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ABSTRACT

STATISTICAL RELATIONSHIPS BETWEEN
STORM AND URBAN WATERSHED CHARACTERISTICS

Because of the rapid urban development in recent years,
hydrologic problems associated with urban watersheds have gained
importance. Large sums of money are being spent for the design
of urban drainage systems based upon inadequate procedures for
predicting peak runoff rates.

In this report a procedure is proposed for predicting peak
runoff rates from small urban and rural watersheds based upon
measurable storm and watershed characteristics. The technique
was tested for a number of runoff events on the Boneyard Creek
watershed at Urbana, Illinois, and the results of this test are
included. The procedure will be particularly useful for estimating
runoff rates from small ungaged drainage areas, and thus will be
directly applicable to both design and water management problems.

Narayana, V. V. Dhruva; Sial, M. Akbar; Riley, J. Paul; and Israelsen,
Eugene K. STATISTICAL RELATIONSHIPS BETWEEN STORM AND
URBAN WATERSHED CHARACTERISTICS

Research Project Technical Completion Report to Office of Water
Resources Research, Department of Interior, August, 1970, Washing-
ton, D.C.

KEYWORDS--*urban hydrology/*statistical hydrology/watershed
studies /hydrology/*flood frequency/surface runoff/urban parameters/
*runoff characteristics/*storm vs. runoff characteristics/small
watershed/runoff estimates.
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INTRODUCTION

Studies at Utah State University (Narayana,
et al., 1969) have demonstrated that computer
simulation is a useful technique for predicting
realistic changes in runoff characteristics which
might result from various levels of urban develop-
ment on watersheds. However, because simula-
tion requires some precipitation and runoff infor-
mation for model calibration and testing, it is not
possible to apply this technique directly to ungaged
watersheds. The basic objective of this study was,
therefore, to develop a satisfactory procedure for
predicting sufficient output information from
ungaged watersheds (both urban and rural) for
verification of the simulation model. A predic-
tive technique of this nature will permit the
application of simulation models to problems of
storm drainage and other studies involving the

hydrologic systems of ungaged watersheds.

Objectives

The objectives of this study were:
1. To derive equations for predicting the

peak rate and volume of runoff from rural and

urban watersheds using multiple regression analysis

techniques.

2. To evaluate the relative effects of various
storm and watershed characteristics on the peak
rate and total volume of runoff.

3. To develop concurrency charts between
the storm and watershed characteristics and peak

rate and volume of runoff.

Review of Past Work

A survey of literature reveals that engineer-
ing study on the problem of predicting runoff began
as early as a century ago. The problem was first

recognized by engineers in the design of sewage

systems. E. T. C. Myers (Chow, 1962) was

the first American to present a specific formula.
His work received much attention, but the formula
was not sufficiently rational for general applica-
tion. Myers' formula was later modified by

Jarvis (1926) to read as follows:

Q = 100pM. . . . . . . (1)
in which

Q = discharge in cfs

M = drainage area in square miles

p = numerical percentage rating on the

Myers scale

An advantage of the Myers scale is that it
provides a standard by which flood flow character-
istics in different streams can be roughly com-
pared. The use of a scale of this nature is ingeni-
ous, but it was soon found to be too simple an
index to suitably represent the complicated nature
of flood flow.

A well-known contribution by sewerage
engineers is the rational formula for estimating
rates of runoff from urban areas. In American
literature, the formula was first mentioned by
Emil Kuichling (1889), but its origin is somewhat

obscure. The rational formula is given as:

Q =CraA . . . . . . . . (&)
in which
Q = discharge in cfs
C = runoff coefficient depending upon the
characteristics of the drainage basin
I = rainfall intensity in inches per hour
A = drainage area in acres

The rational formula assumes that the maxi-
mum runoff rate due to a certain rainfall intensity

over the drainage area is produced by that rainfall



which is maintained for a period equal to the time
of concentration of flow at the point under consider-
ation. This is the time required for the surface
runoff from the most remote part of the drainage
basin to reach the runoff point being considered.
The Joint Committee of American Society of Civil
Engineers (Chow, 1962) and the Water Pollution
Control Federation reported values of C as given

by Table 1.

Many studies have been undertaken during
the past 60 years which deal with the problem of
predicting runoff for various types of watersheds.
A number of formulas, in addition to those already
cited, were developed before 1957, and they are
presented in Appendix A. In the past 10 years,
however, the general problem of runoff prediction
has gradually developed into that of synthesizing

the runoff hydrograph for the present and future

Table 1. Values of C in rational formula reported by a Joint

Committee of American Society of Civil Engineers
and the Water Pollution Control Federation in 1960,

(Chow, 1962),

Type of drainage area

Runotf Coefficient, C

Business.
Downtown areas
Neighborhood areas

Residential.
Single-family arcas
Multi ~units, detached
Multi-units, attached
Suburban
Apartment dwelling arcas

Industrial:

Light areas

Heavy dareas
Parks, cemeteries
Flaygrounds
Railroad yard arcas
Unimproved areas
Streets:

Asphaltic

Concrete
Rrick

C.70 - 06.95

G. 3¢ - 0.50
¢ 40 - ¢, 60
G.ol - G.75
G 2n -0 40
0.50 - ¢, 70

Goett -t 90

[ G O oY
L8 - 0 as
T 0. 85
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design of flood control systems in urban areas. A
number of quantitative evaluations of the effects of
urbanization on flood flow entailed the use of the
""rational formula' and the '"unit hydrograph method
of analysis' in the design of drainage structures.
Boch (1958) reported a study of flows into storm
drains and inlets in the city of Baltimore. In his
"inlet method' of predicting runoff, Boch consider-
ed the degree of imperviousness and magnitude of
the intense part of thunderstorms as the indepen-
dent variables. Benson (1959) showed, as sug-
by Nash (1958) and others, that after three or four
independent meteorologic and physiogfaphic vari-
ables have been used, additional variables do not
appreciably decrease the standard error in esti-
mating floods. Benson's analysis eliminates the
effect of individual storms since flood peaks of
specified return periods, obtained from a fre-
quency analysis of annual maxima, were used as
his dependent variable. The main channel slope
was found to be next in importance to drainage
area size. Benson's study has little application to
small watersheds, however, since only three of
the 170 New England drainage areas included in
his study possessed areas of less than 10 square
miles.

Hickok et al. (1959) made a significant
contribution to hydrograph synthesis. They
studied about 130 hydrographs and hyetographs
from 14 watersheds ranging in size from 11 to 790
acres in the arid southwest. ILag time was related
to watershed area, average land slope, and drain-
age density. The estimated lag time was used to
predict the hydrograph peak rate for an assumed
total volume of runoff. Finally, the entire syn-
thesized hydrograph was obtained from a general-
ized hydrograph expressed non-dimensionally in
terms of lag time and peak rate. Their dimen-

sionless hydrograph appeared to be independent

of rainfall pattern or of soil and cover condition,
It is likely, however, that this simplification

resulted, at least in part, from the very similar

climatic and cover conditions within the four research

locations. No consideration was given to urbani-
zation in this study. Sawyer (1961) studied the
effects of urbanization on the runoff yield from
watersheds, and reported that the characteristics

of many streams on Long Island were changed by
increased urbanization. No quantitative information
regarding the increase in runoff volume as a

result of urbanization was presented in Sawyer's
study.

Wiitala (1961) also used Canter's equations
to evaluate the effects of urbanization on the mean
annual flood for the Red Run watershed in
Michigan. Results indicated that for areas near
Detroit comparable in size and degree of develop-
ment to Red Run, the natural mean annual flood
was more than doubled by urbanization. Wiitala
also used the mean annual flood derived from
recent flood-frequency studies covering south-
eastern Michigan to evaluate the effect of urbani-
zation, The measured mean annual flood for Red
Run was found to be three times as large as that
indicated from a flood frequency study for natural
basins of comparable size.

Manuel A. Benson (1962) developed
relations between flood peaks and hydrologic factors
in a humid region with limited climatic variation
but diversity of terrain. He applied statistical
multiple-regression techniques to hydrologic data
from New England. His equations related peak
discharges of 1.2 to 300-year recurrence inter-
vals to 6 hydrologic variables. His equation for

the 25 year recurrence interval is:

-0.30.50.4 1.1
t t .

Q = 2.08 as¥ %570 31 0 (3)



in which

Q = peak discharge in cubic feet per

second for 25-year recurrence

interval

A = drainage area, in square miles

S = main channel slope, in feet per mile

St = percent of surface storage area plus
0.5 percent

I = 25-year, 24-hour rainfall intensity, in
inches

t = average January degrees below freez-

ing, in degrees Fahrenheit

0 = orographic factors
Because of lack of data, urbanization effects were
not examined in Benson's study.

Chow (1962) presented a method for deter-
mining peak discharges from rural watersheds
smaller than 6,000 acres in area. By a trial and
error technique, the method determines the dura-
tion of rainfall excess giving the maximum rate of
runoff, and estimates the latter by applying four
charts. The method involves runoff curve numbers
and relationships presented by the U. S. Soil Con-
servation Service. Although the charts presented
are applicable only to Illinois, the first two phases
of the method are general in nature and can be
applied to data from other watersheds. To com-
plete the procedure, it is necessary to express
the peak reduction factor as a function of the ratio
of the duration of rainfall excess to lag time. The
lag time must also be estimated from watershed
characteristics. Chow obtained these two rela-
tionships from 53 storms covering 20 small
watersheds in the midwest. Until similar rela-
tionships are available for other climatic and
topographic areas, the method is regionally

restricted.

R. W. Cruff and S. E. Rantz (1965) examined
several methods of analyzing flood frequencies on
a regional basis, and evaluated the relative reli-
ability of these methods. The areas selected for
study were the sub-humid San Diego area in south-
western California and the humid coastal area of
northwestern California. Six methods of analysis
were studied, namely, index flood, multiple cor~
relation, logarithmic normal distribution, extreme
value probability distribution (Gumbel method),
Pearson Type IV distribution, and gamma distri-
bution. Where applicable, basin and climatologic~
al characteristics were used in developing addi-
tional statistical relations. Three general con-
clusions were reached: (i) results are more reli-
able in humid regions where stream flow is less
variable, (ii) the multiple-correlation method is
preferred if historical data are available, and
(iii) the Pearson Type IV is more desirable for
distribution analysis where the period of record
is used.

John R. Crippen (1965), from a study of Sharon
Creek basin near Palo Alto, California, concluded
that peak discharge rates from a particular storm
type increased from 180 cfs in 1960 to 250 cfs in
1963 due to the growth of urbanization accompanied
by the construction of paving and drainage facilities.
Van Sickle (1965) applied the unit hydrograph method
to determine the effects of urbanization on peak dis-
charge in Houston, Texas. Continuous stage records
were available for eight of the watersheds which he
studied. Records for Brays Bayou, the watershed
within his study containing the greatest urban
development, were available for the 27-year per-
iod 1939 and 1961. During this period, the water-
shed changed from undeveloped farmland to an
extensively urbanized area. Van Sickle divided

this period into six stages of urbanization ranging
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from low to very high. Peak flow unit hydrographs
corresponding to each of the six urbanization stages
are shown by Figure 1. Van Sickle concluded that
urban development of a watershed in Harris County
can be expected to produce peak discharge rates of
from two to five times those which would occur on
the same watershed under rural conditions.

