






























































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

measure-

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

Streets,
with the

following equation:

4 ) b 1m”m
CGS ) im
where 1m is the length of a reach of street of con-
stant width Hm. The widths of the streets were measured
from the back of the 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,
the following equation:

was calculated with

2r ]121

S = ]
CGS (z ]1)2

& 12,
7
Lcq

where 11 is the distance measured between successive

contours along the paved curbed and guttered streets,
and z5 is the average elevation above the outlet for

each 1i 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) wusing 7.5 minute USGS quad-
rangle sheets. The area andthe perimeter were obtained
using a digitizer and a computer program, but could be
obtained with a planimeter and a paper strip quite
easily.

i)

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

Density of Paved Streets and Roads, DPSR_

per square mile,

b - PSR
PSR A %
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,

DCGS--This parameter, expressed in miles per square

mile, was calculated using the equation:

Leg

D B

C
CGS A

where LCG

streets, and A

is the length of paved curbed and guttered
is the area of the catchment.
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k) USR
This parameter, expressed in miles per square mile,
was calculated using the equation:

Density of Unpaved Streets and Roads, D

0. = CUSR
USR R J
where L., 1is the length of unpaved streets and
roads, and A is the area of the catchment.
1) Total Street and Road Density, Dsf-Thisparam-

eter, expressed in miles per square mile, was calcu-

lated using the equation:

Dsp = Dpsp * Dysp

where DPSR and D are the densities of paved and

USR
unpaved streets and roads respectively.

m) Average Hydraulic Capacity of Curbed and
Guttered Streets, QCGS--This value, in inches 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'

--This vari-

n) Average Storm Sewer Diameter, DSS

able, expressed in inches, was calculated wusing the
equation:
:TidI
D Lo s
SS b T
J
where 1j is the length of a reach of storm sewer of

constant diameter dj'

0) Average Slope of Storm Sewer, S_.--This vari-

58
was

able, expressed in feet per foot, calculated

using the equation:

§ . = k" k
SS ) |k ’
where 1k 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 wusing 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 Capacity of Urban Area, Cq--

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

Cq = Ogs * Osss »
where QCGS and QSSS are the average capacities of

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



Table 9

Physical Watershed Variables

UsGs SWID bpsk  Lc  sm s Lss ben  Mes  Pss Sces  Sss %es s Cq
Catchment  No. No. mi. . mh mi.  mi. mi. fe.  in. 4 % in.fhr. in./hr. &n./hr.
Sanderson Gulch 06711600 1060716001  7.70  7.70  0.120 7.82  0.050 0.440 48.00 12 2.4 1.200  0.27 0.118  0.39
Tributary at 1060716002  7.70  7.70  0.120 7.82  0.050 0.140 48.00 12 2.4 1.200  0.27 0.118  0.39
Lakewood, CO 1060716005  7.82 7.82 @ 7.82  0.050 0.440 48.00 12 2.3¢  1.200  0.27 0.18  0.39
1060716004 7.82  7.82 0 7.82 0050 0.440 48,00 12 2.38 1.200 0,27 0.118 0,39

1060716005  7.82  7.82 0 7.82 0,050 0.440 48.00 12 2.3 1,200  0.27 0.118  0.39

Big Dry Creek Trib. 06710200 1060702001 15.40 11.30  0.83¢ 13,83  0.900  0.542 48.36 66  2.20 2,000  0.13  0.760  0.89
at Littleton, CO 1060702002 13.40 11.30  0.434 13.83  0.900 0.542 48.36 &6 2.29  2.000 015  0.760  0.89
1060702003 13.40 11,30  0.434 15.83  0.900 0,547 48.36 66  2.20 2,000 0.3  0.760  D.89

1060702004 13,40 11.30  0.434 13.83  0.900  0.542  48.36 66 2,29  1.000  0.13 0,760  0.89

1060702005 13.40 11.30  0.434 15.83  0.900 0.542  48.36 66  2.20  2.000  0.13  0.760  0.89

1060702006 13.40 11.30  0.434 13.83 0.900 0.542 48.36 66  2.29 2,000  0.15 0.760  0.89

1060702007 13.60 11.4  0.434 14.03  0.900 0.542 48.36 66  2.29 2,000  0.13  0.760  0.89

Tuck Drain at

Narthglenn, CO 06720100 1060701001 1.17 1.7 0 107 o042 0 49.00 30 2.82 0.476 25.47  0.620 24.09
1060701002 1.17  1.17 0 1.7 0142 0 49.00 30 2,82 0,476 25.47  0.620 24.09

1060701008 1.17 1.7 0 1.7 0142 0 49.00 30 .82 0476 23.47 0,620 24.09

1060701008 1.7 1.17 0 147 0142 0 49.00 30 2.82 0,476  25.47 0,620 24.09

1060701009 117  1.17 0 117 0142 o0 45000 30 2.82  0.476  23.47 0,620 24,00

1060701011 1.7 117 0 117 0142 0 49,00 30 2.82 0.476  23.47 0,620 24.09

Schneider Drain 06719800 1060798001  5.00  5.00  1.130 6,03  1.140 0 48.00 27 2,92 190  0.45  0.200  0.65
at Arvada, (0 1060708002  5.00  5.00 1.130 6.13 1.140 0 48.00 27 2,92 1.190  0.45  0.200 0.6
Concourse [ Storm 06714300 1060743002 o 1] a 0 0.950 o ] 49 1] 0.853 1] 1.970 1.97
Drain at Stapleton 1060743003 0 0 0 0 0950 0 0 P 0.855 0 1,970  L.97

Airport, Denver, CO
Toll Gate Creek 06714230 1060742302 2.73 2.17 0.130 2.86 0.262 0.313 48.00 54 1.99 0.338 0.41 0.620 1.03

