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ABSTRACT

The effects of forest and agricultural land uses on flood unit hydrographs of small catchments is the sub-
ject of this paper. A total of 105 floods from small catchments have been used in the study, of which eight are
predominantly forest and 14 predominantly agricultural land-use catchments, with areas ranging from 0.12 to 7.19

square miles, situated in the eastern and central United States. Floods were caused by rainstorms of less than
six hours duration.

The study is based on the unit hydrograph approach, supplemented by the regression analysis. The unit
hydrograph is described by the two-parameter incomplete gamma function, enabling the computation of peak values.
The regression analysis is used for the relationships among the selected hydrologic variables, and between the
unit hydrograph parameters and the dominant catchment physiographic factors.

Derived unit hydrographs of flood events are affected by non-uniform distribution of rainfall. It is found
that the same representative, unit hydrograph peak flow equation is applicable to both the forest and agricul-
tural land-use catchments. The average rise time, Ta , is mainly dependent on land use and catchment physio-

graphic factors A (area), 52 or Sh (slopes), H (total fall), F1 and Cf (percentage of forest cover). A concept

of representative catchment, equal for all the studied river basins, is introduced, to separate the effects of
geometry from those of land use.

The comparison indicates that the unit hydrographs of small catchments are significantly affected by the
biological type of land use. For a given small catchment the agricultural land use means a greater flood peak
with a faster surface rmoff, while the forest land use means a smaller flood peak with a surface runoff. The
catchments with the predominantly agricultural land use have unit hydrograph peaks approximately 2 to 4 times
greater than the predominantly forest land-use catchments, with the values within the range 2-4 depending on
the percent of catchment forest cover.

FOREWORD

The basis for this paper is the material contained in the Ph.D. dissertation of 'Dr. Wiroj Sangvaree
entitled "Land-Use Effects on Flood Peaks," submitted to Colorado State University in August 1969. The results
of the study have been further checked by several investigations and when necessary corrected. In the last two
years, all the material presented in the thesis has been rechecked, and the results recomputed, under the super-
vision of the second author, V. Yevjevich. The graduate students, Shih-Min Tung, Janet Herrin, and Tat L. Wai,
have cooperated in this check and revision of figures and results.

The study is based mainly on literature before the year 1969. Though several advanced studies have been
produced on the subject in the last eight years, the paper was not revised in function of those results, because
they have been found not to be taking into question the basic premises of this study. The major effort in the
study was to separate the effects of geometry, or the geometry related parameters of catchments, from the
effects of their vegetation land use, with the objective of a better discrimination of influence of the forest
and agricultural land use on floods of small catchments. The results of this study clearly present that there
are substantial effects of vegetation land use on the unit hydrograph characteristics.

Whenever the forest land use is replaced by the small vegetation cover, or by the agricultural land use,
an increase in the flood peak of hydrographs from the same rainfall should be expected for the same flood re-
turn periods. The other aspects of flood hydrographs, such as the total volume of flood water from a given
rainfall for forest land-use catchments as opposed to agricultural land-use catchments, and similar flood
characteristics, were not investigated in this paper.

Vujica Yevjevich

July 1977 Professor-in-Charge of
Fort Collins, Colorade Hydrology and Water Resources Program

iv



Chapter |
INTRODUCTION

1-1 Estimation of Flood Characteristics for Small
Catchments

The determination and prediction of flood peaks
for small catchments is in great demand for compre-
hensive water resources planning, flood flow forecast,
adequate design of various drainage systems, flood
control, design of hydraulic structures, and so forth.
Whenever sufficient and reliable records on stream
flow are available, the characteristics of flood peak
discharge should be determined directly from data. In
other cases they should be determined by a combined
use of the runoff and rainfall data. Only a tiny per-
centage of runoff from small catchments has been gaged
(Giusti, 1963). Therefore, the flood peak discharges
of ungaged small catchments must be estimated by using
data on climatologic, physiographic and other factors
of these catchments.

Estimation of §Lood peaks from small runal catch-
ments. The currently used methods for the estimation
of flood peak flows from small catchments are:

(1) Empirical or semi-empirical, developed by ex-
perience and judgment;

(2) Statistical, which can be further classified
into flood frequency analysis by using regional
data, and regression and correlation analysis in es-
tablishing the relationships of flood peak flows to
rainfall and catchment factors;

(3) Rational or modified rational; and

(4) Those based on composition of flood hydro-
graphs by using the various approaches related to the
concept of unit hydrograph.