Linear regression analysis was used by
Espey et al. (1965) to analyze 11 rural and 24
urban watersheds. The independent variables con-
sidered in his study were area, mean slope, per-
centage impervious cover, and length of the main
channel in the watershed. The expressions
developed by Espey describe the characteristics
of the 30-minute unit hydrograph. He applied his

equations to the Waller Creek watershed at Austin,

45;

401

Discharge, 100 cfs

o

S

Texas, and indicated that the peak discharge would
approximately double as the watershed changed
from rural (0 percent of impervious cover) to
highly urbanized conditions (50 percent impervious

cover).

The studies cited in this section indicated
several storm and watershed characteristics
which are important in determining hydrograph
characteristics for ungaged areas. This infor-
mation was of great value to the investigation
reported herein, in which an attempt was made to
develop a model capable of realistically estimating
peak discharge rates and total runoff volumes
corresponding to particular storm events on

ungaged watersheds.

— e+ — 10-12 JULY 1939
22-25 NOV. 1940
———— 23-25 SEPT. 1941
—-— 12-19 MAY 1953

8-11 APR. 1959
------ 23-27 JUNE 1960

O 5 10 I5 20 25

30 35 40 45 50

55 60 65 70 75 80 85

Time after start of rainfall excess, hrs.

Figure 1. Brays Bayou unit hydrographs (after Van Sickle).






SELECTION OF MODEL VARIABLES

Ordinarily floods are caused by runoff from
rainfall and snowmelt and less frequently by dam
failures or high tides. Many factors influence the
rate and the total volume of runoff after the precipi-
tation reaches the ground surface. Meteorologic
factors such as temperature, dewpoint, radiation,
wind, and cloud cover influence the amount of pre-
cipitation and evaporation and thus affect runoff.
After runoff begins, the pattern is controlled by
the topographic characteristics of the watershed.
This is especially true when precipitation is in
the form of rain. Watershed characteristics may
be either surface or underground features. Most
of the geologic features of a watershed, such as
drainage area and land slope (aspect and degree),
are relatively stable; but other variables, such as
percentage impervious cover in case of urban
watersheds and the land use in the case of rural
watersheds, change with time. Within a watershed,
the variable parameters account to some extent
for the variation in the magnitude of the flood peak
and volume of runoff from year to year.

The first step in developing a statistical
runoff model is to select those parameters which
are significant in describing the system to be
modeled. The second step is to break those para-
meters selected into their simplest components, to
evaluate them on the basis of hydrologic and
hydraulic principles,and to choose those factors
having the least interdependence. Finally, statis-
tical methods are applied in developing relation-
ships between runoff and storm and watershed
characteristics.

As previously indicated, multiple correlation
techniques were employed to relate a number of

storm and watershed characteristics (considered

as independent variables) to certain characteristics

.

of the runoff hydrograph (considered as dependent
variables). The various independent and dependent
variables used in this study will be discussed in

the following paragraphs.

Independent Variables

The proper selection of the independent
variables is critical, because, if the explanatory
variables are highly correlated with one another,
it becomes difficult to distinguish their separate
influences and obtain a reasonable estimate of
their relative effects. In fact, there are few vari-
ables in a hydrologic system which are completely
independent, and so in developing a statistical
model of the runoff process it becomes a problem
of selecting those variables with the least degree
of dependence. Previous research has indicated
that a highly important variable affecting runoff
is the size of the drainage area. The larger the
area, the larger the volume of rain that may fall
on it and, in general, the larger the total runoff
volume and rate. With the drainage area selected
as an indépendent variable, most of the remaining
factors that may be chosen as variables have some
degree of interdependence. The general magnitude
of rainfall is virtually independent being a climatic
factor, yet rainfall intensity varies with size of
the drainage area, and rainfall distribution varies
with directional or orographic characteristics of
the basin. Soil, cover, and slope may be effected
by the quantity of annual rainfall. Thus, topo-
graphic and meteorologic variables are not inde-
pendent. The precipitation falling on a basin

flows initially by an overland route to small chan-

nels, then to progressively larger tributaries through

a complex drainage pattern to the principal stream



and the gaging point. Therefore, the slopes of land
surfaces and drainage channel slopes are important
independent variables. The ground cover, the chan-
nel bed materials, and channel form roughness
retard the flow of runoff at various stages and
should be considered, if adequate data are available.
Since runoff occurs by both surface and underground
routes, the type of soil and geology may also be
considered. The drainage pattern influences the
timing of the flood peak and should be included
possibly as a basin shape factor. Attitude or
orientation of the basin with respect to storm pat-
tern may influence the amount and timing of rain-
fall and merits consideration. The amount of
storage in lakes, ponds, reservoirs, swamps, or
within river channels may reduce the flood peaks
and, if pertinent, should be considered as an inde-
pendent characteristic.

Because of their interdependence, many of
the topographic characteristics cited above were
not included in the final equations developed under
this study. Thus, it is possible to explain much
variance in the system by including only one of
many interrelated factors. For example, a study
of the precipitation data used in this investigation
revealed the following average levels of correlation
between accumulated rainfall occurring in 15-min-
ute, 30-minute, and 60-minute periods, respective-
ly.

1. Correlation between 15-minute rainfall and
30-minute rainfall - 0.96

2. Correlation between 15-minute rainfall and
60-minute rainfall - 0.87

3. Correlation between 30-minute rainfall and
60-minute rainfall - 0. 94

It was therefore decided to use the 30-minute rain-

fall as a characteristic of the precipitation, and to

delete the 15-minute and 60-minute quantities as

independent variables in this study. Thus, con-

siderable latitude exists in the method of defining

variables for a statistical model,and simplicity is

a highly desirable feature of any method.
In this study the following storm and water-
shed characteristics were selected initially as

independent variables.

Storm characteristics

1. Duration of the storm, D.

2. Total rainfall, PT.
3. Maximum rainfall in an interval of 15-

i , P .
minutes 15

4. Maximum rainfall occurring in an inter-

val of 30-minutes, during a storm

P
30’
event.
5. Maximum rainfall occurring in an inter-

val of 60-minutes, during a storm

Peor
event.

Watershed characteristics

1. Watershed area, A.

2. Mean slope, S.

3. Main channel length, L.

4. Impervious cover factor, c,., where

f

cf = 1 - R, and R, is the ratio of
1 i

paved surfaces (roofs, roadways) to
unpaved surfaces. For rural watersheds,
= 1.
°f
5. Degree of channelization ¢. Classifi-~

cation of ¢ is given in Table 2.

Table 2. Classification of the degree of channeli-
zation (Johnson, 1966).
> Classification

0.6 Extensive channel improvement and storm
sewer system, closed conduit channel
system.

0.8 Some channel improvement and storm
sewers; mainly cleaning and enlarge-
ment of existing channel.

1.0 Natural channel conditions.




Dependent Variables

The dependent parameters adopted in this
study were the peak rate of runoff, Qp, and the
total volume of runoff, QT. Through multiple
regression techniques relationships were developed
between these characteristics of the runoff hydro-
graph and those parameters listed as independent

variables.
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SOURCES OF DATA

In this study, a total of 393 storms occurring
on 70 different watersheds were considered. Of
the 70 watersheds 50 were rural and 20 represented
various degrees of urban development. Records
for 200 runoff events were taken from the rural
water sheds, while the remaining 193 events
occurred on urban watersheds. All watersheds
were equipped with at least one recording rain

gage and a stream gaging station.

Rural Watersheds

Data from the rural watersheds were col-
lected from the following publications:

1. Hydrologic Data for Experimental Agri-
cultural Watersheds in the United States, 1956-59.
Miscellaneous Publication No. 945. Agriculture
Research Service, United States Department of
Agriculture.

2. Hydrologic Data for Experimental Agri-
cultural Watersheds in the United States, 1960-61.
Miscellaneous Publication No. 994. Agriculture
Research Service, United States Department of
Agriculture.

3. Hydrologic Data for Experimental Agri-
cultural Watersheds in the United States, 1962.
Miscellaneous Publication No. 1070. Agriculture
Research Service, United States Department of
Agriculture.

Names of the watersheds and the state where-

in they lie are given in Table 3,

Urban Watersheds

Hydrologic data for urban watersheds are
relatively scarce, but records were available for
the 20 drainage basins listed by Table 4. The
first 16 watersheds given by Table 4 lie within the

Table 3.

List of rural watersheds analyzed.

—
OO X0 N O0N0 W

DN NN NN N = = bt bt e e b e
UL W N = OO0 ®0~N1o0U b W~

26
27
28

29
30

31
32
33
34
35
36
37
38
39
40
41
42
43
+4
45
46
47
48
49
50

Oxford, Mississippi, W-4
Oxford, Mississippi, W-5
Oxford, Mississippi, W-1
Oxford, Mississippi, W-1
Oxford, Mississippi, W-17
Oxford, Mississippi, W-19
Oxford, Mississippi, W-24
Oxford, Mississippi, W-28
Oxford, Mississippi, W-30
Oxford, Mississippi, W-32
Oxford, Mississippi, W-34
Oxford, Mississippi, W-35
Fennimore, Wisconsin, W-1
Fennimore, Wisconsin, W-2
Hastings, Nebraska, W-3
Hastings, Nebraska, W-5
Hastings, Nebraska, W-8
Hastings, Nebraska, W-11
Safford, Arizona, W-1
Safford, Arizona, W-2
Safford, Arizona, W-4
Safford, Arizona, W-5
Albuquerque, New Mexico, W-1
Watkinsville, Georgia, W-1
High Point, North Carolina, West Ford
Deep River Watershed
Blacksburg, Virginia, W-3
Blacksburg, Va., Thorne Creek Watershed, W-1
Blacksburg, Virginia, Brush Creek
Watershed, W-1
Blacksburg,Va,, Powells Creek Watershed, W-1
Blacksburg, Virginia, Rocky Run Branch
Watershed, W-1
Blacksburg, Va., Pony Mountain Branch, W-1
Blacksburg, Virginia, Fosters Creek, W-1
Blacksburg, Virginia, Chestnut Branch, W-1
Coshcocton, Ohio, W-10
Coshcocton, Ohio, W-5
Coshcocton, Ohio, W=-92
Coshcocton, Ohio, W-94
Coshcocton, Ohio, W-95
Coshcocton, Ohio, W-97
Coshcocton, Ohio, W-994
Cherokee, Oklahoma, W-
Cherokee, Oklahoma, W-
Cherokee, Oklahoma, W-
Cherokee, Oklahoma, W-
Cherokee, Oklahoma, W-9
Reisel (WACO), Texas, W-C
Reisel (WACO), Texas, W-1
Reisel (WACO), Texas, W-2
Reisel (WACQO), Texas, W-8
Reisel (WACO), Texas, W-10

gl W N
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Table 4. List of urban watersheds.
1 Bering Ditch at Woodway, Houston, Texas
Bering Bayou at Forest Oaks, Houston,
Texas
3 Berry Creek at Galveston, Houston,
Texas
4 Berry Bayou at Gilpin, Houston, Texas
5 Berry Bayou Tributary at Globe,
Houston, Texas
6 Brickhouse Gully at Costarica, Houston,
Texas
7 Hunting Bayou at Calvacade, Houston,
Texas
8 Hunting Bayou at Falls Street, Houston,
Texas
9 Hunting Bayou at U. S. 90A, Houston,
Texas
10 Willow Waterhole Bayou at L.andsdowne,
Houston, Texas
11 Brickhouse Gully at Clarblak, Houston,
Texas
12 Colecreek at John Road, Houston, Texas
13 Halls Bayou at Deer Trail, Houston,
Texas
14 Keegans Bayou at Keegans Road, Houston,
Texas
15 Keegans Bayou at Roak Road, Houston,
Texas
16 Sims Bayou at Carlsbad, Houston,
Texas
17 Waller Creek, 23rd Street, Austin,
Texas
18 Waller Creek, 38th Street, Austin,
Texas
19 Northwood, Maryland
20 Gray Haven, Maryland

boundaries of Houston, Texas, and data pertaining
to runoff events for these watersheds have been
compiled by the U.S. Geological Survey in the
following reports: (1) Urban Hydrology of the
Houston, Texas, Metropolitan Area. (2) Compil-
ation of Basic Data, April, 1964, to September,
1965, by S. L. Johnson and R. E. Smith.

