
12 
12 
12 
12 

66 
66 
66 
66 
66 
66 
66 

30 
30 
30 
30 
30 
so 
27 
27 

49 
49 

54 
54 
54 

0 

26 
26 
26 
26 
16 
26 
26 

37 
37 
37 
37 

A 0a;s 0PSR 0USR 0SR LL 
•q .oj. • LI•q.ol. ai./•q .ol. ol./•q. o>. ol./oq.ol. ol. a!. 

0. s.o 
o.s.o 
0.50 
0.50 
0.50 

1.0 
1.0 
1.0 
l.O 
1.0 
1.0 
I.IJo 

0.07 
0.07 
0. 07 
0.07 
0.07 
0.07 

0.33 
O.H 

0.11 
0.11 

0.30 
0.30 
0. 30 

0.20 

0.28 
0.28 
0.28 
0.28 
0.28 
0.28 
0.28 

0.10 
0.10 
0.10 
0. 10 

15.40 
15.40 
15.64 
I S. 64 
IS. 64 

11.30 
11.30 
11.30 
11 . ;)0 
ll.lO 
II. 30 
11.40 

16 . 7 1 
16.71 
16. 71 
16 . 71 
16.71 
16.71 

15.15 
15.15 

7.23 
7.M. 
7.66 

14 .30 

20.11 
20. 11 
20.11 
20. 11 
20.11 
20.11 
20.11 

17.80 
17.80 
17.80 
17.80 

15.40 
IS ,40 
15 .64 
15. 64 
IS .64 

13.40 
13.40 
13.40 
13.40 
13 .• o 
13 . •o 
13.60 

16.71 
16.71 
16.71 
16.71 
16.71 
16. 71 

15.15 
15.15 

P.IO 
9.U 
9.3! 

14, l O 

20.11 
20.11 
20.11 
20.11 
20.11 
20.11 
20.11 

17.80 
17.80 
17.80 
17. 80 

0.240 
o. 240 
0 
0 
0 

0.434 
0.434 
0.!34 
0 .434 
0.434 
0.434 
0.4)4 

0.430 
0.500 
0. 500 

2.600 

o . 050 
o.oso 
0.050 
0.050 
0.050 
0.050 
o.oso 

20 

15.64 
15 .64 
15.64 
tS. ~· 
15. 54 

13.93 
13.93 
ll.93 
13.93 
ll.9l 
13.9, 
14.03 

16.71 
16.71 
16.71 
16.71 
16.71 
16.71 

18.58 
18.51 

0 
0 

9.53 
9. 83 
9. 83 

16.90 

zo.u 
20.14 
20.14 
20.14 
20.11 
20.11 
20.1 4 

17.80 
17.80 
17.80 
17.80 

2.569 
2.569 
2.569 
2 . 569 
2 . 569 

4 .869 
•• 869 
• . 869 
4 .869 
4 .869 
4.869 
4 .869 

1. 226 
l '2::6 
1 . n6 
1.7Z6 
1.226 
1.226 

2.54 8 
2.5'8 

1.00 
1 .00 
1.00 
1.00 
1.00 

:Z.lO 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 

0.45 
0.45 
0.45 
0.45 
0 . 4 S 
0 .45 

0.90 
0.90 

1.594 0 . 55 
l.$94 0.55 

2 . :•o o.1o 
:.2$0 0.70 
2.240 0.70 

1. 665 0. 60 

2.067 
2.067 
2.067 
2.067 
2.067 
2.067 
2.067 

I. 7t7 
1.717 
I. 7l7 
1.717 

o. 70 
0.70 
0 . 70 
0 . 70 
0.70 
0.70 
0.70 

0.60 
0.60 
0.60 
0.60 

2.82 
2.82 
2.82 
2 .&2 
2 .82 
2.82 

2. 92 
2.91 

0 
0 

1.99 
1.99 
I. 99 

0 . 83 

2.44 
2.44 
2.44 
2. 44 
2.44 
2.U 
2.44 

2.03 
2.03 
2.03 
2.03 

0.188 
0. 188 
0.186 
0.188 
0. 188 

0. lOS 
o. 205 
0. 205 
0.!05 
0.205 
o.zos 
0.205 

0.057 
0.057 
0.057 
0.057 
0.057 
0.057 

0.130 
0.130 

0.069 
0.069 

0. 134 
0. 134 
0.134 

0. 120 

0 . 135 
0.135 
0.135 
0 .135 
0.135 
0.135 
0.135 

0.058 
o. osa 
0.058 
0.058 

1.:oo 
1.:oo 
1.:oo 
I. :oo 
1.:oo 

2.000 
2 .000 
: . 000 
: . 000 
2. 000 
2.000 
2.000 

0.476 
0.476 
0.476 
0. 476 
0.476 
0 . 476 

1.190 
1.190 

0.853 
0.853 

0 .338 
0.338 
0.338 

0 

2. 720 
2. 720 
2 . 720 
2.720 
2.720 
2.720 
2 .720 

1.000 
1.000 
1.000 
1.000 

0. 500 
0.500 
o.soo 
o.soo 
o.soo 
0.227 
o. 227 
o. 227 
0.227 
0.227 
0.227 
0.227 

0.346 
0.346 
0.346 
0.346 
0.346 
0.346 

0. 407 
0.407 

0.364 
0.36• 

0.612 
0.612 
0.61 2 

0.556 

0. 571 
0.571 
0.571 
0.571 
0.571 
0. 571 
0.571 

o. 271 
0. 278 
0.278 
0.278 

'lees Qsss cQ 
in./hr. in . / hr. in./hr. 

0.27 
0.:7 
0.27 
0. 27 
0. 27 

0.13 
O. l S 
0.13 
0.13 
O. IS 
O.JS 
0.13 

23 .4 7 
23. -H 
Z3. 47 
21. 47 
23. 47 
~l.47 

0.45 
0 . 45 

0 
0 

0 . 41 
0.41 
O. Jl 

o. 39 

0. 49 
0.49 
0. 49 
0.49 
0 .49 
0.49 
0.49 

1.27 
I. 27 
1.21 
I. 27 

"PsR 
' 

0.11& 
0 . 118 
0.118 
0.118 
0.118 

0. 760 
0. 760 
o. 760 
0 . 760 
o. 760 
0 . 760 
o. 760 

0 . 620 
0.620 
0.620 
0.~20 
0 . 620 
0.620 

0.200 
0.200 

1.970 
1.970 

0.620 
0.620 
0.620 

0.26 
0.26 
0.26 
o. 26 
0. 26 
0.26 
0.26 

1.12 
1.12 
1.12 
1.12 

u 

14.00 49 
14.00 
14.22 
14.22 
14 . 22 

1.49 

12.27 28 
12.27 
12. 27 
12. 21 
12.27 
12.27 
12.46 

15. 51 so 
15.51 
15.51 
H.SI 
15.51 
15 . 51 

13.77 25 
13.77 

1.28 

1. so 

0.39 
0 . 39 
0.39 
0.39 
0. 39 

0 . 89 
o. 89 
0.89 
0.89 
0 .89 
0.89 
0.89 

24 . 09 
24.09 
24 .og 
24.09 
24 . 09 
24.09 

0. 65 
0.65 

I. 97 
1.97 

1.03 
1.03 
1.03 

o. 39 

0. 75 
0.15 
o. 75 
0. 75 
0. 75 
0.75 
0. 75 

2. 39 
2. 39 
2. 39 
~ . 39 

100.00 1110 2110 
100.00 

8. 27 37 
S.4S 
8.48 

13.00 39 

18.28 ·~ 
18.28 
18. 28 
18.28 
18.28 
18.28 
18.28 

16 . 38 55 
16.33 
16. ; s 
16.)8 

1.37 

1.30 

1.•6 

I. 55 



r) Longest Dimension of the Basin, LL --This vari­

able, expressed in miles, was obtained by measuri ng 
the longest straight line distance between two points 
on the perimeter of the basin. 

s) Form Factor, FL--This dimensionless parameter 

was obtained with the equation: 

where A is the area of the cat chment, and LL is 

the longest dimension of the basin. 

t) Hydrologic Radius, HR--This parameter, ex­

pressed in square miles per mile, was calculated using 
the equation: 

where A and P are the area and the perimeter of 
the basin respectively. 

u) Percent of Area in Paved Streets and Roads, 
APSR--This parameter ~<.•as calcula·ted with the equation: 

where LPSR 

WCGS is the 

is the length of paved streets and roads, 

average width of curbed and guttered 

streets, and A the area of the catchment. In this 
case the average width of curbed and guttered streets 
is used instead of the average width of paved streets 
and roads. 
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v) Percent of Impervious Area, I A--This parameter 

is defined by the equation: 

A 
lA = -f X 100 

where Ai is the impervious area within the basin and 

A the basin area. Since a logarithmic transformation 
is to be performed on each descriptor the following 
definition is used: 

A. 
U=l+_l_ 

A 

which prevents zero values from occurring. 

The determination of the impervious areas used i n 
this investigation was carried out by Root and Miller 
(1971). The authors identified the impervious areas 
using remote multispectral sensing and analyzed thir­
teen of the small experimental catchments described by 
Ducret and Hodges (1972) . Airphotos for each of the 
catchments were taken during the months between April 
and August and used in the analysis. Root and Miller 
claim that "cha.ngu .in .impe~~.v.lou.6 covel!. w.Uh .time due 
to uJLba.n devel.opmeYLt, ca..n be de-tected 61t0m :tMI. da...ta. 
to w.Uh.ln 6-lve peJLceYLt." Since year-to-year inter­
polation of the percent of imperviousness data was 
necessary, errors could have been introduces in the 
process. The dates of the photographs used for a 
given basin sometimes span five or more years and in 
rapidly urbanizing basins the error of interpolation 
could be signi£icant. 