Trib. at Aurora, 1060742305 2.80 2.30 0.150 2.95 0.262 0.313 48.00 54 1.99 0.338 0.41 0.620 1.03
o 1060742307 2.80 2.30 0.150 2.9% 0.262 0.313 48,00 54 1.99 0.338 0.41 0.620 1.03
Westerly Creek 06714270 1060742708 2.86 2.86 0.520 3.38 0 ] 48,00 ] 0.83 0 0.39 Q 0.39
Trib. at Aurcra, CO
Hillerest Drain NA720300 1060703001 5.63 5.63 0,013 5,64 0.192 0,208 48,00 26 2.44 2,720 0.49 0,26 0.75
at Northglenn, €O 1060703002 5.63 5.63 0,013 5.64 0.192 0.208 48.00 26 2.44 2,720 0.49 0.26 0.75
1060703003 5.63 5.63 0.01% 5.64 0.192 0.208 48.00 -] 2.44 2,720 0.49 0.26 0.75
1060703009 5.63 5.63 0.01% 5.64 0.192 0.208 48.00 26 2.44 2,720 0.49 Q.26 0.75
1060703010 5.63 5.63 0.013 5.64 0.192 0.208 48,00 26 2.44 2,720 0.49 0.26 0.75
1060703015 5.63 5.63 0.013 5.64 0.192 0.208 48.00 26 1.44 2.720 0.49 0.26 0.75
1060703016 5.63 5.63 0.022 5.65 0.192 0.208 48.00 26 2.44 2.720 0.49 0.26 0.75
Kenneth Drive Drain 06720400 1060704001 1.78 1.78 0 1.78 0.729 0 48.60 37 2.03 1.000 1.27 1.12 2,39
at Northglenn, CO 1060704002 1.78 1.78 0 1.78 0.729 o 48 .60 37 2.03 1.000 1.27 1.12 P8
1060704003 1.78 1.78 0 1.78 0.729 o 48.60 37 2.03 1.000 1.27 1.12 2.3
1060704004 1.78 1.78 0 1.78 0.729 0 48.60 37 2.03 1.000 1.27 1.12 2.39
Table 10
Physical Watershed Variables
Catchment o A Pcos Ppsr Pusr Dsp ; Y " Ly Apsr T u
No. No., sq.mi, =i /sq.mi. mi,/eq.mi. mi./sq.mi, mi./sq.mi, mi.  mi. mi. A A ]
Sanderson Gulch 06711600 1060716001 0.50 15.40 15.40 0.240 15.64 2,569 1.00 0.188 0.500 1a.00 49 1.49
Tributary at 1060716002 0.50 15,40 15,40 0.240 15,64 2,569 1,00 0.188 0,500 14,00
Lakewood, €O 1060716003 0,50 15.64 15,64 0 15.64 2,569 1.00 0. 188 0,500 14,22
1060716004 0.50 15,64 15,64 0 15,54 2,869 1.00 0,188 0.500 14,22
1060716005 0.50 15.64 15,64 [ 15.54 2,569 1.00 0.188 0.500 14.22
Big Dry Creek Trib, 06710200 1060702001 1.0 11.30 15.40 0.434 13.9% 4,869 2.10 0.205 227 12.27 28 1.28
at Littleton, CO 1060702002 1.0 11,30 13.40 0.434 13.93  4.869 2.10 0.205 0.227 12,27
1060702003 1.0 11.30 13.40 0.434 13.93 4,869 2.10 0.205 0.227 12.27
1060702004 1.6 11,30 13.40 0.434 13.93 4,869 2.10 0.205 0.227 12.27
1060702005 1.0 11.30 15,40 0.434 13.9% 4,869 2.10 0.205 0.227 12.27
1060702006 1.0 11.30 13.40 0.434 13.9%  4.869 2.10 0.205 0.227 12.27
1060702007 1.0 11.40 13.60 0.434 14,03 4.869 2.10 0.205 0.227 12.46
Tuck Drain at 06720100 1080701001 0.07  16.71 16,71 0 16,71 1.226 0.45  0.087 0.346 15.51 30 1,50
Northglenn, CO 1060701002 0,07 16,71 16,71 0 16,71  1.2236 0.45 0,057 0.346 15.51
1060701003 0.07 16.71 16.71 0 16,71 1,226 0.45 0.057 0.346 15.51
1060701008 0.07 16,71 16.71 [} 16.71 1.226 0.45 0.057 0,346 15.51
1060701009 0.07 16.7M 16.71 0 16,71 1.226 0.45 0.057 0.346 15,51
1060701011 0.07 16.71 6.1 Q 16,71 1.226 0.45 0.057 0.346 15.51
Schneider Orain 06719800 1060794001 0.33  15.15 15,15 3.424 18.58 2,548 0.%0 0.130 0.407 13.77 28 1.28
at Arvada, CO 106NTORO02 0.33 15,15 15.15 3,424 18.58 2.5¢8 0.90 0.130 0.407 13.77
Concourse D Storm 06714300 1060743002 0.11 0 0 o 0 1.594 0.55  0.069 0.364  100.00 100 2.00
Drain at Stapleton 1060743003 0.11 o 0 1] ] 1.584 0.55 0.069 0.364 100.00
Airport, Denver, CO
Toll Gate Creek 06714230 1060742302 0.30 7.23 9.10 0.430 9.8 2,240 0.70  0.134 0.612 8.27 37 1.87
Trib. at Aurora, CO 1060742305 0.30 7.66 9,33 0.500 9.83 2,240 0.70 0.134 0.612 8,48
1060742307 0.30 7.66 9.33 0.500 9.85 2,240 0.70 0,134 0.612 8.48
Westerly Creek 06714270 1060742708 0.20 14,30 14,50 2,600 16.90 1.665 0.80 0.120 0,556 13,00 39 1.50
Trib, at Aurora, (O
Hillerest Drain at 06720300 1060703001 Q.28 20.11 20.11 0.050 20.14 2.067 0.70 0.135 0.571 1B.28 46 1.46
Northglenn, CO 1060703002 0.28 20.11 20.11 0.050 20.14 2,067 0.70 0.135 0.571 18.28
1060703003 0.28 20.11 20.11 0.050 20,14 2,067 0.70 0.138 0.571 18.28
1060703009 0.28 20.11 20.11 0.050 20.14 2.067 O0.70 0.135 0.571 18.28
1060703010 0.28 20.11 20.11 0.050 20.14 2,067 0.70 0.135 0.571 18.28
1060703015 0.28 20.11 20.11 0.050 20.14 2,067 0.70 0.135 0.571 18.28
1060703016 0.28 20.11 20.11 0.050 20.14 2.067 0.70 0.135 0.571 18.28
Kennedy Drive Orain 06720400 1060704001 0.10 17.80 17.80 ] 17.80 1,717 0.60  0.058 0.278 16.38 55 1.55
at Northglenn, CO 1060704002 0.10 17.80 17.80 0 17.80 1.717 0.60 0.058 0,278 16.38
1060704003 0.10 17.80 17.80 Q 17.80 1,717  0.60 0.058 0,278 16,38
1060704004 0.10 17.80 17,80 0 17,80 1,717 0.60 0.058 0.278 16.38
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T) Longest Dimension of the Basin, L, --This vari-