Data on the drainage areas within the City
of Austin, Texas, were taken from the following
report: Compilation of Hydrologic Data, Waller
Creek, Colorado River Basin, Texas, 1963, 1964,
1965. U. S. Geological Survey, Water Resources
Division.

Data for the two watersheds within the City of

Baltimore, Maryland were taken from the following

publications:

12

format for input to the computer program.

1. Northwood Gaging Installation, Baltimore,
Instrumentation and Data, ASCE Urban Water
Resources Research Program, Technical Memor-
andum No. 1, by L. S. Tucker, August 1968.

2. Availability of Rainfall-Runoff Data for
Sewered Drainage Catchments, ASCE Urban Water
Resources Research Program Memorandum No. 8,

by L. S. Tucker, March 1969.

Data Reduction

In general, the rain data required some

processing in order to convert it to the proper

The

various parameters and corresponding dimen-

sions required for the computer analysis are

given in the following list:

1. Watershed area in acres.

2. Mean slope in percent.

3. Main channel length in miles.

4. Impervious cover factor in dimension-
less decimal.

5. Degree of channelization in dimension-

less decimal.

ILength of roads in miles.

Storm duration in hours.

Total rainfall in inches.

o ® 2 o

Maximum 15-minute rainfall in inches

per l5-minutes.

10. Maximum 30-minute rainfall in inches
per 30-minutes.

11. Maximum 60-minute rainfall in inches
per 60-minutes.

12. Peak rate of runoff in cubic feet per

second.

13. Total volume of runoff in acre feet.

A computer program, available at the Utah Water
Rescarch Laboratory, was used to compute the
equal interval rainfall for the 200 rural events.

The percent impervious cover was converted to

decimal form so that rural watersheds could be

included and would have a value of one.
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ANALYSIS PROCEDURE

Multiple Linear Regression

The technique of multiple linear regression
analysis establishes a functional relationship which
predicts the dependent variable from a number of
independent variables. An anticipated relationship
is established and the least squares criteria is ap-~
plied to empirical observations of both dependent
and independent variables solved simultaneously
for the coefficients of each term. Since there is

one equation for each variable, the computations

become cumbersome and require a digital computer.

A linear mathematical model is presented as an

example,
A
Y = + +
bo blxl + bzx2 b3x3
...bx . . (4)
nn
in which
A
Y = dependent variable
XX X = independent variables
bl’bZ' .. bn = regression coefficients
bo = the regression constant

In the case of two independent variables,
the b coefficients are evaluated by the solution

of the following simultaneous equations:
b1 2<X1) + b2 E(xlxz} = Z(yxl) .. (5)

x,) + by )" = Byx,) L (©)

s
b) 2lx 2 2

1
Considering the case of three independent
variables, coefficients can be computed by the

solution of the following simultaneous equations:

2
bl Z(xl) + b2 Z(xlxz) + b3 Z(x1x3)

= B(yx) oo .. .. (D)
b, Z(x,x%,) + b, Z(XZ}Z + by Z(x,x,)

= Byx,) . . e . . (8)
by 2 x5) + by 2(xyx5) + by 2(X3)Z

= 2yxg) e e e . ()

When more than three independent variables
are involved, the appropriate number of simul-
taneous equations is constructed in a manner
similar to that illustrated previously.

The regression constant bo is determined

as follows:

b0 = Y - blxl - bZXZ ce —ann . (10)
in which
Y = the mean of the dependent
variable
X ,—_ X = the respective means of

1’72 """ Tn

the independent variables
In Equations (5) through (9), the quantities

2
2(x), Z(xlxz), and Z(yxl) are evaluated as follows:

Six)? = S(X - %)% - Z(XZ) - (ZX)Z/N .oan
Bx,x,) = 2K X)) (K- X)) = 5(X %)
SEX EX,/NG L. (12)

13



S(yx) = (Y - Y) (X - X) = (YX)
“SYSX/N . . . .. ..o(13)

Computer Programs

A multiple regression analysis involves
numerous computations and the use of a digital
computer is indispensable. In this study, use was
made of two library programs written by Dr. Rex
L. Hurst for the Digital Computer Center at Utah
State University. The important phases of the two

programs are briefly described as follows.

Multivariate data collection revised

This program, abreviated MDCR, was
written to serve as a basic data collection program
for a wide variety of multivariate analysis. It
computes means, standard deviations, corrected
sum of squares and products, and corrections
among the variables. In addition, several kinds of
transformations can be performed on the input
data. These transformations include products,
square roots, logarithmic, exponents, sums of
variables, arc sin, and trignometric. A listing

of the program and a sample output is given in

Appendix B.

Stepwise multiple regression revised

The stepwise multiple regression revised
(SMRR) program was written to perform a multiple
regression analysis, either stepwise or non-stepwise,
from any possible group of variables used in the
MDCR program., The two computer programs,
MDCR and SMRR, therefore, were used together
to perform the multiple regression analysis of
this study.

The SMRR program initially includes all of
the independent variables in the model and then

deletes the least significant variables one at a time,

14

The first deleted variable is that which contributes
the least to the model sum-of-squares. Once a
variable is deleted, a new model is formed, an
analysis performed, and a second variable is
deleted as before. Once a variable is deleted
from a model, the variable is not reconsidered.
A sample of the listing and output of the SMRR
program is included in Appendix B.

Statistical Regression Models

The following empirical models were tested

by multiple regression analysis.

Model A
= b + X+ X, + ...
Y o bl 1 bZ 2
+ ann S ¢ 3
Model B bl bz b3
Y = boX1 X2 X3 .
bn
. (15)
in which
Y = the dependent variable
Xi’ i=l,... n = independent variables
bo and bi’ izl n = regression coefficients

In the case of Model A, non-logarithmic relations
were developed. However, for Model B data were
transformed into logarithms and the model was

expressed in the following linear form.

1nY=1nb0+bl lnXI+b21nX2

Model C
A third model was also tested in which eight

independent variables were grouped to form three



independent variables as follows:

1. Watershed factor, W = A SI/ZLO' 3
0.3 0.3
PTP30

3. Urbanization factor, U = ¢/cf

2. Storm factor, St =d

in which all variables have been previously defined.
A regression analysis was then performed including
the preceding three independent variables and the
two dependent variables of peak discharge rate and
total runoff volume. The following model was

assumed.

(17)
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Equation development and testing

For each of the three models described pre-
viously multiple regression analysis were performed
for 193 storms on urban watersheds and 200 storms
Equations were developed

The

on rural drainage areas.
and tested for both urban and rural conditions.
possibility of developing general relationships which
would apply to both urban and rural conditions was
investigated by repeating the analysis using pooled
data from the urban and rural areas. Finally, co-

axial curves were plotted by assuming various

values for the independent variables.






RESULTS AND DISCUSSION

The regression analysis of this study General
included eight independent and two dependent
variables. Independent variables: Qp = 55.40 +0.04A +30.885 +133.96L

A = = i

¥ T areainacres - 21.51D + 256.52p - 47.36P,
S = %, = slope in percentage
L = %, = length of the main channel in - 1. 19¢, - 499, 15 ... (20)
il
mites Q, = -186.20 + 0.039A + 4.59S + 16. 46L
. . T

D = x, = duration of storm in hours

P = % = total rainfall in inches +0.72D +104.27p - 82. 451330

P30 = %, = maximum 30-minute rainfall -0. 765cf +110.83¢ . . . . (21)

in inches
Deletion of the equation for the urban model

¢ X, = impervious cover factor

¢ = x, = degree of channelization

c
is due to a slight anomoly which appeared after the

Dependent variables: computer work was finished. A rerun was not made
because the model change would not have been

Q = Y1 = peak runoff in cfs
0 - Y. = total volume of runoff in acre significant enough to change the rank of the urban
T 2
foot Model A.
Each of the three mathematical models pre-
sented in the previous section was used to analyze Model B
the urban and rural storm data to form equations
for predicting peak discharge rate, Qp’ and total Urban
runoff volume, QT’ for urban, rural, and general 0. 143AO' 985580' 225p1 ’ 17P300' 32
conditions of watershed cover. The following Qp - L0. 285DO. 351 c 1. 45¢1 .49
equations are those derived from the three models £
22
for the cases indicated. (22)
. . 0.61
o - 0. OOlO4A1 24’}31 323¢ 612
Model A T ~ _0.33_0.233_0.094 0.049 4.23
E— S L D P c
30 f
Rural (23)
Qp = ~-404.55+ 0.025A + 5.9S + 187.35L Rural
+ 40.77D + 163.34p - 58.621330 0 - 3.936A0'553LO'356PO'906 20)
(18) p S0.175A0.065P 0.039
30
= - . . 1A -0, 0.909_0.181_0.0 1.21
QT 150.41 + 0.0341A 09455 o - 0. 048A 9 9L 8 D 99p 9
+ 28.05L + 45. 67D - 6, 64P T 50'34213300'358
+ 4. 32P30 . (19) .. .. (25)
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0. 9755t1 .027..4.63

General Q_ = 0.012W U . (33)
. . 1.016 0.17
O.777A0 73850 204 P3O 9
Q =
0.042_0.26 O. 1.23
P L. 04 D 6Cf 797(1)
(26) Model Selection
.738_0.036_ 1.248,1.164
O.777AO 7 88 L ¢ >
QT = 0.272_0.076 % 187 2.209 The coefficient of determination, R, was used
.0 p? P . 2
30 £ as a test to determine which model most completely
27) explained the runoff prediction variance. Table 5

shows the relative R and R2 values for the models.
Model C Model B gave the highest R2 value, so it was
used as the best model in construction of the con-
Urban currency charts. Comparing the rural and gen-

eral cases, Model A was the poorest model which

o = 1. 6O7W0' 664St0' 53 UO' 55 .. (28) fact also influenced the decision to not make a
P rerun of the urban case. Tables 6 through 11 are
QT = 0. 0595W0' 937St0. 868U1. 04 . (29) tables of variance analysis for Qp and QT
resulting from the application of Model B to the
Rural three watershed cases. The level of significance
shown in the tables is calculated from the following
o = 0. 752W0' 7235110' 589 . ... (30) equation and condition:
b
1.019_,0.75 1 -R2
Q. = 0.007W St ... (3D o= ——— . . . . ... (34)
T R
IN -1
General 99 percent significant if R > 30R
in which
0.706_,0.615_1.91
QP = 0.734W St U (32) N = number of events considered

Table 5. Coefficients of correlation and determination for the three models.