The data for the physical watershed variables and 
parameters are given in Tables 9 and 10. Two tables 
were used because of the large list of variables eval­
uated. The Concourse 0 Storm Drain at Stapleton Air­
port is entirely paved. Many of the variables defined 
for a more "no mal" urban watershed were not evaluated. 
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Chapter 5 
CORRELA liON STUDIES 

The variables can be divided into three basic 
groups, 1) Unit Hydrograph Parameters, 2) Storm param­
eter s and 3) Physical Watershed Variables (some of 
which are combined into Parameters). The objective is 
to find the simplest and most accurate regression 
equations such that the unit hydrograph parameter may 
be predicted for a future urbanizing region given that 
we know the storm rainfall characteristics and knowl­
edge about the physica l watershed characteristics 
which the new urbanizing region will have. These re­
gression equations will be developed from the actual 
observations of flood hydrographs from measured rain­
falls on a group of watersheds having various physical 
watershed properties. 

Draper and Smith (1966) had concluded t 'hat a Step­
wise Multiple Regression was a recommended method for 
obtaining these regression equations. A correlation 
matrix was prepared from all of the data from the 37 
observed floods utilizing the measurements of the 27 
variables and parameters. This correlat ion matrix is 
given i n three-part Table 11. 

STEPWISE MULTIPLE REGRESSION ANALYSIS 

The multiple regression analysis in this work was 
done using the program STAT 38R (BD~D2R revised), pro­
vided as a standard software package by the Statisi ­
tics Department through the CSU Computer Center. This 
program computes a sequence of multiple linear re­
gression equations in a stepwise manner (or log trans­
formed linear regression equations) . At each step one 
variable is added to the regression equation. The 
variable added is the one which makes the great est 
reduction i n the sum of the squares of the deviations. 
Equivalently it i s the variable which has the highest 
partial correlation with the response variable part­
ially correlated with the variables which have already 
been added; and equivalently it is the variable which, 
i f i t were added, would yield the highest F value. 
In addition, variables are automatically removed when 
their F values become too low. Logarithmic trans­
formations of the variables are performed usi ng the 
transgeneration capabilities of the program and l inear 
models of nonli near variables can be obtained. Several 
regression equati ons may be formulated in a single 
run by creating subproblems with different dependent 
and independent variables. 

Draper and Smith (1966) are of the opinion that 
the stepwise r egression procedure is the "bu.t o6 .the. 
vaii..Ulbte. J. e.te.c.ti.on pii.Oce.dwtu" discussed in their text­
book. Careful selection of variables and critical 
evaluation of the models through the examination of 
residuals is essential in r egression analysis. 

The problem of identification of the best mul­
tiple linear regression model is discussed by Kisiel 
(1972). Given the general multiple linear r egression 
model: 

J 
y = B + L BJ. XJ. + ~ 

0 j=l 
(5) 
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the magnitude of J, the appropr iate X. and the val-
J 

ues of Sj which give the "best" regression model are 

desired. The following assumptions are made as given 
by Kisiel (1972): 

1) 
2) 

3) 

4) 

5) 

6) 

7) 

CoMe.ctnU6 o~ ove/UlU model 6oJtm . 
1 rtde.pe.nde.nce. ott ol!.thogort.a.Utv o 6 .the. 

in tte..e.a..t<.o n to e.ac.h o.theJt. 
X · ' 6 

j 

Va.tuu o6 each o6 .the. inde.pe.rtde.n.t (ptte.cU.c..toiL) 
vcvUa.CJlu cur.e. k.nown wi...thou..t eJtMIL. 
The. ob6eJtva.t-i.oYU> on e.a.c.h ob6eJtva.t-i.on o6 X. 

j 
and V Me. .i.nde.pe.nde.YL.t o0 each o.thelt ( ze~~.o 
t. eM.a.e co Me.t'.atio n) . 
The. en.t.Vt e. da-ta. 6 e..t .iA tte.pttu e.n.ta..U v e. no .t 
onl.y o 6 va.tuu Mound .the. mean vai.ue. o 6 Y but 
alAo o6 beha.v.i.olt ne.a~t .the. e.JC..tllemu . Futwr.e. 
vai.u.u Y o6 .the. u.tima.te.d e.qua..Uon de.pe.nd 
on whe:theJt .the. d.a.ta. ha6 "c.a.p.tulte.d" .the. 6um 
.total o6 t.yt..te.m be.ha.v.i.ott. 
The. e/l.II.OIL (Jtu.i.dua.t 011. Jtandom compone.n.t) 6ott 
the. obt.e~~.ve.d 6!f6tem JtuponJ.e. .U. noll./7la.Uy d.U.­
.tJt..i.bu..te.d w.<..th ZeiLO mean a.nd conJ..tan.t vaii..Ulnce. 
Vcur. ~ . ThM a.t.6ump.t.i.on .iA ne.cU6aJI.Y on.ty .to 
ob.ta-i.n. con6.i.de.nc.e. t..Un.iM and to conduct tu.U 
o6 6.i.gn.i.6.i.c.a.nce. but .iA no.t U6e.nU.al. to lea.t..t 
6qWlll.e.t. u .tuna.tum o 6 mod e.t paJtame..teM . 
The. X/ 6 .i.nc.tude. t1YUJ 6unct.i.onJ. J.uch a.t. 

6QWlii.U , cu.bu , CJWJ.t. p1t0duc-t.l ( 6o11. example., 
x1x2 o11. x1x2x3). Thue. nonl.i.neaJL .tei1Jn.l> a.t.-

6ume. .:the. 6oJtm o6 .the. Xj' 6 and cur.e. ha.ndle.d 

.i.n .the. t..tlt.a.igh.t muU.i.ple. lhleM lte.gltet.6.Wn 
(MLR) mode.!. The. model .iA Une.a~t bec.a.u.t.e. .the. 
.teJUn6 ~ ad cLi..ti.v e.. 

As noted by Draper and Smith (1966 , p. 163), 
choice of the best regression model requires the bal­
ancing of two opposing criteria: 

1 ) A u.6 e. nul a.nd Jteli.a.ble. ptte.cUc..t<.ve. e.q ua..ti.o n. 
6hou.ld. include. a.t. many \ ' 6 a.t. pot.t..lble.. 

Re.Ua.b.i..e.dy woul.d be. mea.t.UJLe.d .<.n .teJtm6 o6 the. 
t..ta.ndt:utd eNt.olt o6 u.tima.te. ( 6-U:te.d on pa..6t 
d.a.ttl) a.nd ~>.tandcur.d e/!Jlolt o6 plte.d.i.c..t.i.on (a. clte.ck. 
o6 p~~.iilrc.ti.on a.ga..i.nt..t a.ctual "6utwr.e." da.tal . 

2 I Co6.t conJ..i.deJt.a.t<.onJ. .i.n coUe.ct.i.ng d.a.ta. en a.U 
X j I 6 0 6 po.te.nU.al. .i.rt.te~~.ut ooJtce. u.6 ,tc .i.n-

c.tude. a.6 6ew X .' 6 a.6 poM.i.bf.e. .i.n Eq . ( 5 I . 
J 

In the analysis under~aken here all the condi­
tions necessary t o obtain the best linear regression 
model as outlined by Kisiel (1972) are not present. 
The choice of the linear regression model may not be 
the best choice; however, Rao, Delleur and Sarma 
(1972) have shown that the linear model may be a s~atis­

factory model. Even if the correctness of t he overall 
model form is accept ed, the remaining assumptions can­
not be made without loss of rigor and cannot be 
honestly made in some cases. Assumptions 2, 3 and 4 
are violated because orthogonality of the independent 
variables does not exist in all cases; error-free 
independent variables are nonexistent and serial cor­
relation is known to exist in rainfall-runoff data as 
well as in parameters of urban growth even though they 
may be stochastic in nature. 



Since the choice of the linear regression model 
is rarely the "best" in actual practice, one must 
evaluate how badly the above assumptions deviate from 
the ideal . If the stepwise regression procedure is 
used, the effect of dependency between assumed inde­
pendent variables results in a reduction of the 
partial F value of these variables thereby minimiz­
ing their probability of inclusion into the regression 
equation for a given confidence limit. The effect of 
errors in the independent variables can be minimized 
if a confidence limit is chosen where the residuals 
are normally distributed or nearly so. The Central 
Limit Theorem can be used to argue that the residuals 
should become normally distributed as the number of 
errors making it up increase, regardless of the orig­
inal distribution of the individual errors. In this 
analysis assumptions 5 and 7 are reasonable i n the 
case of the physiographic paraJlleter s but higher rain­
fall-runoff values would have improved the range of 
applicability of the equations. Criteria 1 and 2 are 
observed by giving equations which contain the maximum 
information by inclusion of variables that explain the 
largest percentage of the variance as measured by the 
coefficient of determination, and equations which have 
the least possible number of variables for a partial 
F value corresponding to the 95 percent point of the 
F distribution . The effect of serial dependence in 
rainfall compar ed to that of runoff may be considered 
negligible as a rule. Serial dependency in runoff is 
a well known phenomena in hydrology, but its evalua­
tion in the Denver area has not yet been possible due 
to the lack of appropriate data. The degree of serial 
dependency for values of daily flows would give a min­
imum time interval necessar y for independence of rain­
fall-runoff events. Autoregressive linear models can 
easily be used to analyze sel"ial dependency (Yevj evich, 
1972a) . 