L
able, expressed in miles, was obtained by measuring
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 catchment, 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:

A
H’F

R

where A and P are the area
the basin respectively.

u) Percent of Area in Paved Streets and Roads,
APSR--This parameter was calculated with the equation:

and the perimeter of

N n P pey Hops
PSR= "R

where LPSR

is the

is the length of paved streets and roads,
average width of curbed and guttered

In this
streets
streets

¥ces
streets, and A the area of the catchment.
case the average width of curbed and guttered
is used instead of the average width of paved
and roads.
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Ducret and Hodges (1972).

v) Percent of ImperviousArea.IA-—This parameter

is defined by the equation:

Ai
IA=TX]OD EY

where hi 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=1+-

which prevents zero values from occurring.

The determination of the impervious areas used in
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
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 "changes 4in impervious cover with time due
to unban development, can be detected 4rom this data
to within five percent."” 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 significant.

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 D Storm Drain at Stapleton Air-
port is entirely paved. Many of the variables defined
for a more ''normal" urban watershed were not evaluated.



Chapter 5
CORRELATION STUDIES

The variables can be divided into three basic
groups, 1) Unit Hydrograph Parameters, 2) Storm param-
eters 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 physical 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 that 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 correlation matrix is
given in three-part Table 11.

STEPWISE MULTIPLE REGRESSION ANALYSIS

The multiple regression analysis in this work was
done using the program STAT 38R (BDMO2R 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 greatest
reduction in the sum of the squares of the deviations.
Equivalently it is 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,
if it 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 using the
transgeneration capabilities of the program and linear
models of nonlinear variables can be obtained. Several
regression equations may be formulated in a single
Tun by creating subproblems with different dependent
and independent variables.

Draper and Smith (1966) are of the opinion that
the stepwise regression procedure is the "best of the
variable selection procedures" discussed in their text-
book. Careful selection of variables and critical
evaluation of the models through the examination of
residuals is essential in regression analysis.

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

J
omg @ 321 ijd +4E (5)
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and the val-
which give the "best" regression model are

the magnitude of J, the appropriate Xj
ues of Bj

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

1) Correctness of overall model form.
Z) Independence on onthogonality of <he

in relation o each othen.

Values of each of the independent (predictonr)
variables are hnown without erron,

The observations on each observation of Xj

and V are independent of each other (zero
sendal conrnelation).

The entire data set I8 nepresentative not
only of values around the mean value of Y but
also of behavior near the extremes. Future
values V of the estimated equation depend
on whethen the data has "captuned" the  sum
total of sysiem behavion.

The ernon (nesddual on random component) fon
the cbseaved system nesponse is nonmally dis-
tuibuted with zero mean and consfant variance
Var E. This assumption &5 necessary only to
obtain confidence Limits and to conduct tests
0§ signigicance but is not essential fo Least
squares estimation of model parametens.

The xj‘a include any functions such as

squares, cubes, cnoss products (fon  example,
X,Xz on K'XZXSI. These nonlinear tewms as-
sume the foam of the xj-'a and are handled
in the sinaight muliiple Linear hegressdion

(MLR) modef. The model 44 Linear because the
Lenms ane additive.

]
xj. A
3
4]

5)

6)

7

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 useful and reliable predictive equation
Showld include as many xj.'a as possible.

Reliability would be measured in terms of the
standand errwon of estimate |fitted on past
data) and standand error of prediction (a check
0§ prediction against actual "futune" data).
Cost consdiderations in collecting data on all
xj"‘" of potential intenest force us Lo 4in-

clude as few xj'a as possible 4in Eq. (5).

2

In the analysis undertaken here all the condi-
tions necessary to 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 statis-
factory model. Even if the correctness of the overall
model form is accepted, 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 in the
case of the physiographic parameters 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 wvalue corresponding to the 95 percent point of the
F distribution. The effect of serial dependence in
rainfall compared 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 necessary for independence of rain-
fall-runoff events. Autoregressive linear models can
easily be used to analyze serial dependency (Yevjevich,
1972a).