Case Rural Urban General Dependent
2
Model R R? R R? R R Parameter
N 0.765  0.586 0.740  0.548 Q
0.826  0.687 0.794  0.629 Q};
R 0.890 0.795 0.914 0.834 0.885 0.784 0
0.945 0.891 0.920 0.850 0.935 0.876 Q};_
- 0.866 0.752 0.809 0.665 0.844 0.712 0
g 0.915 0.829 0.880 0.774 0.868 0.774 Qg

18



Table 6. Analysis of variance for peak runoff (urban), Model B.

Source DF Mean square F
Total 192 1.8015 119,017~
A 1 37,1453 4,866

S 1 1.5188 4.389"
L 1 1.3701 22.99
D 1 7.1774 94.20 *F
p 1 29.4000 10.06 "7
Pig 1 3.1410 8.429,
<, 1 2.6307 16.729. "
¢ 1 5.2214 115,53 ™7

Model 8 36. 0595

Error 184 0.3121

*significant at 0.95 level
:::*significant at 0.99 level

Table 7. Analysis of variance for total runoff (urban), Model B.

Source DF Mean square F
Total 192 3.4031
A 1 59.3306 111.71 7
S 1 3.2754 6.166
L 1 0.9150 1, 722"
D 1 0.5126 0.9651
p 1 37.3562 70.33 7
Py 1 0.0751 0.1414
c 1 22.4527 42,27 7
b 1 0.8753 1.648
Model 8 69.4564 130,77 *F
Error 184 0.53118

*significant at 95 percent level
*significant at 99 percent level
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Table 8. Analysis of variance for peak runoff (rural), Model B.

Source DF Mean square F
Total 199 4,0678 .
A 1 18.5842 21.65 77
S 1 2.5270 2.944"
L 1 2.3543 2.743"
D 1 0.2570 0.2994
p 1 16.4239 19,13 **
P 1 0.0436 0.0508
Model 6 107.3132 125.05 "
Error 193 0. 8581

*significant at 95 percent level

*Fsignificant at 99 percent level

Table 9. Analysis of variance for total runoff (rural) Model B.

Source DF Mean square F
Total 199 7.0899
A 1 50.3512 63.35
S 1 9.5628 12.03 **
L 1 0.6106 0.768
D 1 0.6083 0.765
P 1 29.7757 37.46 *F
Pso 1 3. 6657 4.612%
Model 6 209.5877 263,73
Error 193 0,7947

*significant at 95 percent level
**significant at 99 percent level
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Table 10. Analysis of variance for peak runoff (general),

Model B.
Source DF Mean square F
Total 392 2.9803 N
A 1 78,7227 119.32 7
S 1 33,0614 50,32 7
L 1 0.0830 . 126' '
D 1 8.5261 12.97 7
p 1 44,0216 67.00 "
P30 1 1.9368 2.94 .
cf 1 4.6128 7.021°"
¢ 1 4.0319 6.13
Model 8 114.4937 174,26
Error 384 0.6570
*significant at 95 percent level
**significant at 99 percent level
Table 11. Analysis of variance for total runoff (general),
Model B.
Source DF Mean square P
Total 392 5.7751
A 1 177. 8101 244. 7
S 1 1.0341 1.421
L 1 3.5326 4,85 "
D 1 0.7291 1.001
p 1 66.4329 91.3 7
P3O 1 2.1820 2.99
(:f 1 35,4442 48.17
¢ 1 3.6012 4.95
Model 8 248.0279 341,0 77
Error 384 0.7281

*significant at 95 percent level

**significant at 99 percent level
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Classification on an Area Basis

The watersheds were separated into three
groups based on area: Group I, 0-100 acres;
Group II, 101-1000 acres; Group III, greater than
1000 acres.

The multiple regression analysis program
was run assuming Model B for each group. It was
noticed that R2 decreased greatly in each case
compared to the R2 obtained when all watersheds
were combined. Therefore, all the observations
combined explained more variability than segre-

gating on an area basis.

Coding

The magnitude of some of the independent
variables, like area, was large compared to the
such as total rainfall.

other variables, The pos-

sibility that the variables with large numbers might

affect or dominate the variables with small numbers

was suspect. Therefore, a coding process was
implemented by dividing each variable by a multiple
of ten so that the coded values had the same order
of magnitude as the smaller variables. The mul-
tiple regression program was run, but coding did
not improve the Rz. Therefore, the variables in

the original form were used in the final equations.

Co-axial Curves

The expressions for the peak runoff and total
volume of runoff were developed using 393 storms,
both for urban and rural watersheds. Co-axial
curves are developed based on Equations 26 and 27.

The eight independent variables in Equation

26 were divided into three groups as follows:

0.738_.0.206
W o= A S

N a— (35)
1 LO. 042

22

p1.016P300.179
S, = .. .. (36)
1 D0.26
U, = _ 37
1 - 0.797,1.28 B37)
< ¢

The dependent variable, Qp’ then took the
form:

Qp = 0.777 WISIUI (38)

The value of Qp can be found from Figures
2, 3, 4, and 5. The use of these figures is illus~
trated by Table 12.

Similarly, the eight independent variables

in Equation 27 were grouped as follows:

w B A1.10950.036 39)
= 0212 ...

2 LO 7

1.248
s, = L (40)
2 DO. 076 0.187

30
1.164
u, =L (41)
» 2.209 e e
f
The dependent variable, QT' then took the
form:

QT = 0.00882 WZSZUZ (42)

Co-axial curves for Equations 39, 40, and
41 are plotted in Figures 6, 7, and 8, respectively.
By following the arrows shown in these figures, it
is possible to find the value of the independent
parameters required for the solution of Equation

42 (Figure 9). Using the same example as pre-

viously cited, the values of W2 = 4000, S2 =3.5,
and U2 = 1.35 are obtained. Now, entering
Figure 9 with these values, the value of Q, _ is

T
found to be 170 acre feet.



L = Length of the main
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Figure 2. Nomograph solution of Equation 35 for estimating peak discharge rates.

D= Storm duration
in hours

Py = Maximum rainfall occuring
in any 30 minute period
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Figure 3. Nomograph solution of Equation 36 for estimating peak discharge rates.
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Table 12. Sample computation of peak discharge using nomograph

charts.
Figure No,
Figure 2 (1) watershed area, A = 1500 acres
(2) main channel length, L = 2 miles
(3) average slope of main channel, S =5
percent Wi = 300
Figure 3 (1) total storm precipitation, P = 3 inches
(2) total storm duration, D = 5 hours
(3) accumulated precipitation 30-minutes
from beginning of storm P55 =11inch §; =2.0
Figure 4 (1) impervious cover factor, cg = 0. 80
(2) watershed channelization factor,
¢ = 0.85 (See Table 2) U1 =1.5
Figure 5 (1) Wl = 300
U1 = 1.5
Sy = 2.0 Qp:700cfs

& = Degree of channelization
of the watershed.
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Figure 4. Nomograph solution of Equation 37 for estimating peak discharge.
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Up= Urbanization Factor

Sp= Storm Factor

f T T 7T T T T T—T

T T TTY

10 |00 1000 10,000
Watershed Factor, Wp 10 . 100 . 1000
Peak Discharge, Qp , in cfs
Figure 5. Nomograph solution of Equation 38 for estimating peak discharge rates.
L=15.0
L = Length of channel
in miles L=10.0
S, = Slope of main channel
in percent
__________ e
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Figure 6. Nomograph solution of Equation 39 for estimating total runoff volume.
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D= Storm duration

in hours
=05 Py, = Maximum rainfall occuring
D=1.0 in any 30 minute period
during the storm
D=4.0
D=10.0
D=24.0
A —
| I
| |
I {
| |
i — — | Figure 7. Nomograph solution
| 2 3 5 10 of Equation 40 for
Total Storm Rainfall, P, in inches | 2 3 5 10 estimating total run-
Storm FGC'O", sg off volume.
104
9S4
84 & =Degree of channelization
of the watershed
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| Figure 8. Nomograph solution of

2 3
Impervious

Cover

4
Factor,

Ct

Equation 41 for estimating
total runoff volume.
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Uy = Urbanization Factor

Sy = Storm  Factor

F————e - —— — — >

T T T T rorrY 1 LI

100

Watershed Factor, W,

Figure 9.

Verifications of Equations on Runoff from

Boneyard Creek Watershed
Urbana, Illinois

Rainfall-runoff data were collected for 29
storms occurring in Boneyard Creek Watershed
from 1956 to 1966. Data on accumulated rainfall
in inches were given with time for each storm.
in inches, maximum 30-minute

Total rainfall, P,

rainfall, in inches, and duration, D, in hours

p30’
were calculated for each storm. Area, slope, and
length of the main channel were measured from
the map provided by the U.S. Geological Survey,
Washington, D. C. This watershed is comprised
mainly of the city of Champaign, Illinois, which
is highly urbanized with 48 percent impervious

In the developed equations, the factor

(1 -.48) =

cover.

c. = 0.52. As the watershed has

f
extensive channel improvement and storm sewer

systems, the value of ¢ was taken as 0.6. Data

27
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Nomograph solution of Equation 42 for estimating total runoff volume.

on runoff were available in the form of gage height
with time at an interval of 10-minutes to 30-min-
utes. A rating table was provided by the U. S.
Geological Survey, Washington, D.C., which gives
the discharge in cfs with gage height. Discharge

in cfs was.compared to time for each storm, and peak
discharge in cfs was recorded. Total volume of run-
off in acre feet was calculated for each storm, All

data collected and reduced are presented in Table 13,

Peak discharge prediction

A computer program was written to solve

Equation 26. All the independent variables are

presented in Table 13 for each storm. The pre-

dicted values of Q in cfs are reproduced in
p

Table 14, The relationship between the observed

and predicted values is shown in Figure 10. A

simple regression analysis was made between

Qp (predicted) versus Qp (observed). A cor-

relation coefficient of 0.9179 was found. A linear



relation was found with the following equation: The values of independent parameters for each

storm are given in Table 13. Table 15 compares

9 = =7.675+ 0.9726X . . . . (43) the values of QT (predicted) and QT (observed).
Figure 11 shows a linear regression relationship
in which between the predicted and observed values of the
? = Qp (predicted) total volume of runoff:
X = Q (observed)
? Y = -6.638 +1.0224X . . . . (44)
Total volume of runoff prediction
in which
The computer program was used to solve Y = QT (predicted)
Equation 27, giving value of Q. for each storm. X = Q. (observed)

5001

400

in c.f.s.

300+

A
Y=-7675+0.9726X
200+

100

Predicted Peak Discharge Rate

100 200 300 400 500 600
Observed Peak Discharge Rate in c.f.s.

Figure 10. A comparison between observed and predicted peak discharge rates
from the Boneyard Creek watershed, Urbana, Illinois.
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Table 13, Data from Boneyard Creek watershed.