Flood flow formulas as the empirical or semi-
empirical estimation methods of flood peaks were
mostly originated during the period 1850 to 1890; they
continued to proliferate until recently. These formu-
las give often satisfactory but occasionally very
crude results. The approach relies heavily on experi-
ence and judgment of practitioners. At present, they
are considered inadequate engineering techniques of
a relatively small accuracy.

The flood frequency analysis is a good method for
predicting floods whenever sufficient data are availa-
ble. The accuracy depends on the size and reliability
of available samples. Results are subject to signifi-
cant uncertainties in case of small catchments, es-
pecially those with less reliable data.

Regression and correlation analysis is used mainly
to establish relationships between hydrologic variables
(Chow, 1964, Section 8-II). Many investigation results
are available from the correlation of hydrograph peak
flows and various hydrologic factors (Dickinson, et
al, 1967). The prediction equations are often based
on limited amount of data, and they disregard the ef-
fect of land use.

Rational methods and the unit hydrograph methods
are currently used by engineers and hydrologists, be-
cause their physical meaning is reasonably clear. The
rational methods should be used with an extreme caution.

The five methods currently either used or recommended
for estimating floods from extreme rainfall are:
Rational Formula (Kuichling, 1889; Lloyd-Davis, 1906);
the US Soil Conservation Service method (Hydrology,

SCS Handbook, 1957); the Bureau of Public Roads method
(Potter, BPR Hydraulic Design Series, 1961); Chow's
method (Chow, 1962); and Tacitly Maximized Peaks method
(Reich and Hiemstra, 1965). Results of their compari-
sons indicate that none of the five methods is reliable .

Effects of vegetation cover on components of
hydrotogic cycfe. It has been recognized for some
time that the vegetation cover influences a number of
components in the hydrologic cycle (Chow, 1964, Section
21-22; Bruce and Clark, 1966). These components in-
clude direct interception of a part of precipitation
by vegetation, reduction of evaporation from soil, in-
crease of infiltration by opening up soil channels
through development of roots, depletion of soil moisture
by evapotranspiration, trapping and shading of snow-
pack, binding the soil against erosion, factors affect-
ing the hydraulic characteristics of overland flow,
and so forth.

Beneficial effects of vegetation are: (1) Ground
shading, minimizing wind influence; (2) Spreading of
water flow over the land surface and thus retarding
the surface runoff and increasing the infiltration;
(3) Developing of a more porous soil texture within
the root zone as the result of building up and main-
taining the organic content of the soil; (4) Establish-
ing and maintaining the undecomposed or partly decom-
posed organic matter at or near the soil surface; and
(5) Increasing of storage capacity and infiltration of
the soil, resulting in lesser erosion and lesser gully
formation.

Fonest versus agricultunal catchments. Forest
catchments in the United States are predominantly
covered by deciduous or coniferous trees associated
with other small trees, shrubby species and grassland.
Forest catchments are mostly located on rough, poor
soil mountainous area (Sopper and Lull, 1967, p.99).
Forest land is generally regarded as an area of optimum
infiltration and negligible overland flow (Sopper and
Lull, 1967, pp. 247 and 545). Soils under undisturbed
forests have characteristics that are favorable for
infiltration, such as porous channels caused by roots
and activity by soil organisms, organic matter in the
surface layers, and accumulation of organic debris
(Auten, 1933; Lassen et al, 1951). Forest vegetation
has deep root zone development that increases the
amount of detained water in the soil storage. They re-
duce the overland flow and affect the surface-runoff
hydrograph resulting from a storm rainfall (Sopper and
Lull, 1967, p. 545). The removal of forest vegetation
affects interception, snowmelt, soil moisture and in-
filtration rate, and increases the total runoff (Hoover,
1944; Love, 1955; Garstka et al, 1958; Anderson and
Gleason, 1960). The amount of increased surface runoff
and peak flows caused by heavy rainstorn of the
forested catchments, whose vegetation has been removed,
vary according to the rainstorm and catchment charac-
teristics (Sopper and Lull, 1967, p. 551).

Agricultural catchments are mainly covered by
small plants, crops and herbaceous vegetation, which
have shallow root zone, and intercept lesser amounts



of precipitation than forest trees (Chow, 1964, Section
6). Agricultural areas possess smaller water storage
capacities. A larger surface runoff is expected from
high intensity rainfall. The runoff from agricultural
catchments is regarded sometimes as nonvirgin flow,
because it is influenced by man's works, such as land-
use practices, farm practices and small water di-
versions. The study of the effects of vegetation
cover and land-use practices, especially the use of
terraces in conjunction with rotation contour cropping,
on peak flows of short return period floods from small
agricultural catchments indicates that they decrease
the number and the average magnitude of peak flows
(Hobbs, 1946).