RESULTS OF CORRELATION STUDIES 

Stepwise regression was used t o select the best 
predictors for the descriptors of response time, peak 
value of the unit hydrograph, time to rise of the unit 
hydrograph and lumped rainfall losses. All the vari­
ables used in the analysis were transformed into loga­
rithmic form in order to normalize the d3scriptors as 
much as possible, and to formul ate a mu1tipl1cative 
model for the desired regression equations. The trans­
formation is also desirable to increase the probabil­
ity of obtaining normally distributed residuals of 
the transformed values which makes the residuals log­
normally distributed. 

Unit HydAogn4ph PaAameteAh. --The peak flow of the 
unit hydrograph was obtained by using three different 
programs to derive the unit hydrograph. The results 
were compared to make sure that reasonable values were 
used in this study. A unit time interval of five 
minutes was used for the computation of unit hydro­
graphs with these programs. 

The first program (HEC) used was furnished by the 
Hyd~ologic Engineering Center, U.S. Army, Corps of 
Engineers, USCE (1966). The program determines the 
unit hydrograph, loss coefficients and reproduces the 
runoff hydrograph from the rainfall event. Best repro­
duction is measured by the least squares of the dif­
ference between the computed and the observed flows . 
The unit hydrograph is computed from the Clark coeffi­
cients, time of concentration and routing coefficient, 
and a time-area histogram. The program also computes 
Snyder ' s C and C for the unit hydrograph. 

t p 
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A trial run was made with HEC and 14 out of 37 
events gave unit hydrographs which reproduced the cor­
responding runoff hydrographs quite well. Several 
trial runs were then made with the remaining 23 events 
following suggested instructions to improve the fit of 
the computed runoff hydrographs. Improved fits were 
obtained for an additional 17 events. 

The second program (PWCB) used was written by 
Cheng (1970) for use by the Taiwan Provincial Water 
Conservancy Bureau. This program derives the unit 
hydrograph from rainfall and discharge records. By 
separating the base flow from the observed hydrogr aph 
'the direct runoff volume and the intensities of the 
effective rainfall are obtained. A set of normal equa­
tions of simult aneous equations are derived for a 
given rainfall-runoff event by the method of least 
squares and the ordinates of the unit hydrograph are 
obtained from the solution of the equations by matrix 
inversion. The ordinates of the direct runoff hydro­
graph can then be expressed in terms of the ordinates 
of the unit hydrograph and the intensities of the 
effective rainfall. 

Cheng's program produced 20 unit hydrographs out 
of 37 events. The peak values from these unit hydro­
graphs were in close agreement with those obtained 
with HEC. In order to have a basis for comparison, 
the absolute value of the differences were averaged 
for the peaks obtained with the two programs, and an 
average difference of 0.304 in./hr. obtained . The num­
ber of times that the results obtained by one program 
exceeded the other's were almost equa l. A great deal 
of oscillation was observed in the remaining 17 unit 
hydrographs giving unreasonable values for the peak 
discharge and the time to peak. 

The third program used (FINVER), was written by 
Kavvas (1972). The theoretical basis for FINVER is 
similar to that of Mr . Cheng's program. The difference 
between the two lies in the methods of solution with 
FINVER making more extensive use of computer software 
available from the University Computer Center. 

Using matrix algebra the ordinates of the unit 
hydrograph can be expressed by the equation: 

(6} 

where I represents the effective rainfall intensi­
ties and Q the direct runoff. Using FINVER, 34 unit 
hydrographs were obtained from the 37 events available, 
and the peak values were in close agreement with those 
derived with the other programs. The average dif­
ference between FINVER and HEC values was 0.23 in ./hr. 
with HEC's values being generally higher than FINVERs. 
Comparing the values obtained by the PI~CB program, an 
average difference of 0.30 in . /hr. was obtained with 
FINVER's values being generally lower. The maximum 
difference found between the peak values of t he unit 
hydrographs derived with the three programs was 0.40 
in ./hr. 

In summary the largest number of unit hydrographs 
were first obtained with program FINVER. The computed 
runoff hydrographs and their respective descriptors 
were then compared to the observed ones rejecting 
those that were obviousl y in error. Errors in the . 
computed volume as compared to the observed volume of 
runoff were overlooked if the peak value and the time 
to rise were accurately reproduced . Since p rogram 
FINVER has yielded the largest number of unit hydro­
graphs, the time to rise and the peak values of these 



hydrographs were used in the regression analyses by 
Lopez (1973) and in this report. 

Peak V.Uc.haJI.se 9,· --An initial run was made with 

the stepwise regression program STAT 38R, version of 
November 1972, originally BMD02R, of the Colorado State 
University Statistical Laboratory. In this run the 
transgenerated (transformed) values of the dependent 
variable, the peak flow of the unit hydrograph, was 
allowed to sel ect the best predictors from a list of 
24 descriptors (also transformed) which were: the 
percent of impervious area (U) ; six methods of de­
fining the response time (T1, T2, T3, T4 , T

5 
and T8) ; 

the duration of the rainfall event (T10); three vari­

ables of the length of streets (LPSR'LCG' LSR) ; a para­

meter of the average hydraulic capacity of the urban 
development (CQ); the area of the basi n (A); three 

parameters of the densities of the lengths of streets 
(DUSR'DCGS and DSR); a variable of the slope of curbed 

and guttered streets (SCGS); the excess (or effective) 

rainfall (ERF); the basin shape parameters (HR and 

FL); the area of paved streets and roads (APSR); the 

volume of rainfall (VRF); and the lumped rainfall 
losses (RFLOSS) . 

From the correlation matrix furnished by the pro­
gram, the highest values obtained were the correlation 
coefficients of the response times r 2, T3, T4 and r 7 
ranging from 0.8 to 0 .9. These storm and watershed 
variables were correlated with the unit hydrograph 
peak discharge, TlO' DCGS' DPSR' DSR' APSR and VRF 
with correlation coefficients ranging from 0.5 to 0.6. 
In this run the best predictors chosen at the 95 per­
cent confidence level were Lag Time (TLC(T4)), and 

the volume of rainfall VRF' with an F ratio of 127.99 

and a coefficient of determination of 0 . 84 . The stan­
dardized values of the residuals were tested for log­
normal ity (Yevjevich, l972b) using the Smirnov­
Kolgomorov statistic 6 ~ 0.087 < 6 ~ 0.23 for a = 

0 

0.05 and a samplo size of 33, which shows an accept­
able fit. From this the inference may be made that 
the assumed confidence l evel of 95 percent is really 
the tolerance limit at which the partial F value of 
4.15 for inclusion and rejection will accept regres­
sion coefficients, and for which the hypothesis 
H

0 
:si • 0 is rejected running a risk of less than five 

percent of being wrong. If the variables are indepen­
dent and the residuals are independent and ~(0, o2), 
the estimated coefficients would be the maximum like­
lihood estimates of the population values; but if the 
residuals are neither, the coefficients are the least 
squares estimates. In the equation mentioned above 
orthogonality cannot be argued because the response 
time is dependent on the volume of rainfall to some 
degree, but ser ial independence is more probably the 
result of selection of the events to minimize it. 

Based on the results obtained in the initial run, 
six subproblems were formulated using respectively the 
five response time varialbes separately in each 
subproblem. 

The regression equations obtained for an F value 
of 4.15 (95 percent level) and their respective coeffi7 
cients of determination are: 
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Qp "' 6.321 TPC -0.082 
T10 

-0.249 -0.347 
LSR ERF 

-0.287 

R2 " 0.8375 (7) 

Qp 1. 725 TPB 
-0.466 0.681 

APSR 

R2 = 0.7363 (8) 

Qp " 5.528 T3-0.571 
°CGS 

- .411 

R2 = 0.8233 (9) 

Qp 32 223 T -0.867 V -0.036 
. LC RF (10) 

R2 = 0.6874 
(selected regression 

equation) 

Qp ::: -0.330 0.606 LSR °CGS 
- .473 

ERF 
-0.305 

R2 .. 0.7320 
( 11) 

Q • 2.803 T -0.483 D 0.506 
P PB CGS 

R2 • 0. 7186 
(12) 

Note: The units of ~ are in./h~ and therefore 

the effect of watershed size is at least par~ially 
removed. 

It is interesting to note that the peak of the 
unit hydrograph given by Eq. (12) is, approximately, 
directly proportional to the square root of the den­
sity of curbed and guttered streets and inversely pro­
portional to the square root of the time to rise of 
the observed hydrograph explaining 72 percent of the 
variance. Also it may be noted that the same percent­
age of the variance is explained by Eq. (10), as by 
Eq. (7), with the latter having two variables more, 
which gives a good indication of the capability of T4 
in explaining the effect of the physical characteristics 
of the basin since the volume of rainfall is indepen­
dent of the basin characteristics. Response time T5 
was not included in the regression equation (11). 

Wetz gives as a criterion for judging a satis­
factory predictor that the F ratio for the equation 
be four times larger than the selected partial Fp 

value (Draper and Smith, 1966). All the equations 
shown above satisfy this criteria. 