Date D (hrs) p (in) P30 (in) Qp (cfs) QT(a?-ft)
10-26-60 2.80 0. 65 0. 35 178 18,47
11-15-60 3.00 0.84 0.28 223 35. 39
11-28-60 0.60 0.36 0.35 115 14.76
03-04-61 0.70 0.65 0.60 223 30.63
06-06-61 2.03 2.08 1.30 477 86. 35
09-23-61 1.40 0. 39 0.35 115 14,09
05-10-62 2.60 0.64 0.50 204 32.41
05-26-62 1.60 0.47 0.41 185 12, 64
05-27-62 1.56 0.47 0.34 122 17.08
07-11-62 3.30 0. 64 0.45 192 25.92
07-13-62 2.60 0. 86 0.52 266 39.15
08-21-62 2.00 0.71 0.69 253 25.72
09-03-62 2.30 0.63 0. 35 219 25,175
06-10-63 1.70 0. 86 0.65 329 37.06
07-19-63 1.56 1.12 0.07 388 49.29
08-28-63 1.40 1.08 0.82 355 51,85
03-08-64 1.10 0. 65 0.40 261 30. 05
04-18-64 1.20 0.40 0. 35 204 20. 89
04-19-64 7.40 1.12 0.27 211 63.99
04-19-64 1.30 0.61 0.39 263 33.91
04-20-64 1.30 2.81 0.55 465 269.08
06-14-64 1.50 0.60 0.57 199 17.53
05-25-65 1.40 1.04 0.56 377 56.87
07-02-65 1.10 1.91 0.91 460 95.95
08-25-65 2.70 2.10 1.24 600 78.43
09-14-65 2.10 0.74 0. 37 266 43,20
04-20-66 3.70 1.15 0.55 304 57.56
06-27-66 2.60 0.90 0.45 231 29.81
08-18-66 3.20 4,27 0.65 420 58.49
Area, A, = 2100.0 acres

Slope, S, = 0.30 percent

Length of the main channel, 1, = 1.93 miles
Degree of channelization, ¢, = 0.60

(1 - percentage impervious cover), c

f

= .52

Predicted Total Runoff in Acre - Feet

100+

90

80

70

601

50+

401

30

201

A
Y =-6.638 +1.0224X

Figure 11,

20 30 40 50 60 70 80 90 100 10
Observed Total Runoff in Acre-Feet

Comparison between observed and predicted total
runoff from the Boneyard Creek watershed,
Urbana, Illinois.
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Table 14.

A comparison between predicted and observed peak
runoff rates from Boneyard Creek watershed, Urbana,

Illinois.

Date Q (predicted) Q (observed)
(cfs) P (cfs)
10-26-60 164.60 178.00
11-15-60 201,58 223,00
11-28-60 134,79 115.00
03-04-61 259.94 223,00
09-23-61 117,30 115,00
05-10-62 176.07 204,00
05-26-62 140, 88 185,00
05-27-62 137,14 122,00
07-11-62 162, 40 192.00
07-13-62 239.39 266,00
08-21-62 221,90 253,00
09-03-62 253.69 190. 00
06-10-63 278.25 329,00
07-19-63 377.10 388.00
08-28-63 384.53 355,00
03-08-64 214,94 261,00
04-18-64 125,28 204, 00
04-19-64 212,13 211.00
04-19-64 197.07 263,00
04-20-64 529, 88 465,00
06-14-64 194,77 199.00
05-25-65 345,65 377.00
09-14-65 204,39 266.00
04-20-66 296.38 304. 00
06-27-66 244,31 321.00
08-18-66 350,78 420,00

Table 15. A comparison between predicted and observed total
runoff volumes from Boneyard Creek watershed,
Urbana, Illinois.
Date Q, (predicted) Qt(observed)
(ac~ft) (ac-ft)
10-26-60 19.89 18.47
11-15-60 24.69 35.39
03-04-61 15.32 30.63
06-06-61 89.14 86.35
09-23-61 9.51 14,09
05-10-62 21,36 32.41
05-26-62 12.60 12,64
05-27-62 11.80 17,08
07-11-62 22.26 25.92
07-13-62 29.29 39.15
08-21-62 24,21 25,72
09-03-62 36.93 25,75
06-10-63 27.52 37.06
07-19-63 35.97 49.29
08-28-63 35,19 51,85
03-08-64 15,54 30.05
04-18-64 9.34 20, 89
04-19-64 43.32 63.99
04-19-64 15,21 33.91
06-14-64 17.57 17.53
05-25-65 30.10 56,87
07-02-65 60.58 95.95
08-25-65 96. 87 78.43
04-20-66 44,77 57.56
06-27-66 29,35 29.81
08-18-66 49 91 58.49




CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1. Multiple regression equations are
developed for peak rate of runoff and total volume
of runoff. The expressions can be applied both to
the urban and rural watersheds.

2. Area of the watershed explains the maxi-
mum variability in the model. Next in importance
is the total amount of rainfall.

3. Co-axial curves present easy solution of
the equations developed.

4. Grouping of observations on an area basis

did not improve the model.

Recommendations

1. That further studies be undertaken
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involving other independent parameters, such as
the following: (i) soil type, (ii) antecedent rainfall
and snowfall, (iii) length of storm drains and
sewers, and (iv) diameter of sewers and width of
drains.

2. That the model be further generalized
by testing it with data from widely diverse regions
of this country and from other parts of the world.

3. That other mathematical models be
studied to test their ability to represent runoff
characteristics of prototype watersheds. As
indicated by the study reported herein, it is pos-
sible to group all independent parameters into one
of three general categories, namely watershed
factors, storm factors, and urbanization factors.
This approach simplifies the multi-variate analysis

and facilitates the testing of a wide range of models.
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Appendix A

Flood Formulas

A list of notations used in the following
formulas which may differ from those used in
original presentation is given. Information con-

cerning the original development of the formula

and its background may be obtained from references.

When the units are different than given in the list,

they will be specified under each individual case.

A = drainage area in acres

D = drainage area in square miles

S = slope of drainage area in feet per
thousand feet

G = geographical factor

Simple flood formulas

1. Kuichling formulas (1901)

44,000
= —I— 20 ===
D+ 170 + 20 for frequent
floods (Al)
127,000
—_ ) ———
q D+ 370 7.4 for rare
floods . (A2)
in which
g = discharge in cfs per square mile
D = drainage area in square miles

These formulas apply to drainage areas
larger than 100 square miles. For drainage areas
less than 100 square miles, the corresponding

formulas are

- oo . A3
q D+ 125 + 15 (A3)
and
35, 000
= : ; . Ad)
d D ;1 32 1o (
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2. Lauterberg Formula (Kuichling, 1901)

0.96
Q (—-—-—'——-6 +0.0000039A + 0.0008275) . (A5)
or
615 ;
Q = D(——6+O.OOZ5D +0.53) (A6)

The formula was developed from floods due
to continuous heavy rain of three to four days
duration at an average rate of two inches per day.

3. Italian Formulas (Kuichling, 1901)

71.8A

(a)Q = ———— Ce e ... (AT
7.87 +/ A
or
9
Q = _,._.l._g’__]z_ . . . (A8)
0.311 +4/D
103, 0A
(b) Q —= . (A9)
7.87 +4 A
or
o 2, 600D i (A10)
0.311 +4/ D

The first formula was developed for
northern Italy and the second formula for small
brooks in the same region.

4. The Murphy and others formula (1905)

46,790 1

Y . All
Q X205, 000 2.7 A (A1)
or
46,700
Q 5o S0 - . . .. (AL2)



This formula was developed for streams of the
northeastern United States from which Murphy had
collected the data.

5. The Frizell formula (1905)

Q = 61.3A0'5 .. ... . (AL13)
or
0.
Q = 1,550D > e e e .. {ALY)
This formula is converted from the original
for q = 17.35 \|8006/D for maximum flood rate

in cfs per square mile on the Connecticut River.

The general form is

q = a, ~D/D .. ... . (AlB)
in which q1 is the observed maximum flood rate
in cfs per square mile and D1 is the correspond-
ing drainage area in square miles.

6. C. B. and Q. Railroad formula
(Bremner, 1906)

0 = —22eB . (AL6)

0 (‘A-l )

3+240D

This formula was used for culvert design by
the Chicago, Burlington, and Quincy Railway
Company.

7. The Cooley formula (Bremner, 1906)

2 2
Q = 2.43A /3 180 D /3 (A18)

8. The El Paso and S. W. Railway formula
(Report, 1901)

Q - eon’? ... ... (a19)
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developed by Frizell.

This is practically the same formula

9. The Gray formula (Report, 1911)

Q - o.0a9a TP L L L L L L (a20)
or
Q - 3,770p0 7% ... ... (a21)
L . 3/4
The original form is Q = 5.89D , where
Q = discharge in cfs per acre and
D = drainage area in square miles.

10. The New Kuichling formula (1914)

o 0.065A (396,800 + A) (A22)
15,360 + A
or
41.6D (620 + D)
b A23
Q 24 1D (A23)
in which
Q = maximum discharge

Kuichling said that this new formula
applies to river basins in the Southern Atlantic
States, and it is based on the greatest observed
discharges of the Potomac River at Point of Rocks,
Maryland, New River at Radford, Virginia, the
Catawba River at Rock Hill, North Carolina, Can
Creek at Bakersville, North Carolina, and numer-
ous other streams which exhibit somewhat smaller
rates of discharge. It may be regarded as appli-
cable to mountainous and hilly drainage basins
having areas of not more than 10, 000 square
miles in that part of the country.

11. The Elliot formulas (1919) -

(a). For swamps and wet lands in North-

eastern Arkansas:



Q = (— +6)D N V- V-7

or
0.
0 = 2228 L g0093mya ... (a25)
A
(b). For swamps and other wet lands of the
Upper Mississippi Valley:
20
= (&= +3.63)D . (A26)
D
or
0 = (0'792 + 0.00568) A ... (A2T)
—
A
(c). For satisfactory drainage areas in
North Central Illinois:
673
Q = — - 11.3) D . . (A28)
19.2 +4/ D
or
26.6
Q = (———= - 0017 A _ . . (A29)
468 +~ A

These formulas were used for rough approxi-
mations. The results should be checked for
local conditions. The first formula was used to
compute the discharge from the low flat alluvial
lands in preliminary drainage investigation in
Northeastern Arkansas. The results may be
increased 50 percent for the more rolling and less
sandy land in the east part of the Mississippi
County, 100 percent for the clay soils east of
Crowleys Ridge and 200 percent for the slopes of
Crowleys Ridge. The second formula specifies that
soils are absorptive and easily drained. The
third formula was given to areas of 200 square

miles or less.
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12. Dickens formula (Gurtu, 1923-1924)

0 = ca® L ... (a30)
0.75
Q=c¢ D . .. (A31)
in which
C = 1.56 0or C, = 200 for Madras

1
Presidency, India

C = 3.91 or CI = 500 for Central
Province, India

C = 6.45 or C1 = 825 for Bengal and
Bihar, India

C = 9.37 or Cl = 1,200 for Upper
Kaveri, India

C = 17.2 or C1 = 2,200 for Gadamatti,

India
C = 6.6 or C1 = 850 for average
conditions

13. The Beale formula (Hearn, 1923-1924)

Q = CAT ... ... (A32)
in which
C = 1,600 for unforested area

C = 1,400 to 1,000 for forested area in the
central provinces of India
This is an adaptation of the Dickens formula
to suit the conditions of the Western Ghates in the
Bombay Presidency from the observed discharges
on the Nira Canal.