RESULTS OF CORRELATION STUDIES

Stepwise regression was used to 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 dascriptors as
much as possible, and to formulate a muitiplicative
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 Hydnograph Parametens.--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
Hydrologic 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 Ct and Cp for the unit hydrograph.
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‘the direct runoff volume and the intensities

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 hydrograph
of the
effective rainfall are obtained. A set of normal equa-
tions of simultaneous 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 progranm
exceeded the other's were almost equal. 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:

wi=r 17l (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 FINVER's.
Comparing the values obtained by the PWCB program, an
average difference of 0.30in./hr. was obtained with
FINVER's values being generally lower. The wmaximum
difference found between the peak values of the 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 obviously 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 program
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 Dischange Qp.--nn initial run was made with

the stepwise regression program STAT 38R, version of
November 1972, originally BMDO2R, 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 select 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 {Tl' TZ’ TS’ T4, T5 and TB} :

the duration of the rainfall event {Tlo]; three vari-

ables of the length of streets (Lpsa'l‘CG'[‘SR); a para-

meter of the average hydraulic capacity of the urban
development (CQ); the area of the basin (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
rainfall (ERF);
FL); the area of paved streets and roads
(Vep)s

(SCGS); the excess (or effective)

(HR and

the

the basin shape parameters

(Apsr) >
volume of rainfall 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 T, T3, T4 and T7

These storm and watershed
variables were correlated with the unit hydrograph
peak discharge, TIO‘ 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 the

ranging from 0.8 to 0.9.

and a coefficient of determination of 0.84. The stan-
dardized values of the residuals were tested for log-
normality (Yevjevich, 1972b) using the Smirnov-
Kolgomorov statistic A = 0.087 < B, = 0.23 for a =

0.05 and a sample size of 33, which shows an accept-
able fit. From this the inference may be made that
the assumed confidence level 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,#8; =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 N(0, c?),
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 serial 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 coeffi-
cients of determination are:
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-0.082

il -0.249 -0.347 -0.287
Q, = 6.321 T, Ty len Epr
R? = 0.8375 (7)
. -0.466 0.681
Q = 1.725 Ty Ksa
R? = 0.7363 (8)
B -0.571 -4
Q, = 5.528 T, Deas
R = 0.8233 (9)
) -0.867 , -0.036
Q, = 32.223 T Ver (10}
(selected regression
R? = 0.6874 squation/
i -0.330 -.473 -0.305
Q, = 0.606 Lgg Oone B
T
R = 0.7320 i
i -0.483 0.506
Q, = 2.803 Typ Dicas
12
R = 0.7186 e

Note: The units of Qp are in./hr. and therefore

the effect of watershed size
removed.

is at least partially

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 Ilatter 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 1larger 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 proportional to 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 tz > t1 for qu

> QPZ' The inverse proportionality of the length of

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

streets and roads is
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e.g., rainfall events in general are known to have a

characteristic high intensity and short duration. 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 also
not found in the data base to date. The characteris-
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 R? value of at least 0.01
was allowed and the following equations were obtained:

-0.31611 A_G'272 -0.216
PB RF

R® = 0.8424 (13)

Qp = 2.757 T E
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- -0.593 0.269 -0.094
Qp = 7.388 T, s RE; o
R = 0.860 (14)
) -0.822 . 0.109 . -0.037 . 0.
Qp = 43.939 T ¢ ¢ g 2t
RZ = 0.8149 (SeLected regression equation)
(15)
_ -0.187 . -0.123 _ -0.276 . -0.
Qp = 0.414 Ty, s Eqr s heet]
R = 0.7661 (16)
) -0.138 _ -0.315 . -0.98]
Qp = 0.169 C, g He
R? = 0.7313 (17)
) 1.827 . -0.339 _ -0.192 . -0.262
Qp = 1.261 U Toa Eae He
" R = 0.8521 (18)
i -0.538 . 0.178 , -0.121 0.274
Qp = 9.118 7y ¢ FL Ve Scas
R® = 0.8714 (19)

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

equation was derived:

297, -.330 . .362 . -.278 . 112
10 Lsg Degs™ Epr FL

R® = 0.7750 (20)

qp =1,929 T

The correlation coefficient 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[Td)’ 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 wused throughout this work for
goodness of fit.

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 TLC' This agrees with

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

Time 1o Rise TP [T?l, -- The procedure followed

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




of the unit hydrograph is similar to that followed in
the previous section. The correlation matrix gave
coefficient values from 0.75 to 0.85 for the response
times (Tz, T3 and T4) and the peak of the unit hy-

drograph [Qp}, 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 lag time
TLC{Td)’ giving the following equation:

. 0.554 .2 _
Tp = 3.108 T, , R® = 0.7086 (21)
_ 0.594 _ -0.064
To = 2.361 T, Er
R% = 0.7338 (22)
_ 0.567 . -0.078 . -0.442
Tp = 3.533 7, s b
R = 0.7813 (23)
) 0.680 . -0.150 4 -0.217 . -0.518
To = 1.461 T . Eer Hy ¥
R = 0.8019 (24)
) 0.606 - =-0.153
To = 4.624 T, B
RZ = 0.7313 (25)
- -0.625 — -0.115 . -0.502
To = 33797, T Bl
RZ = 0.7465 (26)
. 0.708 . -0.129 . -0.096 , -0.146
To = 1.855 T, g B He
R% = 0.7565 (27)
) 0.855 . 0.675 . -0.114 . -0.076
Tg = 2.051 U Tig Ty B
RZ = 0.7575 (28)
The following equation were obtained by including
Tpp(Ty)-
} 0.713 . -0.350
Tp = 6.525 T Ty
R? = 0.7557 (29)
) 0.715 . -0.365 ..  0.095
Tp = 8.006 Ty Yy -
R® = 0.9022 (30)
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_ 0.739 . -0.334 _ -0.049 0.088
T. = 5.86 :
R = 9-864 Tpp To ERF RF| 0ss
R? = 0.8164 (31)
) 0.709 - -0.322 _ -0.069
Tp = 6.153 Ty Toa ¢
RC = 0.807 (32)
) 0.712 _ -0.380 . -0.046
To = 7.068 Too Tip %
R% = 0.8175 (33)
) 0.681 _ -0.327 . 0.116
Tp = 9.326 T Ty Hy
RS = 0.841 (34)

Lumped Rainfall Losses RF --In the determina-

tion of peak flows, the amount of rainfall not in-
cluded in the measured discharge is an important
variable. The volume of effective rainfall is widely
used in the derivation of unit hydrographs, and can be
obtained from the expressions given for an F wvalue
of 4.15 (95 percent level):

L0SS”

. 0.348 1.088
RFoss = 0-448  Lgg Ver
R = 0.8867 (35)
) 0.334 1.0699
RF gss = 0-439  Lpgp Var
R® = 0.8855 (36)
. 0.303 1.024
RF) gss = A VRr
R? = 0.8742 (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 normal 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 if 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) = ZG{N-I]%]%, where n is the number
of runs, Zu the normal deviate for a probability a,

and N the sample size.