In the above equations, it is worth noticing that 
the unit peak flows are inversely propor~ional ~o the 
response time. This is in agreement with Snyder 
(1938), Komsatra (1969) and others. Figure 6 graphi­
cally illustrates the inverse proportionality of the 
peak and the response time, where t 2 > t

1 
for QPl 

> QP2. The inverse propor~ionality of the length of 

streets and roads is probably associated with the 
choice of inches per hour as the units of runoff con­
tain an inverse proportionality of the basin area. 
The inverse proportionality of the rainfall duration 
is important in that it describes an inherent charac­
teristic of the rainfall events typical of the area 
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e.g . , rainfall events in general are known ~o have a 
characteristic high intensity and short durat1on. The 
inverse proportionality of the volume of rainfall and 
the effective rainfall confirms the above statement. 
It should be noted that events with very wet antece­
dent conditions are not considered in this work pur­
posefully. Events producing extreme floods are a~so 
not found in the data base to date. The characterls­
tics of flood producing storms could conceivable be 
different to those here described. The effect of the 
characteristics of flood producing storms on the unit 
peak can be investigated using an approach similar to 
the one just presented. 

In order to increase the explained variance of 
the regression equations derived, the inclusion of 
more predictors having an R2 value of at l east. 0 . 01 
was allowed and the following equations were obta1ned: 

Op = 2.757 TPB-0.31611 

R2 = 0.8424 

A-0.272 E -0.216 
RF 

( 13) 
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D 0.269 RF -0.094 
CGS LOSS 

R2 = 0.860 (14) 

Qp 43 939 T -0.822 C 0.109 E - 0.037 F 0.578 
· LC Q RF L 

R2 = 0. 8149 (Selec-ted Jt.egJt.u6.i.on equa.t<.on) 
(15) 

Op 0. 414 r10 
-0.187 c -0.123 

ERF 
-0.276 H -0.911 

Q R 

R2 = 0. 7661 ( 16) 

Op o. 169 c
0
- 0·138 

ERF 
-0.315 H -0.981 

R 

R2 = 0.7313 ( 17) 

1.261 u1.827 
TPB 

-0.339 
ERF 

-0.192 H -0.262 
R 

R2 = 0. 8521 (18) 

9.118 \c -0.538 F 0.178 
VRF 

-0.121 
5CGS 

0.274 
L 

R2 = 0.8714 (19) 

Suspecting that Eq. (16) could be improved by 
forcing the basin shape descriptor FL' the following 

equation was derived: 

Q = 1 929 T - .197 L -.330 D .362 E - .278 F .112 
.P ' 1 0 SR CGS RF l 

R2 = 0.7750 (20) 

The correlation coeffi cient between the length of 
streets and roads, LSR' and the density of curbed and 

guttered streets DCGS is 0.254 which shows low depen­

dency between the variables. The equation including 
response time TLC(T4), has again the highest coeffi-

cient of determination, but this time substituting the 
volume of rainfall by the rainfall excess and the phys­
ical parameters of the hydraulic capacity of the 
urban development and the shape of the basin . In order 
to avoid the introduction of excessive noise by in­
cluding variables of low F values only variables 
contributing at least one percent of the explained 
variance were included. The residuals are lognormally 
distributed as determined by the Smirnov-Kolmogorov 
test which is the test used throughout this work for 
goodness of f i t. 

In conclusion TLC(T4), the time interval between 

centroid of rainfall excess and the centroid of the 
direct runoff hydrograph, is the best descriptor of 
the response time for the determination of peaks of 
the unit hydrograph as evidenced by a correlation 
coefficient of 0.897 and the consistently higher coef­
ficients of determination are obtained when the re­
gression equation contains \c· This agrees with 

Wilson's (1972) results. The response time definition 
TLCSO(T5) had the poorest predictive capabilities. 

T.i.me to Ri6e TR fT7l. -- The procedure followed 

in the analysis of the time to rise , or time to peak, 



of the unit hydrograph is similar to that fol lowed in 
the previous section. The correlation matrix gave 
coefficient values from 0.75 to 0.85 for the response 
times (T2, r3 and T4) and the peak of the unit hy-

drograph CQp), and values from 3.3 to 4.3 for all the 

basin variables. The best predictor for a partial F 
value of 4.15 (95 percent level) is the l ag time 
TLC(T4), giving the following equation: 

TR = 3.108 TLC0· 554 , R2 = 0.7086 

T = 2 361 T 0.594 E -0.064 
R . LC RF 

R2 = 0.7338 

T = 3 533 T 0. 567 E -0.078 S -0.442 
R . LC RF CGS 

R2 = 0.7813 

TR 1 461 T 0.680 E -0 .150 H -0.217 S -0.518 
. LC RF R CGS 

(21) 

(22) 

(23) 

R2 = 0.8019 (24) 

T = 4 624 T 0.606 T -0.153 
R • LC 1 fJ 

R2 = 0.7313 (25) 

T = 3 379 T -0.625 T -0.115 E -0. 502 
R . LC 10 RF 

R2 = 0.7465 (26) 

TR = 1.855 TLC0.708 T -0. 129 E -0.096 H -0. 146 
10 RF R 

R2 = 0. 7565 (27) 

TR = 2.051 U0.855 T 0.675 T -0. 114 E -0. 076 
LC 10 RF 

R2 = 0.7575 (28) 

The following equation were obtained by including 
TPB(T2). 

T = 6.525 TPB 0. 71 3 
T10 

-0.350 
R 

R2 = 0.7557 (29) 

T = 8.006 TPB 
0.715 

T10 
-0.365 

RFLOSS 
0.095 

R 

R2 = 0.9022 (30) 

26 

T = 5.864 TPB0. 739 T -0.334 E -0.049 RF 0.088 
R 10 RF LOSS 

R2 = 0.8164 

TR = 6.153 TPB0.709 T10- 0.322 CQ-0.069 

R2 = 0.807 

T = 7.068 TPB0.712 T -0.340 C -0 .046 
R 10 Q 

R2 = 0.8175 

T -0.327 H 0.116 
10 R 

R2 = 0.841 

(31) 

(32) 

(33) 

(34) 

Lumped R~n6atl Lo~ce6 RFLOss·--In the determina­

tion of peak flows, the amount of rainfall not in­
cluded i n the measur ed dischar ge is an important 
variable. The volume of effective rainfall is widely 
used in the derivation of unit hydrographs, and can be 
obtai ned from the expressions given for an F value 
of 4.15 (95 percent level): 

RFLOSS = 0.448 

RFLOSS = 0.439 

RF = AO. 303 
LOSS 

L 0.348 V 1.088 
CG RF 

R2 = 0.8867 

L 0.334 V 1.0699 
PSR RF 

R2 = 0.8855 

v 1. 024 
RF 

R2 = 0.8742 

( 35) 

(36) 

(37) 

The above expressions give the highest values of the 
coefficient of determination, their residuals are 
lognormally distributed and independent which makes 
the regression. coefficients the maximum likelihood 
estimators of the population values since the pre­
dictors are indeed independent variables. The test 
for independence was based on the theory of runs and 
the unit nor mal deviate form of the residuals was used 
(Wallis and Matalas, 1971) . The test was performed 
for a 98 percent confidence limit for which the hy­
pothesis for independence was accepted i f the number 
of runs was between nine and 22. The equation for the 
number of runs for a given confidence is given by 

C.L. (n) - [(N- 1) ± z (N-1)~]~. where n is the number 
a 

of runs, Za the normal deviate for a probability a, 

and N the sample size. 



A significant result in this anal ysis is the 
rejection of the percent of impervious area in favor 
of variables based on the length of streets, with the 
highest entry value observed belonging to the length 
of ~urbed and guttered streets (LCG) , and the second 

highest to the length of paved streets and roads. This 
result is intuitively appealing since the experimental 
basins used in this work are predominantly suburban, 
and typically, rooftop areas drain mostly into the 
lawns with one or two drains running into the drive­
ways. The accuracy of this interpretation is enhanced 
by the fact that the descriptors of ur banization are 
independent of the volume of rainfall. A relationship 
including CQ is given as fol lows: 

RFLOSS 0.659 CQ-0.338 VRF0.973 

R2 : 0.6753 (38) 

In examining the relationships derived one may 
also notice that: 

a) the losses are directly proportional to 
the length of curbed and guttered 
streets, the lengt h of paved streets 
and roads and the volume of rainfall; 

b) The losses are very well predicted by 
the area of the basin and the volume of 
rainfall. 

In (a) it is evident that a zero length of street 
will give zero losses which is incorrect, and that 

RFLOSS = f(L5 ,VRF) loses its reliability as it 

approaches zero. The length of curbed and guttered 
streets does not include the str eet width. A better 
predictor should be the actual area of curbed and gut­
tered streets. The correlation matrix shows that the 
percentage of the average area of paved streets is 
inversely proportional t o the losses, but in the cal­
culation of the paved area a weighted average of the 
width was multiplied by the l ength which may be the 
reason for the lower correlation value. The variable 
impervious area is inversely proportional to the 
losses as might be expected. To be sa£e t he equations 
discussed should be used for basins predominantly 
suburban. 

In (b) the fact that the losses are directly pro­
portional to the volume of rainfall and to the cube 
root of the area of the basin does not seem to have a 
simple physical int erpretation. Also defying explan­
ation is the fact that the area of the basin is a lmost 
as good a predictor as the lengths of s treets and much 
better t han the percent of impervious area. 

Re6pOn4e T~e. -- The response of a basin to a 
given 1ntens1ty duration and frequency of rainfall is 
of interest in hydrology. In this section several def­
initi ons of response time used in hydrology are used 
in order to assess their predictiveness. 