An exploratory study of the effects of land use
upon the hydrograph rise time (Om Kar, 1967) showed a
general trend of the rise time being longer for the
forested catchments and shorter for the others. Bell
(1967) also found that the representative lag time or
the median lag time of small catchments covered by
forest and good-wood land is longer than those of small
catchments covered by crops and poor to fair pasture.
Therefore, an agricultural land-use catchment is ex-
pected to have a greater unit hydrograph peak flow
than the forested catchment.

1-2 Needs for Study of Land-Use Effects on Flood Peaks

Various developments have brought into focus the
need for accurate techniques related to flood control
design practices for small catchments. Usually a large
number of small or moderate-size relatively unexpensive
structures are involved in these developments. How-
ever, the total expenditure is substantial for a region.
Advanced techniques are needed for the economical and
accurate designs of typical flood control and drainage
structures, which are used many times along the channels
of small catchments.

A need exists for detailed investigations of ef-
fects of various catchment factors on flood hydrograph
parameters. This should be paralleled by studies for
a proper understanding of hydrologic physical processes
of small catchments, leading to a more accurate pre-
diction of flood peak discharges by the appropriate
methods.

A classical hydrologic problem of the past has
been the determination of effects of forests on floods
in comparison with the flood characteristics of small
catchments with the agricultural land use. The more
detailed ramifications of the problem are: (a) Do
forest land use produces smaller flood peaks than the
agricultural land use for all the other flood-affecting
factors being the same at a small catchment? (b) Do
substantial differences exist in the catchment re-
sponses of these two land uses? (c) Are these re-
sponses linear or non-linear, and in such a way that
the forest land use produces smaller flood peaks for
moderate flood return periods and approximately the
same or even greater flood peaks for the large return
periods (extreme floods) than the agricultural land
use? (d) How do the flood characteristics change when
the small catchments undergo various modifications in
the forest and agricultural land uses?

It is somewhat easier to study the effects of
urbanization on floods, because of the relatively
simple effects of urban impervious areas on surface
runoff, drainage, evaporation, soil moisture and

groundwater replenishments, water quality, etc., than
to study the effects of vegetation covers, and changes
in them, on floods. Significant attention has been
given to hydrologic effects of urbanization in recent
years. Because of complexities in the effects, how-
ever, the classical hydrologic problems of biological
land-use effects on runoff cycle in general, and on
floods in particular, seem to have been somewhat neg-
lected. Therefore, the study presented in this paper
Tepresents an attempt to revive some aspects of re-
search of these classical problems.

1-3 Study Objectives

Past investigations show that land use is an im-
portant factor which affects the runoff hydrograph.
Because of complex interactions of different aspects
of land use, it is difficult to discriminate their
effects individually. Two basic reasons are responsi-
ble for it. First, the shape of hydrographs of small
catchments is not solely dependent on land use; it is
affected by a large number of other factors, primarily
climatic and physiographic. These hydrologic factors
are more or less mutually dependent. All the physical
relations which govern their behavior are not yet well
understood. A separation of these individual effects
on the runoff hydrograph most often is not a simple
task. Second, differences in effects of various types
of land use are of the same order of magnitudes as the
errors in observations of rainfall, runoff, and some
climatic and physiographic factors.

The objective of this paper is to develop a method
to discriminate the effects of forest and agricultural
land uses on flood hydrographs from small catchments.
In more details, this objective translates into:

(1) An investigation of relations between the
dominant physiographic factors which affect the flood
hydrographs of small catchments;

(2) A determination of relations between the para-
meters of unit hydrographs and the dominant physio-
graphic factors and rainstorm variables of small catch-
ments; and

(3) A comparison of flood flow responses of forest
and agricultural land-use catchments.

1-4 Procedures to be Used in Investigations

The unit hydrograph concept, supplemented by the
use of correlation and regression analysis, is the
basis of the study. A mathematical expression for the
unit hydrograph, in the form of the two-parameter in-
complete gamma function as developed theoretically by
using the systems approach (Edison, 1951), is applied
in derivation of the general flood peak discharge
equation.