14, The Nagler formula (1928)

o 281 a3 ... ... (a33)
or

Q 210 D ... ... (A3g)

This formula was developed for the 50-year

flood to be expected in Iowa streams.



15. The Williams formula (Williams, 1937)

- <
Q = D
n

in which the coefficients C and n are as follows:

Drainage area

(A35)

Co-

effi- ILess than 10 10 - 20, 000
square miles

Locality cients square miles

Northeast U.S. C 1,480 2,400
n 0.75 0.54
Mississippi Valley C 2,500 1, 800
n 0.75 0.47
Rocky Mountains () 1,900 3, 600
n 0.75 0.45
Pacific Coast, USA C 1,625 2,70C
n 0.75 0.53
Western India C 2,700 4,600
n 0.75 0.52
North-East India C 1,400 1,700
n 0.75 0.05

The coefficients for the United States are
based on flood records listed in the paper "Flood
Flow Characteristics' by C. S. Harvis (1926).
For Western India, they are based on records of
floods in the Bombay Presidency. For Northeast
India, they are based on papers presented before
the Institution of Civil Engineers by Sir Gordon
Hearn (1923).

16. The Metcalf and Eddy formula (1941)

0.73 ... . (A36)

Q = 3.95 A L

Q = 440D A v

This formula was developed to suit drainage
areas of 6,400 to 160,000 acres near Louisville,
Kentucky, in connection with studies for the {lood
water discharge of Beargrass Creek, Louisville,
Kentucky.

17. The Ryves formula (Sharma, 1944)

'3
o - c A L. .. ... (a38)
in which
C = local coefficients depending upon the

rainfall, soil, and slope of the district
= 9.1 for Upper India
This formula is used extensively in India.
18. The USGS Formulas (Linsley et al.
1949)
The following formulas were developed from
separate enveloping curves of peakflow for each of
the 14 regions used by the U.S. Geological Survey

for publication of stream flow data.

No. Region Formula
1 North Atlantic Slope Q = 190 AO' >
2 South Atlantic and
Eastern Gulf of 0.5
Mexico Drainage Q = 250 A7
3 Ohio River Basin Q = 230 AO' 5
4 St. Lawrence River 0.35
Basin Q = 1,020 A
5 Hudson Bay and
Upper Mississippi 0.43
Drainage Q = 230A7
6 Missouri River Basin Q = 130 AO' >
7 Lower Mississippi 5

River Basin Q = 250 AO'

8 Western Gulf of 0.77
Mexico Drainage Q = 34.5 A7
{below 2,550, 000
acres)

Q = 104,000 AO'13

(above 2,550, 000
acres)



No. Region Formula
0.5
9 Colorado River Basin Q = 99 A
10 The Great Basin Q = 26 AO° 6
11 Pacific Slope Basin 0.5
in California Q = 200 A"
12 Pacific Slope Basin
in Washington and
Upper Columbia 0.5
River Basin Q = 180 A
0.83

13 Snake River Basin Q = 0.51 A™°

14 Pacific Slope Basins
in Oregon and Lower

Columbia River 0.5
Basin Q = 229 A"

19. The Morgan Engineering Company
formulas (Mead, 1950)

1. 1

Q = (__éi + -&))A .. . . (A39)
NOA
1.1 1

Q= (== *+ gzt .. .. (A40)
A .

The first formula was used for the Cache
River Drainage District. The second formula
was used for Mississippi County, Arkansas.
Morgan Engineering Company of Memphis, Ten-
nessee, used these formulas in their design of
most drainage structures.

20. The Bahadur formula (Priyani, 1957)

(0.92 - (1/14) log D)

Q = CD ... (A4
in which
C = 1,600 to 2,000

The formula was developed by Sir C. C. Inglis for

fan-shaped drainage basins in Bombay State, India.

Complicated discharge formulas

1. The Adams formula (1880)

Q = CAI1 127 S e .. (A42)

in which
C = 1.035
I = 1.0 or maximum intensity of rainfall
in inches per hour
S = slope in feet per thousand feet

This formula was developed from the fundamental

expression for a circular conduit flowing full, and
the assumption that one-half of the precipitation

in inches per hour will reach the sewer at the time
of maximum discharge.

2. The Craig formula (1884-1885)

2

Q:44ocw1n<%—) ... (A43)
in which

L = mean length of the drainage area in

miles

W = mean width of drainage area in miles

C = C1 vV R
in which

C1 = coefficient of discharge

V = velocity towards the culvert in feet

per second
R = depth of rainfall in inches
This formula is based on Indian records and value
of C generally varies from 0. 68 to 1. 95.
3, The McMath formula (1887)
f3

)
A

Q = CAI 5 Ce . (A44)
in which
C = 0.20 for rural sections
= 0.30 for macadamized streets
= 0.75 for paved streets
= 0.75 for St. Louis, Missouri
I = 1.9 to2.75 for maximum intensity of
rainfall in inches per hour. The latter
value was used for St. Louis
S = slope of ground surface in feet per

thousand. A value of .015 is recom-

mended for St. Louis.



This formula was proposed for St. Louis, Missouri.

4. The Hawksley formula (Kuichling,

1892-1893)

cat + |2

Q =« NN .. . . . (A45)
in which

CcC = 0.7
I = 1.0 or maximum intensity of rainfall

in inches per hour.
5. The Chamler formula (1898)

0.75

Q =5CcIAa” L L L L . . (a46)

in which
C = coefficient of surface drainage, giving
the proportion of rainfall that may be
expected to flow off the surface
I = anticipated greatest rainfall intensity in

inches per hour for a duration equal to
the time of concentration
This formula was tested by Chamler on streams in
New South Wales along the Cootamundra-Gundagai
Railway having drainage areas of from 200 acres
to 400 square miles.

6. The Gregory formulas (1907)

0.186 ,0.86

Q = C1IS A .. .. (A4
in which
CI = 2,8 for impervious surface
[z
Q = 105 C L 84 (5 A AS™ +2S) . . (A48)
in which

C = 0.10to0 0.54
This formula was developed for use in New York
in 1907.

7. The Gregory and Hering formula (1907)

0.833 0.27
O - ClA s ! .. .. (A49)
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This formula was deduced by Charles E. Gregory
in 1907 from diagrams of runoff to be expected in
New York City prepared in 1889 by Rundolph
Hering. The value of CI = 1.02 for suburban
areas to 1. 64 for metropolitan areas.

8. The Possenti formula (Fuller, 1914)

R M

Q = C—I—:(AZ+—3-) ..« . . (A5O)
in which

C = coefficient with an average of 1.72

Al = flat areas in acres

A2 = hilly areas in acres

R = depth of 24-hour rainfall in inches

L = length of stream from its source to

the point of observation in miles
This formula was found satisfactory for mountain
streams of moderate size in the Appennines.
9. The Grunsky formula -- A (1922)

For maximum urban storm-water flow

o . S&1A ... (sl

For maximum stream flow from large areas

g - 2200CTA Ce ... (A52)

i

\

For general applications

C S EA

QO - "n (A53)

{
in which

C = coefficient as function of time = 60/
(60 + C, 3t )

I = maximum rainfall in one hour based
on California record

t = critical time in minutes for continu-~
ance of rainfall

Cl = 0.5 for impervious areas

C1 = 5.0 for mountainous areas

C. = 20.0 for rolling country



1
1

QO o a a a o

2
2
2
2

C,

This formula was based

10.

Q

in which

C

11.

in which

Q

o W«

1

50.0 for flat country
250.0 for sandy regions

3,500 and n = 0.5 for impervious areas
3,300 and n = 0. 6 for mountainous areas
3,000 and n = 0.7 for rolling country
2,100 and n = 0.75 for flat country

600 and n = 0. 80 for sandy regions
on California records.

The Walker formula (1922)

C
L

R
5

D

76 (A54)

4 to 30, being a maximum for drainage
basins having impervious surfaces,
little storage, steep slopes, little
vegetation, direct alignment of water-
ways, etc., and minimum for pervious
surfaces, much storage, flat areas,
much vegetation, and waterways with
irregular and meandering alignment.
Most values of C range between 8 to
20 for average conditions. A general
average of C is about 12.

mean, or normal, annual rainfall in
inches over the entire basin

straight line distance in miles from
point of discharge to center of gravity

of the basin
The Lillie formula (1924)

VR C Z(OL) .. (A55)

discharge in cfs at the moment of peak
flood

mean velocity in feet per second

24 annual rainfall/l5

1.1+ log L

length of sectors of drainage area in

miles

o angle in degrees, at the discharge
point, of the sections into which the
catchment is divided. The sections
are in fan shape having a common
center meeting at the discharge point.
This formula was developed with reference to

rivers in India.

12. Rhind formula (Hearn, 1924)
o - CSRDT (a5
L
in which

C = coefficient depending on R/L

S = average fall in feet per mile of bed in
a length of 3 miles above the point
of discharge

R = greatest annual rainfall

L = greatest length of drainage basins

n = a variable index

13. The Switzer and Miller formula (1929)

Q = RCW' . . . . . . . (A57)

in which

Q = 24-hour flood in cfs

R = rainfall in inches

W = mean width of drainage basin in miles,
obtained by dividing the area of drain-
age basin in square miles by the
length of the main stream in miles

C = 80

n = 1.5

The formula is based on a study of 47 rivers in
When Q is expressed for peak

1.

the United States.

flows in cfs, then C 135 and n 4,

14. The Boston Society of Civil Engineers'
formula (1930)
Q = clRA,‘"A .. . . . . . (as8)
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in which C = 0.782 and n=1/2 for t greater

| A
Cl =NT where t is the time in hours than 0.33 hours and less than 64
of the flood period hours
C1 = 2.4 to 4 for flat streams with C = 1.562 and n = -2/3 for t greater than
relatively large channel pondage 64 hours
C1 = 4 to 24 for ordinary conditions C1 = 1/(1 + CZJ t ), where C2 is a
C1 = 20 to 40 for mountainous regions factor dependent on the surface
R = total flood runoff, inches on drainage conditions of the discharge basin
area C2 = 0.013 for impervious areas
This formula gives the total runoff and is based on = 0.25 for mountains
floods in New England. This formula is based upon = 0.40 for rolling country
a concept that peak flows tend to vary directly with = 1.3 for flat country (ordinary soil)
the total volume of flood runoff. = 6.5 for sandy regions
15. Besson formula (1933) The values of C1 were suggested for ordinary
conditions in a temperate climate. They should
.0 n
Q=CA = RTGA coe - (859 be increased in localities where the ground may be
frozen or waterlogged or where the maximum
For any drainage area runoff occurs when heavy rain falls on snow.
17. The Kinnison and Colby formulas (1945)
Rn'lcl
Q : .. ... (A60) 0.95
as R C . ’
max TRC, Q = (0.000036 s° 4124y 2
0.4 0.7
in which p L
Q = maximum discharge
max *Hm ¢ g for minor floods ... ... (AB2)
Qr = recorded discharge
Rr = recorded one-day rainfall
C = coefficient equal to the product of 1.5 DO’ 85
Q (0.0344 s "7 4 200) ———
the precipitation R 1in inches, to LO.S
topographic factor T, and a factor
G for ground surface conditions.
for major floods . . . . . . (A63)
C1 is for maximum conditions and
C2 for recorded conditions.
n = exponent which has been given 0.95
1.5 oD
values varying from 0.5 to 0.83. Q - (0.0595 s 4 342) ——=
16. The Grunsky formula (1932) L
CC. 1A for rare floods . . . . . .. (A64)
-t N VNS )
max n
t
in which 0,90
Lo R
Q = maximum rate of discharge Q (0.128 s +1,800) 07

max L

t time of concentration in hours

C

0.586 and n = 3/4 for less than
0.33 hours for masximum floods « « + .« .« . (A65)

il
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in which
Q

S

the peak discharge in cfs

the median altitude of the drainage
basin in feet above the outlet

the percentage that lake, pond, and

reservoir surface is to the total drain-

45

age area
L = the average distance in miles in which
runoff uniformly distributed over the
basin must travel to the outlet
Their formulas were developed by USGS for

Commonwealth of Massachusetts.