A significant result in this analysis
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 curbed 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 urbanization are
independent of the volume of rainfall. A relationship
including C. is given as follows:

is the

Q
& -0.338 0.973
RFLOSS = 0.659 CQ VRF
R? = 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 length 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
RFUDSS = f{Ls,VRF} loses its reliability as it
approaches zero. The length of curbed and guttered

streets does not include the street 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 to the losses, but in the cal-
culation of the paved area a weighted average of the
width was multiplied by the length 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 safe the 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 interpretation. Also defying explan-
ation is the fact that the area of the basin is almost
as good a predictor as the lengths of streets and much
better than the percent of impervious area.

Response Time. -- The response of a basin to a
given intensity duration and frequency of rainfall is
of interest in hydrology. In this section several def-
initions of response time used in hydrology are used
in order to assess their predictiveness.

Time to Peak TPClIllf" 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 almost as small
as the partial Fp value 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.

- -6.405 2.440 -1.449 -0.314 | -0.592
1.4
TPC 23 U TpB T10 ERF HR
R% = 0.3922 (39)
- 2.136 -1.348 | 0.613 -0.247 | 1.491
TPc 19.313 TPB T10 CQ ERF HR
R? = 0.4212 (40)
. 2.406 -1.640 -2.455 -0.541 , -0.884
Toe =897 Tpg ™" Ty Ocgs Err He
R% = 0.4525 (41)
= 2.406 . -1.577 _  -3.340 _ -0.580 , -0.86
TPc 678.828 TPlB T10 DPsn ERF HR
R? = 0.4568 (42)
= 2.379 -1.642 -3.415 -0.548 , -0.757
TPc 1686.437 TPB T10 DSR ERF HR
R% = 0.4521 (43)
Equations excluding TPB were derived and the
highest F ratio and R2 values were obtained for
the following equation:
1. = 29904.04 -0.338 . 0.917 0.283 , 3.294
pC 049 Tyo CQo " B Mg
R? = 0.2211 (44)
The F ratio for this equation was 1.99, and it

should be emphasized that none of the equations pre-
sented in this section are considered reliable predic-
tors of Toc:

Time to Peak TPBLIQl;f' The duration of rainfall
Tlo 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:
2 0.580 0.242 , 0.550
TPB = 11.881 Tm ERF HR
R? = 0.5432 (45)
= 0.512 . 0.265 0.250 , 1.169
TPB = 51.749 'I'.m CQ ERF HR
R? = 0.65014 (46)
a 0.731 , 0.241 1.791
TPB = 2.341 T10 HR VRF
R? = 0.4463 (a7)
5 0.666 . 0.260 , 0.838 0.191
TPE 9.558 T10 CQ HR vRF
R% = 0.5492 (48)



The equations given do not satisfy the Wetz criteria.
Equation (46) has an F ratio of 13.01 which comes
the closest to being a satisfactory predictor equation.

Time to Peak Tj.—-Tha time to peak of the runoff

hydrograph TF is an excellent predictor of T

B 3
explaining 76 percent of the variance with an F ratio
of 98.22:

0.849' RZ

Ty = 2.078 Ty = 0.7601 (49)

The equation can be improved without 1losing its pre-
dictive value. The following equations improve the
total explained variance as shown:

i -0.990 . 0.567 . 0.161 . 0.177 . 0.234
Ty = 9.453 U Ty Ty Eqp e
R = 0.8458 (50)
) 0.504 _ 0.177 . 0.125 . 0.193 . 0.636
Ty = 17.243 Tpp T ¢ Eqr He
R = 0.8642 (51)
N 0.570 . 0.176 . 0.173 . 0.309
Ty = 7.320 Ty A Eq e
RZ = 0.8379 (52)
. -0.862 . 0.730 . 0.195 . 0.02]
- 2.
Ty = 2.003 U toe Tio Vep
R = 0.7870 (53)
i 0.700 . 0.215 . 0.092 . 0.0300
Ty = 2.670 Tpg T cQ He
RZ = 0.7961 (54)
) 0.731 - 0.179 .  -0.163
Ty = 2.376 Ty T Bras
R = 0.7825 (55)
_ 0.756 . 0.191
Ty %180 T o
2
R = 0.7771 (56)
i 0.650 . 0.181 ., 0.293
Ty = 10.739 Ty Eqe e
2
R? = 0.8243 (57)
) 0.645 . 0.271 , 0.441 ., -0.221
Ty = 14.811 Ty B He ¥
2
R® = 0.8512 (58)
) 0.580 . 0.125 . 0.291 , 0.768 , -0.22]
T, = 35.293 Tpg g e H Ve

R? = 0.8772 (59)
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Ty = 23706 Tpg0r492 7, 0190 ¢ 0.125 ¢ 0.285 , 0.793

10 Q RF

-0.230 .2

Vor RS = 8930 (60)

Excluding TPB from the regression analysis, the
following equations were obtained:

i 0.415 . 0.197 . 0.319 , 1.062
T, = 98.808 Ty, Gy Ene He

R® = 0.7497 (61)

i 0.466 . 0.313 , 0.602

T, = 33.108 Ty, Py He

R? = 0,6795 (62)
. 435 . .090 ,.555 . .357 .150
T3 = 17.782 Typ"™ Cq" "7 AT Epe ™ RFy s

R? = 0.7641 (63)

These equations
to the Wetz criteria. The
was obtained for Eq. (63).

are satisfactory predictors according
lowest F ratio of 17.49

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:

0.186

e 10 0.634 . 0.189 , 0.649
3 = 10.090T g ¢ He Ver

R? = 0.5308 (64)

Lag Time T, (T,).--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:

= 0.848 2 _
Tc=1.375T, RS = 0.6041 (65)

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:

g -1.614 ¢ 0.581 . 0.227 , 0.571
T = 34.058 U T o B 220
R = 0.7855 (66)
. 0.437 . 0.228 . 0.256 , 0.286
T = T6230 Tag =00 g 200 Eped 200 fo
R? = 0.8383 (67)



i} 0.296 , -0.147 _ 0.342 , 0.942
Toc = 131.996 Ty D E He

SR RF
2.
R® = 0.6568 (78)
These equations pass the Wetz criteria and should
adequately predict TLc when TPB is not used. Com-

paring the last five equations, where only the descrip-
tors of urbanization have been changed, one may see
that the descriptor of the hydraulic capacity still
explains a higher percentage of the variance followed
now by the percent of impervious area. This 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. When 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) to (78).

The equations obtained by substituting the total
volume of rainfall VRF’ do not pass the Wetz criteria,

- with the best equation having an F ratio of 9.19

- 0.557 0.220 , 0.691
Tic = 23.638 Ty Bug He
2
R® = 0.7686 (68)
= -1.402 . 0.782 , 0.278
TLC 4.840 U T2 HR
2 ;
R® = 0.7077 (69)
- 0.680 . 0.191 , 0.833 0.105
TLc 13.346 TPB CQ HR VRF
2
R™ = 0.7485 (70)
u 0.739 -0.309 ,, 0.332
TLC 8.576 TPB DCGS HR
R? = 0.7084 (71)
; 0.734 . -0.453 _ 0.336
TLC 13.237 TPB DPSR HR
2.
R™ = 0.7117 (72)
. 0.742 . -0.367 , 0.355
TLc 10.743 TPB DSR HR
g .-
R® = 0.7047 (73)
The greater inclusion of descriptors of urban

development in the regression equations shows that TLc

pC? TPB’ and T3 to this phe-
nomena. Comparing the above equations, a higher
percentage of the variance is explained by the average

hydraulic capacity as estimated by CQ’ the density of
and the density of

is more sensitive than T

curbed and guttered street [DCGS)
paved streets and roads {DPSR] than by the imper-

should be
as will

viousness factor, U . Care exercised in

comparing results like this be

hydro-
following

Excluding the time to peak of the runoff
graph, TPB’ from regression analysis the

equations were obtained.

T

. 0.031 . 0.323 , 0.80 ,-0.342
L¢ = 210.233 Ty E o

RF
2
R = 0.613 (74)

. 0.048 . 0.304 , 1.154 . 0.145
T c = 338.361 Ty Epg Hy o

RZ = 0.656 (75)

- 0.292 -0.1 .3
TLC 125.817 TIO D 45 E 0.339 H 0.925

ces RF R

R? = 0.6581 (76)

-0.208 £ 0.336 y 0.924

) 0.295
Toc = 147.547 Ty, D - 3

PSR

R = 0.6586 (77)

shown below.
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given here:

. 0.467 . 0.280 , 1.172 , 0.252
Tue = 37.881 Ty 80 o020y 1-172 y

RF

R? = 0.5677 (79)

Lag Time TLcso[Tsl,m‘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:

5 .570 1.33.. .71 .054 |, .161

TLCSO = 9514.807 TPB TIO CQ ERF HR

R? = 0.3652 (80)
As can be seen this equation does not pass the Wetz
criteria for a satisfactory predictor.

Time o4 Concentration T,i[al;;-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 correlations were obtained from these results
also, with the highest coefficient being 0.456. The

highest F ratio obtained for a relationship contain-
ing a descriptor of urbanization was 4.4 for Eq. (81):

i 1.018 . 0.571 ., 0.783
Te = 15.116 D g Eqr He
R? = 0.3147 (81)
) 0.756 , 0.926 , -0.751
Te = 218122 He Ver
R = 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 7

is the value of the definition of Tresponse time T,
used in the final regression analysis.



Table 11

Correlation Matrix

i g N T2 T T Ts 10 % rsa
. 1.000 =291 -.200 -.226 -.390 -.190 -.058 L300 -.625
L 1.000 439 L2658 418 238 022 465 154
T, 1.000 929 .61 162 608 -.808 102
Ty 1.000 510 088 622 B ¢l 302
T 1.000 1215 450 897 302
s 1.000 -.290 -.108 097
Tie -.502 135
%G 1.000 =138
Lysa 1.000
T Yeg L5 % % Yees Dpsn Psp Eor Fy %
u 576 -.682 189 -.708 606 531 413 M7 617 305
7 .i28 _180 .0l6 238 -.40 -.a07 -.308 -.008 346 -
" 069 « 100 063 .183 -. 390 =, 380 -, 407 410 183 =079
T 054 .093 .030 183 a0 -5 .. .528 .18 -.087
L7 267 .310 -.159 400 -.512 -.506 ..a88 .38 A% .02
Ts .30 .338 =011 .283 135 168 152 -.208 273 «.243
L 5 -.07 142 126 -.056 <321 -.308 380 08 -.0% .073
[N -.193 -.250 st -.359 597 588 562 -.468 - 348 090
Loga 9% .598 -.795 974 -.239 .18 183 604 951 - 093
Leg 1,000 094 - 803 L9882 - 186 -.081 -,083 -.625 939 -.065
Lsa 1.000 -, 806 .97 -.254 -.178 -1 -.599 958 -.088
A 1.000 -.783 .183 .168 -081 433 .03 -. 318
A 1.000 -.451 - -7 -.520 o7 -, 096
Oces 1.000 587 967 -.148 -.388 .13
Dpsa 1.000 P66 -.199 = 343 .04l
“sa 1.000 -9 -.508 085
Egy 1.000 -.501 096
Fx 1.000 128
L 1,000
Varisble Apen Vor RF nss Ty T Ly Seos Ts
S .
u .538 .06 -, 247 .03 P -.746 -.078 164
= 402 297 .13 Lo17 468 .58 -.108 012
T -3 377 .03 22 809 198 -.2853 257
T .42 .33 054 BiH BT} 185 244 .306
T -.s07 18 2 .08 .81 351 -.238 E
T A7 -.048 -.027 -.097 267 .2 .262 083
iy -.302 L300 068 360 259 -, 078 - 146 .o88
q 587 -.540 -.321 -.407 -.751 -.356 576 -.319
Logy -.182 060 T -.201 L354 010 -.087 -.1s
kg -.106 L022 458 -2 3% 82 -.042 -, 108
Len -.202 L0583 .a79 ..198 .32 o -.073 S
c.l 199 =. 138 -.57% 178 =.210 -,592 396 a9
i -.401 .180 533 . an 935 - -, 110
Pecs 988 -.481 -8 -.008 ..382 a7 257 059
Dyax 999 -.449 -.353 -.076 -3 -.356 276 005
Dgy 962 -.501 -.367 <079 -2 336 an 007
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Many cities are considering enacting on-site
storage ordinances. Calculating the wurban 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 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.