Correlation and regression are used to investi-
gate the relations between the hydrologic variables,

namely:

(1) Relations between the dominant physiographic

. factors of small catchments;

(2) Equations for the prediction of unit hydro-
graph peak discharges; and

(3) Relations between the unit hydrograph para-
meters and the dominant physiographic factors and
rainstorm variables.



Chapter 1l
ANALYTICAL CONSIDERATIONS

2-1 Unit Hydrograph Theory

The basic assumptions of the unit hydrograph
theory are: (i) Effective rainfall occurs at a uni-
form time rate during the selected unit hydrograph
interval; (ii) Effective rainfall is uniformly distri-
buted over the whole catchment for which the unit
hydrograph is developed and applied; (iii) Ordinates
of the direct-runoff hydrographs are proportional to
those of the unit hydrograph, or the total direct
runoff of each hydrograph is proportional to the
volume of unit hydrograph; and (iv) Unit hydrograph
reflects the combined effects of all the physical
characteristics of a catchment.

These assumptions are only approximately satis-
fied for any catchment. It is often claimed, and
practiced, that in case of flood events carefully
selected for small catchments these assumptions are
not significantly violated, with approximations ac-

ceptable for practical purposes (Chow, 1964, Section 14).

2-2 Linear Catchment Systems

The systems approach to unit hydrograph has given
an impetus to advanced theoretical analysis (Dooge,
1959, 1967). In this approach the catchment is con-
sidered without taking into account the complexity and
details of physical laws involved in its response.

An ideal system is one that has constant para-
meters (all fundamental properties of the system are
invariant with respect to time) and linear character-
istics (the response characteristics are homogeneous
and additive). Naturally, all real physical systems
display nonlinear response characteristics under suf-
ficiently extreme input conditions and common non-
linearities usually occur gradually rather than
abruptly (Bendat and Piersol, 1966). The response
characteristics of many catchments have been assumed
to be linear, at least over some limited range of in-
puts, without large errors.

2-3 Equations of Unit Hydrograph

Mathematical expressions proposed by Edson (1951)
for the unit hydrograph lead to a generalized gamma
function

a+l
_ B a _~Bt 2.
U=t * © (2-1)
The quantities m = « and k = § are the unit hydro-

graph parameters given by Edson. Equation 2-} gives
for the peak discharge, or for t = Tr = the time to

peak and dUt/dt =0, B = u/'[‘r , so that it becomes

+1
_ =1 a a 9.2
Ut = Ty [T;r . e , (2-2)
with the peak ordinate
_ 1 e+l -a 1 2.3
Up T T(a+l) < Ty (2-3)
Approximations in Eq. 2-3 are
1 a+l -a _ 1 e ® = O.SQBQuO‘S ,

G Te+D® ¢ " TE®

for o« > 2, and

Ca = 0.3549 u0.615 for 1 < o < 2. (2-4)

A comparison between the estimated values by
these approximations of C, and the exact values of C»

with deviations smaller than 5%, is given in Fig. 2-1.
Multiplying both sides of Eq. 2-3 by 'I'e = the effective

rainfall duration, and combining it with C , the peak
flow UPTe , expressed per unit effective rainfall in-
tensity Ie and per unit area as qp/Ie = UpTe/A.Ie,
with A = the catchment area, can then be estimated by

EP.: c Te
a

I T
e r

(2-5)

With the two approximations of C_, Eq. 2-5 becomes

T

%E - 0.3989 o0°° = . 422 (2-6)
e T
‘and
0.615 e
T 0.3549 o~ T 0.1<a<2, 2-7)
c T
with = the peak flow per unit area, I = the average

effective rainfall intensity, and Te = the effective

rainfall duration.

Combining Eqs. 2-2 and 2-3, the dimensionless
unit hydrograph becomes

(2-8)

with Ut/up = the ordinates and t/Tr the abscissa of

the dimensionless unit hydrograph.

10 g T
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AFFRX. EQ.FORa 22! C,=0.3983a //
- ‘T § ]
- ///,4 4”///’
@1 — =
J 7
g ¥
@
&
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“a i EXACT : Cq, NI S -
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al | 2 10 a 80
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Fig. 2-1. Comparison of approximate and exact values

of C, for the ranges: a > 2, and 1 < a < 2.



Chapter Il
RESEARCH DATA ASSEMBLY

3-1 Selection of Catchments and Flood Events for In-
vestigation

Catchments having areas smaller than 10 square
miles were chosen for this study in order to minimize
the effects caused by areal variation of rainfall and
to avoid the heterogeneity in properties of large
catchments. A distinct characteristic of most small
catchments is that the overland flow rather than the
channel flow is a dominating factor which affects the
peak flow. They are very sensitive to high intensity
rainfall of short duration and to the land use (Chow,
et al, 1957). The total contribution to runoff by
groundwater, channel interception and interflow is
usually small for small catchments (Gray, 1962), with
hydrographs mainly produced by surface rumoff.