Appendix B

Computer Listings

Listing of MDCR (Multivariate
Data Collection Revised) Program

// JNB MDCR 00012GC,M005
// OPTIDN CATAL
DHASE MDECD %
// TXEC FOUT2AN
// ETC orn
SULTIVARYATD DATA COULLECTICN REVISED
2y ., HIINST
UTAY STATF UNTVERSITY
GANEIAANIACONTEL] CARD A 32349202202
NV T= MUMBER QF VARIARBLES IN READ LTIST
VD= MNUMBER OF VARTARLES AFTER MAKING TRANSFORMATINNS
NT= NU-SRER 0F TRANSFORMATICONS TO MAKF
N I= NUMARER QOF CARDS TO CONTAIN NDATA FORMAT
IN= INPUT DEVICE CODF 1= CARD READER
NI IRAZTRANSFORMATION DESCRIPTOR CARDAZ23daD
TT= TRAMSFORMATION CNODE
JJ= POSITIAN INTO WHICH THFE RESULTANT TRANSFORMATION IS TQ RE PUT

[aFeleu Nt NeEsNeNe e ReNe Nl Nal el e el

A= SURSCRIPT NF FIRST VARTABLE TO 9F USED IN TRANSFORMATICN
I8= SURSCRIPT OF SEFCOND VARIABLE TO 3F USED IN TRANSFORMATICON
I0= SUASCRIPT OF THIRD VARIAGLE TO BE USED IN TRANSFORMATION
I7= SURSCRIPT 0OF FQURTH VARTIABLF TC BE USED IN TRANSFORMATICM
CA= FORST CONSTANT USFD IN TRANSFORMATIIN
Co= SECOND CONSTANT USFDO IN TRANSFORMATIUN
CC= THIND CONSTANT USED IN TRANSFORMATION

NOURLE PRECISINN A,Y,SiIM,7
NTHCMSINNA(TQ,T0) 4 X{70),Y(70),SUM(T7C),2(70)
NT=70
JOR=2
LUr=12
Lyr=13
CALL TRNV(NVARGMNRS,LUR)
CALL DNTAC(AV,SUM, Yy NVARGNUBS, LUB,LUALNI}
WRITE (IPP,1CO)
106 EQRAAT(//N COCRELATION MATRIXQ )
- CALL DEORPLAA, L NVER Y, Z4NT)
CALL FXTT
END
SUTRAUTINE TRNV(NMYO,MNRSG, [0)
INTAORRZ2 IT,Jd,1A,10,IC,1ID
DIMENQINM TT(90) 4JJ(Q0)y IA(90)IB(20),I1C(90),ID(Q0),CA{CC),CR(9Q0),
TIAAL20) yNL{20) 17127420 ) 3LA(R2),LHB(32) ,IFRST(12),ISCNIL(12),
ICCLQ0) o X{1N0) 4 FMI(0) ,71(9)
IRN=1
1pp=3
1PH=2
DAY IPDLI00)Y NVTGNVU g NTGNOT s TNGNFGMINT, (FMI(T),1=1,10)
LT LIPRLINLY NVIG NV NTyNC T INGNEGNINT (FMI(T),I=1,10)
1NT FNRALT(IHYZ712,10Y,1044)
10 FARVNATL TI2,16Y,1004)
TPY=0 0% ATAM(L.0)
IR 80 ,0) 6P TN 45
N 6T T=),r
GEA RN ) LAY G IAMT) WK (T2, J) yd=1,KK)
e TTTOLTRY 11D LAY G IAN T ) W KK (120D 4 d) s Jd=14KK)
110 CeR2vET(ay 27 17)
100 TR SAT A 0T
LA (IY=t ] y+re=2
G0 LT ) =R
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TE{NINTLEQ.Q) GO TQ 45

N 81 T=1,°1INT

I 1=T+MF

QEAD (1D 1Q) LACTTIY,IFRSTIHIN, ISCNDED)

WRITE (IP2,110)  LACTT), IS0 01)ISOND(T)

N1=IFRST(I])

N2=187N0( 1)
ST LSEIIY =LA+ LMY =LA NI ¢ DY (L BIN2)-LAIN2)+1) -1
Gbh NCT=NCTxON

TE(NT.E0.0) 6O TO 59

NGQ T=1,NMT

REAY (IRN,102) IT(I)yJJCI) TALTY, IR0, IC(I),INUTY,CALT),CB(TY,

1C0 (1), (Z2(J)sd=1,8)
49 R ITE (IPRL103) TT(1) 3 JJUIY,TALT) S IN(IY,ICIY,ID(T),CALT),CR(TY,

100y {/70d),Jd=1,8)
1707 CURVATILH s 613 33F11.442X s TAG,A?)
T e A AT 6173930 1N04,2X 3 TA4,AD)
B0 REMNY (I0D,104) (TMI(T),I=1,NC1)

WRITE (IR, INR) (TMI(I),1=1,NCT)
T2y TVMATLH 4 20A4)
14 RN PRALY)

APTTT O(IPR,10R)

1R UTRYMAT(/ ) FIRST THRFE QRSFRVATIONS AFTER TRANSFORMATIONS )
N As=0n
TE(IN,NELIPD AND CINJNELTPRVANTL INJNELIPH)  RFWIND TN
TELTOLINLTIOR R IO EVIPHORLT0LEQLIRD) 6O TO 42

A -

LR IR I
a7 T IAY LT EMTLEND=4T) (XUI),I=1,NV])
TR T
ar

TH(ME e MY G0 TO 61
VYR T=E1IF
L=L"(T)
uestLLD)
BRI
KA=TA{])
TOITIXY (CAYYONFLTZIT,N2)) GC TO 53
V88 K=, N1
Yi{ty=—1
S8 L=l
N Te R
£330 Rn (=1 N
TRUIE TN IRKAYY L ENLT70I,KY) GNP TN 57
vieLy=n
G T 83
BT =!
53 L=1+1

52 CCHTINNT
TrenIaNT. rQen) An 10 A1
GULT TELGMINT

s

Pt ("“

NI=T7"37(1])
N =Tnrnael)
b2t r 0
NA-t 2y
RN A
il 2N )

1 N TRy

nYAY K=NG,NA
Y(LY=X{J) X (K)
HhoL=L+d
S1 TECUT LI 0) 00 Ta 41

[ATARNOU T BN
T J T

LY=17(")
J=JJdry
KL=7A (1)
Ke=12(1)
«r=10(1)
£3=T3(1)
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47

42

GO Tn(1,2,3,4y5v6,7,8,9,10,11,12713,14,15y16y17,18,19,20y21,22,23,

124425426) 4LX

X{J)=X{KA)

GO TO 41

X{J)=X(KAIEX(KRY)

GO TN 41

X{J)=X{KA)RY(KB) %X (KC)

GHY TN 41

XUJ)=X{(KA)EX (KR} %X (KC)*X(KD)

GO TO 41

X(J)=SQRT{X(KA}))

57 TN 41

N(JI=ALOGIX(KA))

G TN 41

X(JY=1.0/X(KA)

50 T2 41

N(J)=Y(KA)=X[KR)

GOTO 41

¥ J) =XKL ) /X (KR)

GO TN 41

YAAJY=CNS (TRPIXCCII)={XI{KA)-CA(T))/CB(I)}
20T 4]

X{JY=SIN (TPIHCCOTYH(X(KAY=CL(IY}/CR{L))
50 T 41

TE(X{KA).GT.0.0) 6N TO 47

X{Jy¥=2,0

50 T0 41

IF(X(KA) LTL1,0) G0 TO 43

X(Jr=on, o

A0 TO 41

X(J)=857,29578%ATAN{SQRT(X{KA) /(1.0-X{KA})))

GO 70 41

2OX () =ALOCIXIKAY+L1.0)

50T 41

Y¥(J)= 0 BALNGI(LaQO+X(KAYY/Z(La0=X{KA)))
o T 4

Y{J)=ALOGIXIKAY /(L 0+XTKAY D)

noTa 40

YLJY=SORTIX(KA)+.5)

G TN 40

X{JY=X{(CAY+CALT)

GooTn 4l

ALy =Y (Y ENAKP)
Gror e
AT ETAN LKA
L ThoA

AR N SO

GY TT 4]

X{JIV=X(KA)Y=RCA(])

GTO a1

IF(M(EA)LGTLCALTY) /G T 46

v(Jy=",n

)T A

N{(J)=X(KA)Y=CA(T)

G TO o4

YIJ)=Y(KAYHX(KRY+Y(KC)

nYoTa 4

Y(JY=X (KAY+X(KBY+Y (KL Y+X(KD)

~oTRY 4]

Y{JY=X(KAY=CA(T)

Gi) T &«

AIY=XLLAY/CALT)

O TN

TELNYAS L FL3) WRITFE (IPRL107) NOBS,(X(I).I=1,NV(C)
ST TS, 10F11.4/15Xs1C01 1 .4))

JRTTE (I (X{1Y,I=1,0V)

GOTO 40

AN ANN L INNF L IPRJAND.INLNFLTPH) PTWIND
POLOPLINLEN)JIPH NRLINLFQ.IPD) 60 TN 44

48
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44 URTITE {IPR,106) NOBS,NVD,I0

104 FNRMAT{10H THERE ARF ,15,80 0ASN OF ,13,11H VAR ON LU ,12)
RETURRN
FAIn
SURROUTINE DTAC{AyYySUM, Xy NVAR,NOBS, TN, 10,NI)
DIIELE PRECISINN A,Y,SUM,AVE,SD
DIMENSTON ALNMI,MT) X (1), Y1), SUM(L)
1PR=3
REWIND IN
2EU NN 10
WETTT (IN) MVAR,NOBS
nYy 4 [=1,MVAR
SUM{I)=0.1
PO 4 J=T,NVAR

4oB(1,1)=0.0

nn s '(:I,N]ﬂuf‘,

FEAD (TN) (N{T),1=1,NVAR)

NN 5 I=1,MvaAr

SUM(T)=SUM{TY+X( 1)

NO5 J=T NVAE

ALT,J)=A0T, J)+X (1) %Y ()

NOTTE (107,100)

107 FURUAT(/a MFANS AND S.0.3 )
9012 T=l,NvarR
NN A J=T, VAR

6 ALT,J1=A 01, J)=SUNITY/FLOAT(NNRS) %301 (J)

n

ar

I)=
12 U TTE LIow,100) TLAYE,SD
TLN FORMET (15 THEIS.T/(5X, F15.7))
LT (T, 102)
1O ECRUAT(/ 0 CRELPOTON 5 AND 30 )
CTTEO T (YD), Tl VAR

nOY1E T=1 ,NVAP
WOITE (I7) (ALT»JYed=T,NVAR)
16 WolTk (IPR,1I00) T.{A(1,d),Jd=1,NVAR)