T~e ~o Peak TpcJlzl·-- None of the equations de­

rived for this definition of response time passed the 
Wetz a test for satisfactory predictors. The highest 
F ratio obtained was 4. 58 which was allmost as small 
as the partial FP val ue used for inclusion and re-

jection. The following equations were obtained by 
including all variables contributing at least one per-
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cent of the explained variance, and the best descrip­
tors of urban development. 

T = 1.423 U76.405 T 2.440 T -1 .449 E -0.314 -0.592 
~ ~ 10 • HR 

R2 
= 0.3922 (39) 

TPC . 19 .313 T 2.136 T -1 .348 C 0.613 E -0.247 H 1.491 
P8 10 Q RF R 

R2 " 0. 4212 (40) 

T • 69.738 T 2.406 T - 1.640 O -2. 455 E -0.541 H -0.884 
PC P8 10 CGS RF R 

R
2 ~ 0.4525 (41) 

T ,. 678.828 T 2.406 T -1.577 O -3.340 E -0.580 -0.86 
PC PB 10 PSR RF HR 

R2 • 0.4588 (42) 

T a 1686.437 T 2.379 T -1.642 O -3.415 E -0.548 -0.757 
PC PB 10 SR RF HR 

R2 = 0.4521 (43) 

Equations excluding TPB were derived and the 

highest F ratio and ~2 values were obtained for 
the following equation: 

TPC : 29904.049 T -0.338 C 0.917 E 0.288 H 3.294 
10 Q RF R 

R2 
= 0.2211 (44) 

The F rati o for this equation was 1.99, and it 
should be emphasized t hat none of the equationspre­
sented in this section are considered reliable predic­
tors of Tpc· 

T~e to Peak Tpali2~-- The duration of rainfall 

T
10 

was found to be the best predictor explaining 37 

percent of the variance. The following equations in­
clude only variables which contribute at least one 
percent of the variance: 

11 .881 T 0.580 E 0.242 H 0. 550 
10 RF R 

R2 : 0. 5432 

Sl 749 T 0.512 C 0.265 E 0.250 H 1.169 
. 10 Q RF R 

R2 = 0.6501 4 

2.341 T 0.731 H 0.241 
10 R 

R2 = 0. 4463 

v 1. 791 
RF 

9 558 T 0.666 C 0.260 H 0.838 V 0. 191 
· 10 Q R RF 

R2 " 0.5492 

(45) 

(46) 

(47) 

(48) 



The equations given do not satisfy the Wet~ criteria . 
Equation (46) has an F ratio of 13. 01 which comes 
the closest to being a satisfactory predictor equation. 

T~~ to Peak r 3. --The time to peak of the runoff 

hydrograph TPB is an excellent predictor of r
3 

explaining 76 percent of the variance with an F ratio 
of 98.22: 

(49) 

The equation can be improved without losing its pre­
dictive value. The following equations improve the 
total explained variance as shown: 

T = g 453 u-0.990 T 0.567 T 0.161 E 0.177 H 0.234 
3 • PB 10 RF R 

R
2 

= 0.8458 (50) 

T = 17.243 T 0.504 T 0.177 C 0.125 E 0. 193 H 0.636 
3 PB 10 Q RF R 

R2 = 0.8642 (51) 

T = 7.320 T 0.570 T 0.176 E 0.173 H 0.309 
3 PB 10 RF R 

R2 = 0.8379 (52) 

T = 2.003 u-0.862 T 0.730 T 0.195 V 0.021 
3 PB 10 RF 

R2 -= 0.7870 (53) 

T = 2 670 T 0.700 T 0.215 C 0.092 H 0.0300 
3 • PB 10 Q R 

R2 • 0. 7961 (54) 

r
3 

= 2 376 T 0.731 T 0.179 D -0.163 
• PB 10 CGS 

R2 • 0.7825 (55) 

T3 = 1 371 T 0.756 T 0.191 
• PB 10 

T = 23 706 T 0.492 T 0.190 C 0.125 E 0 .285 H 0.793 
3 • PB 10 Q RF R 

VRF-0.230 R2 = 8930 (60) 

Exc luding TPB from the regression analysis, the 

following equations were obtained: 

T = gg 80S T 0.415 c 0.197 E 0.319 H 1.062 
3 • 10 Q RF R 

R2 = 0.7497 (61) 

r
3 

= 33 108 T 0.466 E 0.313 H 0.602 
. 10 RF R 

R2 = 0.6795 (62) 

T = 17 782 T .435 C .090 A.555 E .357 RF .150 
3 • 10 Q RF LOSS 

R2 = 0 . 7641 ( 63) 

These equations are satisfactory predictors according 
to the Wetz criteria. The lowest F ratio of 17.49 
was obtained for Eq. (63) . 

Equations including the total volume of rainfall, 
but excluding the time to peak of the runoff, TPB' do 

not satisfy the Wetz criteria or explain as much of 
the variance as those including the rainfall excess. 
The following equation has an F ratio of eight and 
explains the largest percentage of the variance of the 
equations containing the volume of rainfall: 

T ,. 10 090 T 0.634 C 0.189 H 0.649 V 0.186 
3 • 10 Q R RF 

R2 
= 0.5308 (64) 

Lag T~e TLC~--The time to peak of the runoff 

hydrograph (TPB) is a good predictor of TLC' but ex­

plains a smaller percentage of the variance than in 
the cases of TPB or T3 . The equation: 

R2 • 0.7771 (56) TLC = 1.375 T2°·848 R2 = 0.6041 (65) 

r
3 

10 739 T 0.650 E 0.181 H 0.293 
• PB RF R 

R2 • 0.8243 (57) 

r
3 

14 811 T 0.645 E 0.271 H 0.441 V -0.221 
• PB RF R RF 

R2 = 0.8512 (58) 

TJ = 35 293 T 0.580 E 0.125 E 0.291 H 0.768 V -0.221 
. ~ Q ~ R ~ 

R2 = 0.8772 (59) 
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has an F ratio of 47.30 which proves the worth of 
this variable as a predictor. An improvement of the 
coefficient of determination is obtained with the fol­
lowing equations: 

TLC = 34 058 u-1.614 T 0.541 E 0.227 H 0.571 
• PB RF R 

R2 • 0.7855 (66) 

TLC 116 230 T 0.437 C 0.228 E 0.256 H 0.286 
. PB Q RF R 

R
2 = 0.8383 (67) 



TLC : 23 638 T 0.557 E 0.220 H 0.691 
· PB RF R 

R
2 

" 0.7686 

TLC 4.840 u-1.402 y
2
0.782 HR0.278 

R2 = 0. 7077 

TLC 13.346 TPB0.680 CQ0.191 HR0.833 VRF0.105 

R
2 = 0.7485 

T = 8 576 T 0.739 D -0.309 H 0.332 
LC . PB CGS R 

R2 
= 0.7084 

TLC 13 237 T 0.734 0 -0.453 H 0.336 
. PB PSR R 

R2 
= 0.7117 

10 743 T 0.742 D -0.367 H 0.355 
. PB SR R 

R2 
= 0.7047 

(68) 

(69) 

(70) 

( 71) 

(72) 

(73) 

The greater inclusion of descriptors of urban 
development in the regression equations shows that TLC 

is more sensitive than TPC' TPB' and r 3 to this phe­

nomena. Compar ing the above equations, a higher 
percentage of the variance is explained by the average 
hydraulic capacity as est imated by CQ' the density of 

curbed and guttered street (DCGS) and the density of 

paved streets and roads (DPSR) than by the imper­

viousness factor, U . C~re should be exercised in 
comparing results like this as will be shown below. 

Excluding the time to peak of the runoff hydro­
graph, TPB' from regression analysis the following 

equations were obtained. 

TLC = 210 233 T 0.031 E 0.323 H 0.80 u-0.342 
. 10 RF R 

R2 = 0.613 (74) 

TLC . 338 361 T 0.048 E 0.304 H 1.154 C 0.145 
. 10 RF R Q 

R2 = 0.656 (75) 

TLC • 125.817 T 0.292 0 -0.145 E 0.339 H 0.925 
10 CGS RF R 

R2 = 0.6581 (76) 

TLC • 147 547 T 0.295 D -0.208 E 0.336 H 0.924 
. 10 PSR RF R 

R2 = 0.6586 (77) 

TLC 131 996 T 0.296 D -0 .147 E 0.342 H 0.942 
. 10 SR RF R 

R2 = 0.6568 (78) 
These equations pass the Wetz criteria and should 
adequately predict TLC when TPB is not used. Com-

paring the 1 ast five equations, where only the descrip­
tors of urbanization have been changed, one may see 
that the descriptor of the hydraulic capaci ty still 
explains a higher percentage of the variancefollowed 
now by the percent of impervious area. Thi s may be 
thought to contradict the results mentioned pre­
viously, but in reality, it only points to the dif­
fering effects of the dependency between the variables 
entered into the regression equation. Many of the 
variables are not independent of each other. \IJhen add­
ing a second variable related to the same general phe­
nomenon adds to the coefficient of determination, which 
is readily apparent in comparing Eq. (68) to (73) with 
(74) t o (78) . 