The small catchments of 100% forest cover and
100% agricultural land use were considered most de-
sirable for this study. However, it was not feasible
to find a sufficient number of such ideal catchments
with pertinent data available. Therefore, the experi-
mental small catchments of areas between 0.1 to 10
square miles, with 50% or more forest and/or agri-
cultural land use were selected as study catchments.
Selection is limited to those small catchments that
have been assembled in a prescribed manner at Colorado
State University as the part of the current program of
hydrology of small catchments.

Eight forested and fourteen agricultural land use
small catchments of areas ranging from 0.12 to 7.19
square miles, located throughout the eastern and
central United States, were chosen. The 105 selected
flood events from these catchments were mainly caused
by rainstorms of short duration, all of a shorter du-
ration than six hours. A detailed description and

location of selected catchments are presented in
Tables 3-1 through 3-3, and in Fig. 3-1.

Table 3-1. Small Catchments and Their Flood Events
Selected for Investigation.

Type of Range of Number of Number of

Catchment Areas (sq. mi.) Catchment Flood Events

Forest 0.30 - 7.19 8 32

Agricultural 0.12 - 3.01 14 73

Combined 0.12 - 7.19 22 100

3-2 Selection of Hydrologic Variables

A large number of rainfall variables, basin physi-
ographic factors and unit hydrograph parameters have
been advanced in various investigations of their re-
lationships in hydrologic literature. The selection
of dominant variables is mostly based on experience
on how they may be interrelated. The factors which
most affect the flood peak discharge of small catch-
ments, used in this study, are first given, namely:

A.  Unit hydrwograph parameters
(1) UP , the peak flow

(2) Tr , the rise time
(3) Ta , the average rise time

(4) o , the shape factor.

O Forest
® Agricultural Land Use

Land Use

Fig. 3-1.

Approximate location of catchments used in the study.



Table 3-2.

Description and Location of Selected Small Catchments, and the Number of Flood
Events Used for Each of Them

Ogger Cat;Zment Name and location State S;re:i Nug;ar Ct::i;ii-
: : ! : Events
1 10606104 Lower Fool Creek at Fraser Colorado 1.12 3 F
Exp. Forest
2 10606105 East St. Louis Creek at Fraser Colerado 3.10 5 F
Exp. Forest
3 10608004 Lower Missouri Gulch Colorado 7.19 3 F
Manitou Exp. Forest
4 11204004 Moscow, W-2 Idaho 0.11 3 A
5 11511001 Ralston Creek at Iowa City Towa 3.01 4 A
6 12412006 Oxford, W-24 Mississippi 0.80 3 F
7 12707001 Hastings, W-3 Nebraska 0.74 5 A
8 12707002 Hastings, W-5 Nebraska 0.64 5 A
9 14309001 Riesel, C, (Waco) Texas 0.90 6 A
10 14309002 Riesel, D, (Waco) Texas 1.74 6 A
11 14309005 Riesel, W-1, (Waco) Texas 0.28 6 A
12 14509006 Riesel, W-2, (Waco) Texas 0.20 6 A
13 14308007 Riesel, Y, (Waco) Texas 0.48 5 A
14 14309008 Riesel, Y-2, (Waco) Texas 0.21 7 A
15 14309009 Riesel, Y-4, (Waco) Texas 0.12 6 A
16 14618008 Fosters Creek, W-1, Blacksburg Virginia 0.61 3 F
17 14618007 Little Winns Creek, W-1, Virginia 2.30 s F
Blacksburg
18 14618008 Pony Mountain Branch, W-1, Virginia 0.30 5 F
Blacksburg
15 14618010 Rocky Run Branch, W-1, Virginia 0.87 5 3
Blacksburg
20 14911001 Fennimore, W-1 Wisconsin 0.52 5 A
21 14511002 Fennimore, W-4 Wisconsin 0.27 6
22 14911003 Colby, W-1 Wisconsin 0.54 3 A
F = Forested, A = Agricultural
Table 3-3. Percentages of Areal Coverage by Each Land Use for Selected Catchments
. Bare or Grass or Culti- Wood land
Order Catchment State ldle Pasture vated or Forest Impervious lassifi-
No. No. % % % % cation
1 10606104 Colorado 100 F
2 10606105 Colorado 100 F
3 10608004 Colorado 100 F
4 11204004 Idaho 49 51 A
5 11511001 Towa 35 45 20 A
6 12412006 Mississippi 35 3 3 59 F
7 12707001 Nebraska 15 82 3 A
8 12707002 Naebrska 10 87 3 A
9 14309001 Texas 28 69 3 A
10 14309002 Texas 24 73 3 A
11 14309005 Texas 17 78 5 A
12 14309006 Texas 30 65 5 A
13 14309007 Texas 41 57 2 A
14 14309008 Texas 31 68 1 A
15 14309009 Texas 31 68 1 A
16 14618006 Virginia 11 26 15 46 2 F
17 14618007 Virginia 11 9 22 58 F
18 14618008 Virginia 30 17 52 1 F
19 14618010 Virginia 19 9 18 54 1 E
20 14911001 Wisconsin 16 79 5 A
21 14911002 Wisconsin 13 81 6 A
22 14911003 Wisconsin 21 65 11 3 A