SCTEM

=N
/7 mYEC LNKTDT
/+
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Listing of SMRR (Stepwise Multiple
Regression Revised)

/7 J08 SsMmeRr NoN120,M02C
/7 CPTION CaATAL

DAL guen X

J/ OEVTEOOE N TRAN

J/ <TT oarcn

(I5,5E15.7/(5X,5F15.7))

UNIT 3 (215,5F11.4)

¢ ST-PNIST SULTIPLF PEGRESSION  REVISED

€ CTX L. pesT

C T STATE JNIVERSITY

T NUMEER A E INDFEPEMDENT VARTARBLRES TO SELECT FROM HMDCR
r M= NUMROCR R DEPENDINT VARTABLES TO SELECT ERAM MDCP
r TYY= ¥ TOUSE F0OR2 STEPWISFE CONTROL

r Ty= STFOWISE MODE

C T4A=1 PRINT 2RIGINAL INVERSE

T l=2 PUNCH YT O INVEORSFE MATRIY  (I5,5F15,7/(5X,5F15.7))
C T3=1 PUNCH CUT PFEGRESSINN COFFFICTENTS

C Te=1 PRINTS SUCCESSIVE INVIRSES

s =1 COMPUTFES PRENDICTED VALUES

~ TRE2 OUTPUTS Y YP,NFV,S5E,5D ON LCGICAL

NU 4G ER OF SUBSETS 0 CCEFFICIENTS TO COMPUTF

DIMENSION ALTC,7OY 4 AVELTC) yID(70)YyFMTI20) s X{T702)42(70),w(70)

DOURLE PRECISIGN LGAVE,X4DET,7
NI=7
[=20=1
]PR=>

READ (IRDL1ICO) NXyNYZIDY IXyTALIB,ICIG,NSy(FMT(I),I=1,1C)

PRITE (IPRLICL) NX,NY,INDY,IXyTA,12,

171 TORMET(IH1,313,512,12,18Y,10A4)

100 FOPMAT(.  312,512,13,18%,1044)
TFLI6.FQL2) REWIND LUC
MK =NXENY

PEAD (IFND,102Y (IDLI),I=14NK)
WRITE (IPRLIN3Y (IDEI),I=74NK)
102 E0RMAT(1H ,/2014)
1Nn2 COMATH( 2074)
RENINN LuA
DEAD (LUAY NOV,ZNNRS
READ (LAY (XU T),T1=1,4N0OV)
DO 60 I=1,NK
J=In(1)
60 AVI(I)=X1U)
Dros0 T=1,M0Y
LAY (LAY (X)) 9 d=T 4NV
N5 ] K=1 48K
IT7{T.FC.INIKY)Y A2 T 52
51 FOATINYE
[sea) T™Y 50
Y97 J=1,NK
L=1000)
IF(LLLTLT) GU TO 53
A{KLII=Y (1)
Aldasv)y=xX(1)
53 LT

[l Cl"A}TZ\:I!L—

(%2
~

50

TCyIGH NSy {FMT(I)e]=1,1")

@



NXP=NX+]
CALL NDMATIV(A, 1 3NXNXPyNY,DETHZNT)
0a 3 T=1,NMX
NG 3 Jd=1,N\NX
3 A(JLI)=ALT,Y)
IF{IALERQ.D) GO TG 1
WRITE {(IPR,104)
104 FORMAT(/A INVERSF MATRIXQ
DO 2 I=1,NX
TF(TA.EQ,2) WRITE (IPH,106) ID(T)s(A(T 4J)9d=14NX)
106 FORMAT(15,5F15.7/{(5X,5E15.7))
2 WRITF (IPR,105) IN{I) 4 {A(T4d)yd=1,NX)
105 FORMAT(TS,7E15.7/(5X,7715.7))
1 CALL ANVR(AZAVE Xy Z+sDETy IDSNXyNXPyNY 4y IDY 4 IByNOBSyKZyIG+LUBSNOV W,
INT)
IFINX.ENGL.NRVIXL.FOLO0)Y GO TO 5
CALL DLYE(AZAVE,DETHIDGNX NXPsNY,ICyKZyNI)
GO TO 1
5 IF(NS.EQ.0) G TH 6
IF{IX.EQ.1) GN TO &
CALL SAST(A,ID NXyNY,NSyNI)
6 IF(IG.NE.2) GO TO 7
END FILE LUC
REWIND LUC
7 CALL EXIT
END
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Output of MDCR and SMRR

Model C (393 storms)

>
-

= 0N e N

o

MNP N NN

15 1 1
1 0 o0
2 0 ¢
30 0
A0 N
1 2 3
4 Q00
5 0 ¢
6 0 O
4 5 A
R 7 Q
1 0 0
2 0 ¢
20 0
o 90 0

10 0 0

T.245F

30 S0

(>IN ]

OCOO 200D DD«

4.29FbbyF4,2

[l

0.0
N. 8000
0. 3000
0.0

A0

* s o o & &

(oo Ne Re e Ro 3

OQOQODDDD

-

2F7.2<

G.0 c.n
n.0 Ce0
CeN 0.0
0.0 .0
0.0 (e
0.0 0.0
0.0 0.0
c.0 C.0
0.0 Q.0
0.0 0.
0.0 0.0
0.0 c.n
0.0 0.0
0.0 0.0
0.0 0.0

FIRS™ THREE OBSERVATINONS AFTER TRANSFORMATION
1 0.7331E 01 0.8755E 00 0.1545E 0N C.6422C 01 0.4478E Ol
C.7331F 01-0.2595E 00 Q0.1545F 00 0.4942F Q1 0.4797F 01

2

3 0.7331E 01-0.1967F 01 0.1665E 00 0.2890C 01

THERE ARE 393 (RSN (F

MEANS AND S.D.

VW N -

0.6R4TBLTD
0.7C79634D
0.1082075D
0.5169305N
0634901770

CORRECTED S35 AMD

1

2
‘%
4
S

0.1240877N0
0.35471890
0.1054961N0
0.1168266N
Ne22633320

01
[81¢]
on
o1
1

sD
Ca
ok
ng
VA
C4

CORRELATION MATRIX

1

R WwWN

0.12900000 01

0.100000200 C1
0.10602C700 0}
0.100072007 C1
0., 10000000 01

0.17791R6D
0.95125970
0.16404960
017263460
(.24031400

0.1693P59D
-N.9G9T2A66D
~N,75364(0N
J.14357190

5 VAR ON

L

01
ne
oe
a1
01

03
01
0l
C4

u 13

0.2399F 01

-0.3138759D 02 0.9206576D 034 0.12394420 04
0.32015590 03 0.488238CD0 C2

C.RQ958280 Cl

0.25531170 00 -0.2743312D CO

-0.14667670 CO 0.4973259D €O
-N,6728860N-01 C.5821C42Nn-01
N.,BR282R5D CC
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0.76465040 20

0.54482790 N0

C.7395025D0
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3 02 110000 0
1 2 3 4 5

REGRESSION ANALYSIS 0OF VARTAGRLE

SQURCE NF MEAN SQUARF VAR
TOTAL 392 0.29802700 01 RY 0L
VAR 1 1 0.543647080 03 R¥ 1<
VAR 2 1 0.1239583n 03 By 2<
VAR 3 1 0.3532546D0 02 B% 3<

MODEL 3 0.2774879D 03 RSQ#

4

COEFFICTIENT
=-0.3095¢260 GO
0.70649329 (0
N. 61346780 0N
0.1909394n C)

ERROR 389 0.8632447D N0 DETH

REGRESSION ANALYSIS OF VARTABLE

5

0.71256360 00
0.3986903D 07

COFFFICIFNT
=0.44195550 01
C.9756734D 00
0.10276099 C1
0.46295780 (1

SGURCE DF MEAN SQUARE VAR
TNTAL 392 0£.5775982D 01 B¥® 0O<
VAR 1 1 C&.1036500D 04 BR® 1<
VAR 2 1 0.3477808D0 N3 BY% 2<
VAR 3 1 0.2076727D 03 B% 3<
MODEL 3 0.5842133D 03 RSQ#

ERROR 389 0.1314080D 01 DETH#

VARIABLE 3 WILL NDW BE DELETED

REGRESSION ANALYSIS OF VARIABLE

SOURCE DOF MEAN SQUARE VAR
TOTAL 392 (0.2980270D 01 B% O<
VAR 1 1 0.5081759D 03 B 1<
VAR 2 1 0.1140645D 03 B¥ 2<
MODEL 2 0.39856692D C3 RSQ#

ERROR 390 0.9516094D 00 DET#

REGRESSION ANALYSIS OF VARIABLE

4

0.7741982D 00
0.3986903D 07

COEFFICTIENT

0.22162270 CO
0.6618806D CO
0.5R650280 00

5

0.68232610 00
0.41147080 06

COEFFICIENT

0.8675043D 00

0.96215630 00

SOURCE OF MFAN SGQUARE VAR

TOTAL 392 0.5775082D 01 B% 0< =-0.3131536D 01
VAR 1 1 0.R729674D 03 BY 1<

VAR 2 1 0.3069740D0 03 B% 2<

MODEL 2 0.7724911D 03 RSQ#

ERROR 390 0.1843205D 01 DET#

VARTABLE 2 WILL NOW BE DELETED

REGRESSION ANALYSIS NOF VARIABLE

SOURCE DF MEAN SOUARE VAR
TOTAL 392 0.298027CD 01 B% 0O<
VAR 1 1 0.6830738D 03 BZ 1<
MODEL 1 0.68307380 03 RSQ#

ERPOR 391 0.12409010 01 DETH#

REGRESSION ANALYSIS OF VARIABLE

4

0.68246320 00
0.4114708D 06

COEFFICIENT
0.8860565D=-01
0.7419412D CO

5

0.5846903D 00
0.1240877D 04

COFFFICIENT

0.9988R4340 €O

SOURCE DF MEAN SOUARE VAR
TOTAL 392 0.5775082D 01 B%Z 0< =0.3349752D Cl
vaer 1 1 0.1238008D0 04 B% 1<
MODEL 1 0.1238008D 04 RSQ#

ERROR 391 0.2623591D 01 DET#
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0.54686290 00
0.12408770 04

AVE
H.51C930650
UehBGTHGTD
0.7079684D
0.1G82075D0

AVE
0.34G0177D
C.68478641D
0.7079684D
0.1062075D

AVE
0.51693050
0.6847847D
0.70796840D

AVE
0.349C177D
0.0847847D
0.7079664D

AVE
0.5169305D
0.68478470

AVF
C.34401770
0.68473470

1l
nl
00
[o]]

01
1
oG
00

01
01
00

01
01
00

01
(0D

(4D
o1



Output of SMRR with predicted values

Model B (393 storms)

REGRESST M

SOURCE
TOTAL
VAR
VAR

R
VAR
VAR
VAR
VAR
VAR
MONEL
ERROR

WY C NN

NsY,OBS,PREDN,

b4

aln
3ap

)
w

12
10
19
10
19
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