The equations obtained by substituting the total 
volume of rainfall VRF' do not pass the Wetz criteri a, 

- with the best equation having an F ratio of 9.19 
given here: 
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TLC = 37.851 T 0.467 C 0.280 H 1.172 V 0.252 
10 Q R RF 

R2 • 0.5677 (79) 

Lag T~~ TLCSo!I~--This definition of lag time 

is poorly correlated with all the descriptors formu­
lated in this analysis. The highest correlation coef­
ficient obtained was 0.360 with the length of curbed 
and guttered streets. The best regression equation 
only had an F ratio of 3.11 and is given as follows: 

T = 9514 807 T .570 T 1.33 C .711 E .054 H .161 
LC50 · PB 10 Q RF R 

R2 • 0.3652 (RO} 

As can be seen this equation does not pass the Wetz 
criteria for a satisfactory predictor. 

T~e o6 Conce~on Tcli&~--Values for this 

variable were obtained as described previously. Since 
poor correlations were obtained, the values computed 
with program HEC for this variable were used. Very 
poor correlat ions were obtained from these results 
also, with the highest coefficient being 0.456. The 
highest P ratio obtained for a relationship contain­
ing a descriptor of urbanization was 4.4 for Eq. (81): 

T = 15 116 0 1.018 E 0.571 H 0.783 
C . CGS RF R 

R2 = 0.3147 (81) 

rc = 218 122 E 0.756 H 0.926 v -0.751 
• RF R RF 

R2 • 0.3664 (82) 
The F value of 4. 49 for Eq. (82) was the highest of 
the equations derived for TC. 

The correlation matrix including the twenty-seven 
variables and parameters in this investigation is 
presented in Table 11 . In this table, rise time T 

71 
is the value of the definition of 'response time r

7 used in the final regression analysis . 
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Many cities are considering enacting on-site 
storage ordinances . Calculating the urban flood hy­
drograph will have to take into account the existence 
and storage capacity of any on-site storage. 

The results presented here show an insensitivity 
to channel slope and therefore are not in agreement 
with the results of Eagl eson (1962). Carter (1961), 
Dempster (1974), or the Bureau of Reclamation, USBR 
(1965) . The multiple regression methods used in this 
research on the available data did not find that the 
channel slope was a significant variable because for 
the data available the variation in the channel slope 
was not large . Under these conditions, it is quite 
possible that the channel s lope would not be selected 
as an important variable. There are two watersheds in 
the Boulder area (Skunk Creek and Two-mile Canyon) 
which are very steep. Lopez did not have any flood 
events measured on these two watersheds. 

R~datlo~ Po~dh.--The difference between the 
equations for computing the peak flood from Houston ur­
ban watersheds and the Dallas urban watersheds is 
in part attributed to the construction of flood retard­
ing structures and detention ponds at convenient points 
in the Dallas area. A practice which is becoming more 
popular is to incorporate parks, golf courses and 
bridle paths into f l oodways and temporary storage for 
flood waters. There may be some difficulty in main­
taining grass in some of these places if they are 
subjected to frequent inundation. 

The existence of on-site storage or detention 
ponds in the urban drainage network can be taken into 
account by actually routing the hydrograph through 
the detention facility. If the storage volume is 
minor in comparison to the volume of the total hy­
drograph, the peak attenuation will be minor and the 
effect of this type of· storm could be accounted for in 
the adjustment of Lopez's Hydraulic Capacity or F.spey' s 
Channelization Factor, ~-

NEEDS FOR ADDITIONAL Rt;SEARCI! 

As in the case with many research projects, more 
questions have been raised. 
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ImpeJtv.tou.6~U4 .<.n :the. Ult.ba.~ WCLteJL<~he.d.--A detailed 
survey should be made of the fate of the runoff from 
the impervious parts of the urban watershed . In the 
residential zones in the Denver Metropolitan Area for 
the relatively small storms observed, it appears that 
only a minor part of the roof drainage appears as 
surface runoff because the roof downspouts discharge 
onto grassed areas. The other impervious areas may 
contribute both flood runoff varying concentrations of 
pollutants and sediment. This research was mainly 
concerned about the f lood runoff, but the day is 
coming when plans must be made to treat this flood 
runoff. The fate of the runoff from the impervious 
parts of the watersheds must be known. Two of the 
watersheds in the Denver Area-Concourse D at Stapleton 
Airport and Kennedy Drive at Northglenn are well suited 
for this research work. 

On-6~e. StohAge. o6 Flood Runo66 - -- Routing the 
flood hydrograph through each element of on-site stor­
age will be a tedious task. There is need for a sim­
ple empirical technique for predicting the influenceof 
this type of runoff given the storm characteristics. 
A procedure must be developed to relate the status of 
any on-site storage to modification of the impervious­
ness factor and the hydraulic capacity factor. 

Oe.te.ntion Po~.--The performance of the flood 
det ention ponds on urban runoff needs to be investi­
gated. Their function is similar to the on-site 
storage except that the scale is larger. Since there 
are less opportunities for building detention basins 
than on-site storage , simply routing the flood through 
the detention basin may be a practical way of obtain­
ing the hydrograph at a downstream point. Routing of 
the flood through the detention basin will yield stage 
hydrograph in the basin . This stage hydrograph will 
give information about depth of inundation and dura­
tion of inundation. These are important when consider­
ing the joint use of the detention basin for parks .or 
recreational purposes. One watershed in the Denver 
Metropolitan Area has a Detention Pond incorporated 
in a small park . This watershed (Harvard Gulch)is not 
being gaged in the Denver Urban Network. 

Cha.nne.i stope.. --The role of the channel slope on 
the watershed response needs to be investigated: As 
more data become available from the Denver Urban Net­
work, these results will become available. 



(1974) 
timated 

are given in terms of the peak discharge es­
to recur on the average of once in 25 years. 

Converting the peak discharge data to a particular 
recurrence interval ia a useful step in developing a 
regionalized relationship; however, sufficient data 
must be available to enable extrapolation to enable mod­
erate value say 25 years . 

Rehpon6e T~e. -- Lopez (1973) devoted a consider­
able effort to study the particular definition of the 
response time. He concluded that the Lag Time, TLC' 

was the most desirable way to express the response 
time for an urban watershed. This generally confirms 
a similar conclusion made earlier by Wilson (1972). 
It would be more practical if the definition were the 
Time to Peak, Tpc· These two definitions produce 

quite different results if the hydrograph shape is 
unusual. The unusual shape of the hydrograph in turn 
seems to be related to the watershed basin character­
istics as defined by: 

!'l 
= L Lea 

or rs 
_h_ 

.Is 
Conversion to metric units would be greatly en­

hanced if a meaningful dimensionless parameter describ­
ing the general watershed characteristics could be 
derived. Lopez ( 1973) results have terms including 
the hydraulic ~apacity, CQ' and the hydrologic radius , 

HR. The hydrologic radius is Lopez's term to define 

the watershed shape which replaces the 

Snyder' s definition and the Lt term in 

definition. 

Lea term i n 
Van Sickle ' s 

It is interesting to note that Lopez found that 
the response time was sensitive to two variables in­
volving storm magnitude and duration, ERF and T10 . 

~1inshall (1960) and others have found evidence of non­
linearity in the unit hydrograph related to rainfall 
intensity and to storm magnitude. Lopez shows that 
these influence the lag time. 

Lopez (1973) found that the effect of urbaniza­
t ion on the response time was predominantly related 
to hydraulic characteristics of the drainage system 
rather than to imperviousness of the watershed. This 
conclusion seems to confirm the findings of Espey et al. 
(1969) who have shown that tho Time to Peak in an urban 
watershed is related to both the channelization param­
eter, ~. and the percent of imperviousness, 1. 

1mp~v~U6ne64 Facto~.--It seems clear that the 
future research will also find that the logarithmic 
transformation will be needed to cope with the inher­
ent nonlinearity of the relationship ; therefore, it is 
recommended that Carter ' s (1961) imperviousness fac­
tor be used in future research: 

K = 1.00 + .015 I (96) 

The coefficient, .015, may be altered to suit the fate 
of the roof drainage. As more mandatory on-site stor­
age of roof drainage is required, it may be that need 
for an imperviousness factor will disappear entirely 
under these conditions. 
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One possible explanation for relative insensiti­
vity of Lopez ' s results to the imperviousness is the 
fact that the roof drainage is mainly onto flower beds 
and grassed areas in the Denver region. This in addition 
to the fact that Lopez had no really large storms in 
his data base. During a very large storm the roof 
drainage could be more directly linked to the street 
drainage. 

Cfta.nne.t E66-(.uenc.y. - -Carlston (1963) found that 
in a pristine watershed, drainage density had a bear­
ing on peak flood di:;charge. The real meaning of this 
observation is that , the peak flood is directly cor­
related with the efficiency with which the runoff is 
conveyed from the surface. A complimentary corollary 
is that as the drainage efficiency improves, the re­
sponse time goes dow~. The drainage efficiency is 
related to how quickly the surface detention storage 
is converted from a thin laminar sheet to a relatively 
deeper turbulent flow in a small channel. 

Urbanization accomplishes a higher drainage ef­
ficiency in a number of subtle ways. The impervious­
ness of the watershed has two hydrologic functions-­
!) The infiltration into the watershed is reduced 
resulting in a larger proportion of surface funoff; 2) 
the surface runoff occurs over a smoother surface than 
the natural ~<~atershed and hence the velocity is higher . 
The imperviousness caused more of the total storm 
rainfall to appear as surface runoff and the run­
off occurs faste r . Hence we should expect to see floods 
more often (because even the minor rainfalls are no 
longer infiltrating) and the response time is reduced 
which in turn increases the peak discharge for a unit 
volume of runoff. 