Table 3-4.

Physiographic Factors of Selected Catchments

Order Catchment A i L Lc s1 SZ Cf Fl Sh % 1052
No. No. sq. mi. ft. mi. mi. ft./mi. ft./mi. % (ft./mi.)
Forested Catchments
1 10606104 1.12 1965 2.38 1.02 826 781 100 2.168 34.475
2 10606105 3.10 3263 4.57 2.00 714 588 100 2.948 34.346
3 10608004 7.19 1484 5.62 2.92 264 237 100 2.282 3.063
4 12412006 0.80 217 1.40 0.81 155 85 59 1.418 0.589
5 14618006 0.61 101 0.61 0.42 101 69 46 0.420 0.167
6 14618007 2.30 167 2.30 1.39 73 43 58 1.390 0.121
7 14618008 0.30 451 0.86 0.45 663 276 52 1.290 6.780
8 14618010 0.87 109 1.70 0.76 64 47 54 1.485 0.137
Agricultural Catchments
1 11204004 0.28 106 0.86 0.41 = 123 65 51 1.258 0.4013
2 11511001 3.01 149 3.99 2.07 37 27 45 2.744 0.0738
3 12707001 0.74 75 1.64 0.48 46 40 82 1.064 0.0760
4 12707002 0.64 112 1.45 0.78 77 37 87 1.767 0.1960
5 14309001 0.90 51 1.70 0.67 30 26 69 1.266 0.0289
6 14309002 1.74 64 2.66 1.21 23 17 73 1.850 0.0235
7 14309005 0.28 50 1.02 0.47 49 50 78 1.712 0.0893
8 14309006 0.20 46 0.57 0.24 81 80 65 0.684 0.1058
9 14309007 0.48 52 0.91 0.47 57 54 57 0.891 0.0563
10 14309008 0.21 51 0.66 0.30 77 60 68 0.943 0.1239
11 14309009 0.12 45 0.51 0.24 88 72 68 1.020 0.1688
12 14911001 0.52 133 1.09 0.52 122 102 79 1.090 0.3402
13 14911002 0.27 90 0.60 0.27 150 T 134 81 0.600 0.3000
14 14911003 0.54 78 1.29 0.68 60 47 65 1.624 0.1128
Table 3-5. Mean, Median and Standard Deviation of Physiographic Factors of Selected Catchments
5
Type of Statistical A H L by 5 s, Ce F,  °h 2" 12
Catchment Parameters sq. mi. ft. mi. mi. ft./mi. ft./mi. % H"/mi,
Mean 2.036 970 2.430 1.22F 358 266 71 1.675 9.960
Forest Median 0.995 334 2.000 0.915 210 161 59 1.415 1.826
St. Deviation 2.285 1164 1.779 0.860 321 278 24 0.769 15.261
’ Mean 0.709 79 1.354 0.629 73 58 71 1.322 0.150
’:ﬁﬁ;ml Median 0.500 70 1.175  0.475 68 52 71 1.175 0.109
St. Deviation 0.781 34 0.955 0.489 38 32 14 0.570 0.119
Mean 1.192 403 1.745 0.845 176 134 71 1.451 3.717
Combined Median 0.590 104 1.345 0.595 79 63 68 1.340 0.152
St. Deviation 1.595 803 1.379 0.693 234 192 18 0.654 10.049




B. Rainstomnm variables
(1) Te , the effective rainfall duration

(2) Ie , the average effective rainfall
intensity

(3) Ml , the first moment of effective
hyetograph

(4) M, , the second moment of effective
hyetograph

(5) Mi , the second central moment of ef-
fective hyetograph

(6) Rl , the first moment of observed
hyetograph

(7) R2 , the second moment of observed
hyetograph

(8) R} , the second central moment of ob-
served hyetograph.