Retardation Ponds.--The difference between the
equations for computing the peak flood fromHouston 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 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 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 Espey's
Channelization Factor, ¢.

NEEDS FOR ADDITIONAL RESEARCH

As in the case with many research projects, more
questions have been raised.
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‘age will be a tedious task.

Impervicusness in the Unban Watershed --A detailed
survey should be made of the fate of the runoff from
the impervious parts of the wurban 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 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-site Storage o4 FLood Runodf. -- Routing the
flood hydrograph through each element of on-site stor-
There is need for a sim-
ple empirical technique for predicting the influence of
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.

Detention Ponds.--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.

Channef Skope.--The role of the channel slope on
the watersh 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 datatoa particular
recurrence interval ia a useful step in developing a
regionalized relationship; however, sufficient data
must be available to enable extrapolationto enable mod-
erate value say 25 years.

Response Time.--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:

Conversion to metric units would be greatly en-
hanced if ameaningful 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,
Hp.
the watershed shape which replaces the L., term
Snyder's definition and the Lt

The hydrologic radius is Lopez's term to define
in
term in Van Sickle's

definition.

It is interesting to note that Lopez found that
the response time was sensitive to two variables in-
volving storm magnitude and duration, Enr and Tio°

Minshall (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-
tion 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 confirmthe findings of Espey et al.
(1969) who have shown that the Time to Peak in an urban
watershed is related to both the channelization param-
eter, ¢, and the percent of imperviousness, I.

Imperviousness Facton.--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 1is 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 Lope:z had no really large storms in
his data base. During a very large storm the roof
drainage could be more directly 1linked to the street
drainage.

Channel Efficiency.--Carlston (1963) found that
in a pristine watershed, drainage density had a bear-
ing on peak flood discharge. 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 down. 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--
1) The infiltration into the watershed is Teduced
resulting in a larger proportion of surface funoff; 2)
the surface runoff occurs over a smoother surface than
the natural watershed 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 faster. 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 greatly increased., Each mile of street has
approximately two 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 1is 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 in the evaluation of urbanization.
Lopez (1973) does this by means of the Hydraulic Capacity
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.

Implication of On-site Siorage.--As the effects
of urbanization have become recognized, proposals for
delaying the watershed response time have been devel-
oped. Instead of allowing all of the surface deten-
tion to drain away immediately, selected parts of the
watershed are designated for temporary 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 rtunoff 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 parts of the water-
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 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 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.

Retardation Ponds.--The difference between the
equations for computing the peak flood fromHouston 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 Aincorporate 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 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 Espey's
Channelization Factor, #¢.

NEEDS FOR ADDITIONAL RESEARCH

As in the case with many research projects, more

questions have been raised.
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“age will be a tedious task.

Imperviousness in the Unban Watershed ~-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 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-site Storage o4 Flood Runoff. -- Routing the
flood hydrograph through each element of on-site stor-
There is need for a sim-
ple empirical technique for predicting the influence of
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.

Detention Ponds.--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.

Channef Sfope.--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.



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 30watersheds
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 the 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.

CONCLUSTIONS

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 exponents will change
as more data become available,

The regression equations for the unit hydrograph
peak discharge are:

32.223

(92)
0.867 |,

Q
P
A 0.036

T RF

LC
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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 equations between the watershed
characteristics and the unit hydrograph parameters.
Regression equations were also developed between the
storm characteristics and the unit hydrograph para-
meters. A separate investigation was made to select the
most effective definition of the watershed response
time.

or
109 . .578
Q 43.939 Cn° F
£ = T 9%
Tie ™ Frr
The units and notation are defined in Chapter 4.
The regression equations for the lag time, TLC’
are:
= .048 .304 , 1.154 . .15 4
Tl = 338.361 Ty Epp He Cq (94)
e .031 . .323 , .80
T E H
10 RF R
TLc = 210.233 U'342 (95)



Technical Appendix A
Denver Metropolitan Urban Network
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TABLE 1
LIST OF GAGING STATIONS IN THE DENVER METROPOLITAN AREA

USGS NO. Name and Location Period of Record Approximate Drainage Area/sq.mi.