Urbanization that results in curbed and guttered 
streets causes reduced response time. The drainage 
density is great ly increased. Each mile of street has 
approximately t~<~o miles of channels in the gutters 
plus the sewer pipe into which the gutters discharge. 
The transit time of the flood hydrograph in a curb­
gutter-sewer hydraulic system is faster than the 
transit time in the pristine watershed. The street 
and sidewalk are part of the impervious watershed which 
is quantified under imperviousness. The curbed gutter 
must also appear i n the evaluation of urbanization. 
Lope:.: (1973) does this by means of the Hydraulic Copaci ty 
term . Espey et al. (1969) does this in a more subjec­
tive manner through the use of the ~ term. Van Sickle 
(1969) does this by means of the length of channels plus 
storm drain in his Basin Factor term. 

1mp~~cn o6 On-6~e Sto~e. --As the effects 
of urbanization have become recognized, proposals for 
delaying the wat ershed response time have been devel­
oped. Instead of allowing all of the surface deten­
tion to drain away immediately, sel ected parts of the 
watershed are designated for tempora·ry storage. The 
runoff from these selected parts is retarded and the 
runoff stored for a matter of a few minutes to a few 
hours. The peak runoff from the retarded parts is 
thus desynchronized from the peak runoff from the 
remainder of the urban watershed. Roof tops, parking 
lots and runoff from large grassed areas can be man­
aged in this way. Usually some type of weir or orifice 
is fitted at the outlet from these part s of the "ater­
shed. This causes water to back up behind the orifice 
and be stored. The rate of release being a function 
of the characteristics of the orifice . 



Many cities are considering enacting on-site 
storage ordinances. Calculating the urban flood hy­
drograph will have to take into account the existen~e 
and storage capacity of any on-site storage. 

The results presented here show an insensitivity 
to channel slope and therefore are not in agr eement 
with the results of Eagleson (1962), Carter (1961), 
Dempster (1974), or the Bureau of Reclamation, USBR 
(1965). The multiple regression methods used in this 
research on the available data did not find that the 
channel slope was a significant variable because for 
the data available the variation in the channel slope 
was not large. Under these conditions, it is quite 
possible that the channel slope would not be selected 
as an important variable . There are two watersheds in 
the Boulder area (Skunk Creek and Two-mile Canyon) 
which are very steep. Lopez did not have any flood 
events measured on these two watersheds. 

RetaA~on Pondh.--The difference between the 
equations for computing the peak flood from Houston ur­
ban watersheds and the Dallas urban watersheds is 
in part attributed to the construction of flood retard­
ing structures and detention ponds at convenientpoints 
in the Dallas area. A practice which is becoming more 
popular is to incorporate parks, golf courses and 
bridle paths into floodways and temporary storage for 
flood waters. There may be some difficulty in main­
taining grass in some of these places if they are 
subjected to frequent inundation. 

The existence of on-site storage or detention 
ponds in the urban drainage net1~ork can be taken into 
account by actually routing the hydrograph through 
the detention facility. If the storage volume is 
minor in comparison to the volume of the total hy­
drograph, the peak attenuation will be minor and the 
effect of this type of storm could be accounted for in 
the ad justment of Lopez's Hydraulic Capacity or Espey's 
Channeli zation Factor, • · 

NEEDS FOR ADDITIONAL RESEA.RCH 

As in the case with many research projects, more 
questions have been raised. 

1mpel!.v-i.ou.6nU4 -i.n the U11.ban Wa.te1!.4hed .--A detailed 
survey should be made of the fate of the runoff from 
the impervious parts of the urban watershed. In the 
residential zones in the Denver Metropolitan Area for 
the relatively small storms observed, it appears that 
only a minor part of the roof drainage appears as 
surface runoff because the roof downspouts discharge 
onto grassed areas. The other impervious areas may 
contribute both flood runoff varying concentrations of 
pollutants and sediment. This research was mainly 
concerned about the flood runoff, but the day is 
coming when plans must be made to treat this flood 
runoff. The fat e of the runoff from the impervious 
parts of the watersheds must be known. Two of the 
watersheds in the Denver Area-Concourse 0 at Stapleton 
Airport and Kennedy Drive at Northglenn are well suited 
for this research work. 

On-t.-Ue S.to~ta.ge o6 F.tood Runo66· -- Routing the 
flood hydrograph through each element of on-site stor-

. age will be a tedious task. There is need for a sim­
ple empirical technique for predicting the influenceof 
this type of runoff given the storm characteristics. 
A procedure must be developed to relate the status of 
any on-site storage to modification of the impervious­
ness factor and the hydraulic capacity factor. 
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Vet~o~ Pond4 . --The performance of the flood 
detention ponds on urban runoff needs to be investi­
gated . Their function is similar to the on-site 
storage except that the scale is larger. Since there 
are less opportunities for building detention basins 
than on-site storage, simply routing the flood through 
the detention basin may be a practical way of obtain­
ing the hydrograph at a downstream point. Routing of 
the flood through the detention basin will yield stage 
hydrograph in the basin. This stage hydrograph will 
give information about depth of inundation and dura­
tion of inundation. These are important when consider­
ing the joint use of the detention basin for parks . or 
recreational purposes. One watershed in the Denver 
Metropolitan Area has a Detention Pond incorporated 
in a small park. This watershed (Harvard Gulch)is not 
being gaged in the Denver Urban Network. 

Channel Siope.--The role of the channel s l ope on 
the watershed response needs to be investigated: As 
more data become available from the Denver Urban Net­
work, these results will become available. 



Chapter 7 
SUMMARY AND CONCLUSIONS 

SUMMARY 

Rainfall-runoff data from a network of small 
urban drainage basins in the Denver Metropolitan 
Region were assembled. A listing of the 30 watersheds 
is given in Appendix A. A location map is also given 
in Appendix A. A total of 37 hydrographs from nine of 
these urban watersheds were used in this analysis. 

Since t he rainfall and runoff events are given at 
five minute intervals (see Chapter 3 for a description 
of the equipment), it is convenient to derive 5-minute 
unit hydrographs from the recorded events. Three dif­
ferent methods for deriving the unit hydrograph were 
used. The unit hydrographs derived by the FINVER 
method are given in Appendix C. 

CONCLUSIONS 

It was concluded that the best definition of the 
watershed response time was the lag time, TLC' the 

time interval between the centroid of rainfall excess 
and the centroid of the runoff. 

The predictive capabilities of the regression 
relationships would be improved through acquisition of 
additional data - particularly data from large floods. 
Some of the coefficients and exponen·ts will change 
as more data become available. 

The regression equations for the unit hydrograph 
peak discharge are: 

~ = 32.223 
A T 0.867 V 0. 036 

LC RF 

(92) 
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Measurements have been made of various physical 
watershed variables. Some of these are combined into 
parameters. All of the data are stored on magnetic 
tape for easy retrieval and use. A description of the 
CSU Flood Data File is given in Appendix B. 

A stepwise multiple regression procedure was used 
to find regression equo. tions between the watershed 
characteristics and the uni t hydrograph parameters. 
Regression equations were also devel oped between the 
s torm charact eristics and the unit hydrograph para­
meters. A separate investigation was made to select the 
most effective definition of the watershed response 
time. 

or 

43.939 Cq .1 09 FL.578 

T 0.822 E 0.037 
LC RF 

(93) 

The units and notation are defined in Chapter 4. 

are: 

\c 

or 

\c 

The regression equations for the lag time, TLC' 

33fl_ 361 T .048 E .304 H 1.154 C .15 
l 0 RF R Q 

T .031 E .323 H .80 
21 0. 233 _:_:1 0~--'R:.:.;F~ __ R:.:...__ 

u.342 

(94) 

(95) 
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Technical Appendix A 
Denver Metropolitan Urban Network 
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Explanation 
& OITZOIOO 
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l'~g. A-1. Location Map of the Denver ~1etropolitan USGS 
Urban Rainfall-Runoff Gaging Stations . 
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TABLE I 

LIST OF GAGING STATIONS IN THE DENVER METROPOLITAN AREA 

USGS NO. 

6. 7102 

6. 7102.5 

6.7114.5 

Name and Location 

Bi g Dry Creek tri butary at 
Littleton, 39"55 '46", 104 "56 • 06" 

South Platte River tributary at 
Englewood, 39"88'08", 104"59'48" 

Bear Creek tributary at Denver, 
39"39' 14", Io5•o2'46" 

6. 7115.8 Harvard Gulch tributary at 
Englewood, 39"39' 34", 104 "58'23" 

6.7116 Sanderson Gulch tributary at 
Lakewood, 39"41 '09", 105"04 '54" 

6.7116.5 Lakewood Gulch tributary at 
Lakewood, 39°42'17", 105"06' 33" 

6.7117 Dry Gulch at Lakewood, 
39°44'29", 105"06'43" 

6.7142 .1 South Platte River tributary at 
Denver, 39"47'18", 104"56'32" 

6.7142 .3 Toll Gate Creek tributary at 
Aurora, 39"44 '10", 104 °48' 39" 

6.7142.4 Sand Creek tributary at Aurora, 
39°45'41", 104°49'36" 

6.7142. 7 Westerly Creek tributary at Aurora, 
39°45' 13"' 104 °51 ' 51" 

6.7143 Concourse D Drain at Stapleton 
Airport, 39°46 ' 08". 104 •s3' 12" 

6. 7143.1 Sand Creek tributar y at Denver, 
39"47' 07", 104 •so• 31" 