C. Catchment physioghaphic facton

(1) A , the area

(2) H , the total fall

(3) L , the main stream length

(4) L_, the length to centroid of area
(5) S1 , the main stream slope

(6) S2 , the average main slope

(7) Forest and agricultural types of land
uses

(8) Cf , the percentage of forest or agri-

cultural cover
9 F1 , or LLC/A , the shape factor

(10) s, , or H2/A , the relief factor.

The values of these physiographic factors for the se-
lected catchments are shown in Table 3-4 and their
statistical parameters are given in Table 3-5.

3-3 Research Data

Hydrologic data assembled for this study are from
the Smafll Watershed Program of Department of Civil
Engineering of Colorado State University (Yevjevich
and Holland, 1967). High-quality hydrologic data,
previously recorded and complied by various US federal
and state agencies, have been further processed,
punched on data processing cards, and mounted on
magnetic tape for permanent storage and continuous use.
The type of data of interest consists of stream dis-
charge obtained from continuous stage records, rainfall
from both recording and non-recording gages, and topo-
graphic features of catchments. The types of catch-
ments selected can be described as predominantly rural
or forested with areas less than 40 square miles,
drained by natural channels.

3-4 Preliminary Data Processing

The physiographic factors of selected small catch-
ments were computed from topographic maps and mounted
on a magnetic tape. The types of land use and the
percentage of cover were obtained from the original
data as determined by the US federal and state agen-
cies, responsible for experimental catchments. The
parameters of unit hydrographs and rainfall variables
were determined from the recorded discharge hydro-
graphs and rainfall mass-curves, respectively., Methods
of data processing are discussed briefly, and the
results for the 105 flood hydrographs and rainfall
hyetographs are summarized in Appendix C.

Derivation of average hyetographs and average
effective hyetographs. The hyetograph is determined
directly from the recorded ordinates of the mass
curve of rainfall. A computer program was written
to determine the slope of the average mass curve be-
tween the successive break points or changes in
slopes, by

P. - P,

I, (in/hr) = ??-Tll 60 , (3-1)
i i-1

with I, = the i-th value in inches per hour of the

hyetograph corresponding to the rainfall increment
(P; - P;_;) for the time interval (t; - t, ;). The

entire mass curve is processed in this way to obtain
a complete hyetograph.

By assuming a constant infiltration, the effective
rainfall hyetograph is obtained as the differences
between the hyetograph ordinates and ¢-index. The
¢-index is an average rate of infiltration derived
from a time-intensity hyetograph (Fig. 3-2) in such
a manner that the volume of rainfall in excess of this

rate will equal the volume of direct runoff, V, . The
effective rainfall duration, Te , and the average ef-
fective rainfall intensity, Ie , are determined from

the effective rainfall hyetograph, as shown in Fig. 3-2.

EFFECTIVE HYETOGRAPH
Te /_

: <
F4 —
-~ -
£ DIRECT RUNOFF = Vy, inches F
- >
- £
"L .
> 2 n:l 5
% Z z
z Z HYETOGRAPH ;
= 4 Z o &
4 ffj 5
g = % g
g s ;5; o £
=
| 7 i
Z &
o] z
o ! TIME t (minutes) Tg
Vd x 60
Iei = Ii - ¢, in./hour; Ie = —-—-Te , in./hour;
t. - t, . -1
_ i i-1 <
t, = ti - > minutes
Fig. 3-2. Definition of hyetograph and effective

hyetograph



Calculations o4 hyefoghaph moments. The weighted

moments of the hyetograph and the effective hyetograph
are computed by

L n
iEl Tye (-85 g)oley- (e -ty /2]

M= (3-2)

n T .
DR e B

where Mn = the n-th moment about the beginning of the
hydrograph, Ii for the hyetograph and Iei for the ef-

fective hyetograph = the rainfall intensity which oc-
curs over the interval -t and.ti- {ti -t ljfz

= the distance from the beginning to the center of the
interval in question.