6.7102 Big Dry Creek tributary at 1969-P 1*
Littleton, 39°55'46", 104°56'06"

6.7102.5  South Platte River tributary at 1971-P 1
Englewood, 39°88'08", 104°59'48"

6.7114.5  Bear Creek tributary at Denver, 1971-P 0.2
39°39'14", 105°02'46"

6.7115.8 Harvard Gulch tributary at 1971-P 1
Englewood, 39°39'34", 104°58'23"

6.7116 Sanderson Gulch tributary at 1969-P 0.5 *
Lakewood, 39°41'09'', 105°04'54"

6.7116.5 Lakewood Gulch tributary at 1971-P 0.3
Lakewood, 39°42'17'', 105°06'33"

6.7117 Dry Gulch at Lakewood, 1971-p 0.2
39°44'29", 105°06'43"

6.7142.1 South Platte River tributary at 1971-P 0.5
Denver, 39°47'18", 104°56'32"

6.7142.3 Toll Gate Creek tributary at 1970-P 0.3 *
Aurora, 39°44'10", 104°48'39"

6.7142.4 Sand Creek tributary at Aurora, 1971-pP 0.3
39°45'41", 104°49' 36"

6.7142,7 Westerly Creek tributary at Aurora, 1970-P 0.2 *
39°45'13", 104°51'S1"

6.7143 Concourse D Drain at Stapleton 1970-P 0.11*
Airport, 39°46'08", 104°53'12"

6.7143.1 Sand Creek tributary at Denver, 1971-P 0.6
39%47°07", 104°50'31"

6.7197.5 Ralston Creek tributary at 1970-P 0.6
Arvada, 39°48'53", 105°08'15"

6.7197.6 Van Bibber Creek at Arvada, 1970-P 0.9
39°37'54", 105°08'15"

6.7197.7 Clear Creek tributary at Arvada, 1970-P 0.7
39°49'20", 105°03'11"

6.7198 Schneider Drain at Arvada, 1968-72 0.33*
39°50'12", 105°04'14"

6.7198.8 Clear Creek tributary No. 1 at 1971-P 1
Westminster, 39°49'54", 105°00'24"

6.7199.6 Clear Creek tributary No. 2 at 1971-P 0.7
Westminster, 39°49'50', 104°58'59"

6.7201 Tuck Drain at Northglenn 1968-P 0.07*
39°52'35", 104°59'16"

6.7202 South Platte tributary No. 2 1968-P 0.5
Northglenn, 39°51'57", 105°0'27"

6.7202.4  South Platte River tributary at 1971-72 1.1
Thornton, 39°51'10'", 104°51'18"

6.7203 Hillcrest Drain at Northglenn, 1968-P 0.28*
39°52'57", 104°59'36"

6.7204 Kennedy Drive Drain at Northglenn, 1968-72 0.1 *
39°53'26", 104°59'14"

6.7204.2  South Platte River tributary No. 5 1971-P 0.5

at Northglenn, 39°54'23', 105°57'34"
Boulder Watersheds

6.7283 Skunk Creek at Boulder, 1970-P 0.8
39°59'47", 105°15'51"

6.7283 Twomile Canyon at Boulder, 1970-P 0.8
40°02'59", 105°18'16"

6.7283.5 Goose Creek at Boulder, 1971-P 0.6
40°01'35", 105°16'19"

6.7284 Boulder Creek tributary at Boulder, 1970-P 0.2
39°58'48", 105°15'41"

6.7304.5 Rock Creek tributary at Broomfield, 1971-P 0.2

LYy R R 11] PAsTE T
ST3IRDY, 10570051 *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 flood 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 pristine 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 of urban-
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 identifica-
tion number,

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 wurbanization 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,
Length of curbed and guttered streets
and roads,

Length of unpaved surface drainage
channels.

Set 8. characteristics
ob-

Physical wurbanization
which cannot be obtained from aerial
servation. These include:

1. Length of underground storm sewers.
2. Average capacity of underground storm
Sewers.,
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Average C § G street gradients,

3,
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 represented 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 development
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 set 8
data will simply be added after the hydrograph.

The following generalization may be made about the
data:

1f 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 will always be followed by a set 6.

If any of sets 4 and 5, 6 are present for a given
event they will be in numeric order.

If it is an urban watershed, sets 7 and 8 will

follow each set 6 data.
PROGRAMMING INFORMATION
Watersheds 1-600 on Tape A165, 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 brief 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.



NON- APPARENT
URBANIZATION

NON = 4PP4,
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DESCRIPTION
1000
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FROM AERIAL PMOTOGRAPHS.
0600 3 WYDROGRAPH FOR FIRST EVENT.
4 MASS GRAPH FOR FIRST EVENT.
& API FOR FIRST EVENT.
Fig. B-1. Schematic Representation of Data Arrangement for a Single Watershed with Two Runoff Events

TPWRT Provides for writing a binary
tape, including ° the information

record for each set,

Subroutine

TPLIST Outputs the data in full print
lines in an easily readable list-

ing with headings.

Subroutine

Subroutine PUSO Qutputs the data without headings

in an 80 column format.
RD8O Provides for reading the 80 column
format, except for the identifi-
cation record, which will normally
be read in the main program.

Subroutine

TCOAMP Calls for computation of certain
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).

Subroutine

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 information. The sequence- number of
each watersied (i.e., 1-1288) is not on the binary
tape, but may be supplied by counting each set 1 as it
is read, or written.

The KOMENT deck, found with the program deck, is not
on the data tape.

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 are in

ascending order. They should probably be renumbered
in consecutive series within each watershed.

The accompanying programs were written at Colorado
State University in a version of Fortran IV for the
CHC 6400 computer, a machine with a core memory of 65K
60-bit words. The alphameric fields in the format
statements were written with this equipment in 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 1ist, and using it in a multiple branch GO TO
in the various set subroutines.
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ABSTRACT: A brief review of previous work is presented.
Different methods for quantifying urbanization are discus-
sed. A step wise multiple regression technique was used
to select the best parameter of urbanization. The rain-
fall and flood events from nine urban watersheds in the
Denver Metropolitan region were analyzed. Unit hydrographs
were derived from the measured floods on these watersheds.
The unit hydrograph parameters were correlated with storm
and physical watershed parameters. It was found that the
changes in the unit hydrograph in the urban region were
related to the decrease in the watershed response time.

The best way of defining the response time was the lag
time. The lag time was found to be sensitive to the in-
crease in the hydraulic capacity to the decrease in the
ratio of pervious watershed and the shape of the watershed.
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