6.7197.5 Ralston Creek tributary at 
Arvada, 39"48'53", 105"08'15" 

6. 7197.6 VanBibber Creek at Arvada, 
39°37' 54"' 105°08'15" 

6. 7197.7 Clear Creek tributary at Arvada, 
39°49'20" , 105"03'11" 

6.7198 Schneider Drain at Arvada, 
39"50'12'', 105"04'14" 

6. 7198 .8 Clear Creek t ributary No. 1 at 
Westminster, 39"49'54", 105"00' 24" 

6.7199.6 Clear Crook tributary No. 2 at 
Westminster, 39"49 ' SO", 104 •ss' 59" 

6.7201 TUck Drai n at Northglenn 
39"52 • 35". 104 •sg• t6" 

6.7202 South Platte t ributary No. 2 
Northelenn, 39"51'57"; 105"0'27" 

6.7202.4 South Platte River tributary at 
Thornton, 39"51 '10" , 104 "51'18" 

6.7203 Hillcrest Drain at Northglenn, 
39"52 '57", 104"59'36" 

6. 7204 Kennedy Drive Drain at Northglenn, 
39°53 '26", 104"59'14" 

6. 7204.2 South Platte River tributary No. 5 
at Northglenn, 39"S4 ' 23", 105°57'34" 

Period of Record 

1969-P 

1971-P 

1971- P 

1971-P 

1969-P 

1971-P 

1971-P 

1971-P 

1970- P 

1971- P 

1970-P 

1970-P 

1971-P 

1970-P 

1970-P 

1970-P 

1968-72 

1971-P 

1971-P 

1968-P 

1968-P 

1971-72 

1968-P 

1968-72 

1971- P 

6. 7283 Skunk Creek at Boulder, 
39°59'47", 105"15 ' 51" 
Twomile Canyon at Boul der, 
40°02 ' 59". 105"18' 16" 
Goose Creek at Boulder, 
40°01 ' 35", 105°16'19" 

Boulder Watersheds 
1970-P 

6. 7283 

6.7283.5 

6.7284 

6. 7304.5 

Boulder Creek tributary at Boulder, 
39"58 '48", 105°15'41" 

1970-P 

1971-P 

1970-P 

1971-P 

Approxi mate Drainage Area/sq.mi. 
l~ 

0 . 2 

0. 5 • 

0.3 

0. 2 

o.s 

0.3 • 

0.3 

0.2 • 

0.11* 

0.6 

0.6 

0 .9 

0.7 

0 .33* 

0.7 

0 .07* 

o.s 

1.1 

D.28• 

0.1 • 

0.5 

0 .8 

0 .8 

0 .6 

0.2 

0.2 Rock Creek tributary at Broomfield, 
39°54 ' 52". 105"06 ' 51" •used in the Analysis herein. 
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Technical Appendix B 
Colorado State University Small Watershed Flood Data File 

CSU SMALL WATERSHED DATA FILE 

Flood, causal rainfall and physiographic water­
shed data are systematically assembled for observed 
floods from small watersheds. The data file is 
organized so that new watersheds having f l ood data can 
be added any time. It is also organized so that 
additional new hydrographs can be added at any time. 
The data file was modified so that flood events mea­
sured on urban watersheds may be also fully documented 
and added to the data file. Each urban flood event 
also has the physical watershed information pertinent 
to that flood recorded. In the original concept it was 
assumed that the physiographic features of the water­
shed were stable and that the watershed was pristine -
undisturbed by man. The urban watershed is being 
altered - the exact antithesis of the rristine water­
shed. The purpose of developing the urban flood data 
file is to document and preserve observed flood data 
for use in future research work on the impact ofurban­
ization on watershed hydrology. 

The information in the original flood data was 
divided into six groups. The urban flood information 
will add two additional groups of information. The 
first gives general information about the watershed: 

Watershed Information 

Set 1. Watershed name, location and 
tion number. 

identifica-

Set 2. Flood series if available. This provides 
a frame of reference for the peak dis­
charge for any new flood being considered 
for inclusion in the data file. 

Set 3. Physical watershed characteristics . 

Flood Event Information 

Set 4. Antecedent Rainfall. Daily rainfall data 
prior to the storm included in Set 5. 

Set 5. Mass curve of rainfall of the storm caus­
ing flood event in Set 6. 

Set 6. Discharge hydrograph. 

Urbanization Information (New addition) 

Set 7. Physical urbanization characteristics 
which could be obtained from topographic 
maps, aerial photography or aerial obser­
vation. These include: 

1. Percent of impervious area, 
2. Length of paved streets and roads, 
3. Length of curbed and guttered streets 

and roads, 
4. Length of unpaved surface drainage 

channels. 

Set 8. Physical urbanization characteristics 
which cannot be obtained from aerial ob­
servation. These include: 

1. Length of underground storm sewers. 
2. Average capacity of underground storm 

sewers. 
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3. Average C & G street gradients. 
4. Roughness of surface drainage channels. 
5. Population density. 

For a given watershed, there can be only one set 
1, set 2, and set 3 data. There may be any number of 
rainfall events, each represent ed by some combination 
of set 4, set 5, and set 6 data. If it is an urban 
watershed and has set 4, set 5, and set 6 data, there 
will also be set 7 and set 8 data. In principle it is 
assumed that new set 7 and set 8 data will be obtained 
for each new flood event; although if the devel opment 
has not changed these data may be transferred from the 
previous event. The logic of the data file is shown 
schematically in the next diagram. The set 7 and setS 
data will simply be added after the hydrograph. 

The following generalization may be made about the 
data: 

If a watershed is represented , at least 1 will be 
present. 

If sets 2 and/or 3 are present, they will follow 
set 1 in numeric order. 

Sets pertaining to rainfall events will 
follow whatever of sets 1, 2, and 3 are 

always 
present. 

A set 5 wil l always be fol l owed by a set 6. 

If any of sets 4 and S, 6 are present for a given 
event they will be in numer ic order. 

If it is an urban watershed, sets 7 and 8 will 
follow each set 6 data. 

PROGRAMI-HNG INFORMATION 

Watersheds 1-600 on Tape Al65, 201-1289 on A512. 

Tape format: BCD, 80 characters/record, 556 BPI 
Both tapes close with an end of file . 

On the BCD tape , the information of each set is pre­
ceded by a record identifying the kind of set to fol­
low. This identification record contains the set 
number (1 to 6) , the 10 digital serial number (itself 
a concatenation of 5 codes), and the name of the 
watershed. In the identification records for sets 1, on 
the BCD tape, a sequence number of the watershed on 
this tape (1-1289} has been placed in the last 4 
columns. On the basis of the set number one may 
branch to the appropriate read statements for the re­
cord, or records , to follow. This branching is pro­
vided for in our program by several br ief subroutines, 
which in turn call the appropriate entry points in the 
six subroutines for the various sets: 

Subroutine TAPERED Provides for reading a 
binary tape, except for the 
identification record ,which 
normally will be read in 
the main program. 



ANN(I;Il 1"1.00/J 

PCAK $£111£$ 

WAT£11$HCIJ 

IJESCAIPTIIJN 

s 

CJki)S 

J 

WAT£~SHI"I) NAill" AND 
I.OCATIOitl 

I UR8ANIZATIOfril PARAMETE,.S NOT APPAR'£NT 
ON AE:RIAL PHOTOG~APii$. 

2: URBANI%ATI~ N,AAWET[ft$ W[ASURI!:O 
f'AOW A( .. IAL """TOQ.AAPHS. 

' MYDAOGAAPH FOR FIA$T [VENT. 

-t MASS GRAPH F"OR FIRST [VENT. 

' AP I '0" fi"ST £V£NT, 

Fig. B-1. Schematic Representation of Data Arrangement for a Single 1qatershed with Two Runoff Event.s 

Subroutine TPWRT 

Subroutine TPLIST 

Subroutine PU80 

Subroutine RD80 

Subroutine TC0MP 

Provides for writing a binary 
tape, including · the i nformation 
record for each set. 

Outputs the data 
lines in an easily 
ing wi th headings. 

in ful l print 
readable list-

Outputs the data without headings 
in an 80 column format . 

Provides for reading the 80 column 
format, except for the identifi­
cation record, which will normally 
be read in the main program. 

Calls for computation of cer.tain 
output data from the minimal set 
of input items. (Since the re­
sults of the computations are now 
on the BCD tape, you will not be 
repeating these operations on this 
data). 

Each subroutine for a given set, then contains 
points corresponding to these functions. 

entry 

The CSU master binary tape is organized in similar 
fashion , with an identification record preceding each 
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record of set i nformation. The sequence - number of 
each watersi1ed (i.e., 1-1288) is not on the binary 
tape, but may be supplied by counting each set l as it 
is read, or written. 

The KOMENT deck, f ound 
on the data tape . 

with the program deck, is not 

In many cases the event codes for a given watershed 
(last two digits in the 10-digit serial number, or 
JSER (5), are not consecutive, although they arc in 
ascending order. They should probably be renumbered 
in consecutive series withi n each watershed. 

The accompanying programs were written at Colorado 
State University in a version of Fortran IV for the 
CDC 6400 computer, a machine wit h a core memory of 6SK 
60-bit words. The alphameric fields in the format 
statements were written with this equipment i n mind, 
but may, of course, be segmented in any way to be com­
patible with another word size . 

If there is no provision in your Fortran for multiple 
entry points into a subroutine, appropriate branching 
may be easily achieved by adding a variable to the 
COMMON list, and using it in a multiple branch GO TO 
in the various set subroutines . 
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