The second central moment is calculated by

_ 2
Mé = Mz - Ml $ (3-3)
where Mé = the second central moment.
Detenmination of unit hydrograph. Assuming a

constant base flow for the initial discharge Q, greater

than zero (in most cases the initial discharge was
approximately zero), the ordinates of the unit hydro-
graph are calculated by

(3-4)

, with Ud =V - Vb s

d

where Ut = the unit hydrograph ordinate at time t,
= the corresponding hydrograph ordinate, V = the

total runoff, Vd = the direct runoff, and Vb = the

Once the unit hydrograph
, and its time to

assumed groundwater runoff.
is calculated, its peak flow, Up

peak (the rise time), Tr , are determined as shown in
Fig. 3-3. The approximate values of C, of Eq. 2-4

are used for a > 2, 0.1 < a < 2, respectively.

3-5 Research Approach in Discrimination of Land-Use
Effects on Unit Hydrograph

The shapes of unit hydrographs of small catchments
are affected by a large number of climatic and physi-
ographic factors. To discriminate the effect of land
use on peak flows of the unit hydrograph, all the ef-
fects which are due to the other hydrologic factors
should be removed. This is not feasible in case the
original data of flood hydrographs are used.

In this study, only the effects of the dominant
physiographic factors of small watersheds, as well as
of some rainstorm and other hydrologic factors, are
removed by the following procedure:

(1) Catchments are selected with small variations
of area and shape factor;

(2) Flood events are selected for short duration
rainstorm so that the unit hydrograph method was easy
to apply, with some hydrologic variables not necessary
to include into relationms;

(3) Relations between the selected physiographic
factors and rainstorm variables are established by

Tr

—

HYDROGRAPH OF RUNGFF

(=]
A-]

TOTAL RUNOFF =\y +V,, inches

DIRECT RUNOFF =V inches

DISCHARGE Q, (in/hour)
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o st
0 TIME t, ( minutes)
-~ Tr UNIT HYDRQGRAPH
2
= ORI, dul. T
"] Ve
= 1| DIRECT RUNOFF = | inch
B i
2 I
P 1
® Tm !
£y |
1
:
° TIME t, | minutes)
Fig. 3-3. Definition of hydrograph and unit hydro-

graph

the correlation and regression analysis, so that the
highly correlated variables could be excluded when
their effects have been taken into account by the in-
cluded variables;

(4) The use of the representative unit hydrograph
and of the peak flow equations of the hydrograph re-
duces much of the effects of climatic and physio-
graphic factors of small catchments to a typical small
catchment; in other words, the effects of dominant
rainfall and physiographic factors on the unit hydro-
graph are represented by its rise time and shape
factor;

(5) The use of prediction equation for the average
rise time by applying the correlation and regression
analysis reduces the effects of representative physio-
graphic factors of small catchments to the catchment
time characteristic factor (Ta)’ which is equivalent

to the average rise time (not significantly affected
by the selected rainstorm variables), with the unit
hydrograph and its peak flow for given Ta dependent

mainly on catchment characteristics; and

(6) The selection of a representative small
catchment, by using the median values of dominant
physiographic factors of all the small catchments
studied, removes the effects of dominant physiographic
factors of individual catchments, thus leaving the
effects of land use only.

All the unit hydrographs and their peak flows can
then be reduced to the characteristics of the selected,
representative small catchment. A comparison of so
modified unit hydrographs of small catchments with dif-
ferent land uses then permits the discrimination of
the effects of forest and agricultural land uses on
flood peaks.



Chapter IV
ANALYSIS OF SELECTED DATA

4-1 Dependence Among Catchment Factors and Among
Rainstorm Variables

Correlation among the selected catchment factors
and among the rainfall variables were investigated so
that some of the highly correlated factors or varia-
bles, say with the correlation coefficients of |R| > 0.9,
can be excluded with their effects taken into account by
the included factors or variables. This approach re-
duced the number of {ndependent variables in the re-
lations between the unit hydrograph parameters and the
selected factors or variables by the regression ana-
lysis. Both the original values and their logarithms
of the catchment factors and rainstorm variables were
analyzed in this correlation. A stepwise multiple
linear regression program was used to estimate the
relations among the catchment factors and among the
rainstorm variables.

Results of the correlation analysis are shown in
Tables 4.1 through 4.12, with |R| > 0.90 designated

with an asterisk. They indicate that many factors or
variables are highly mutually correlated, therefore
dependent. From the highly correlated factors or
variables, a single variable may represent the effects
of other factors or variables. The following factors
or variables are selected as representative:

(1) In case of the geometric factors of catch-
ments (Tables 4-1 through 4-6):

A, H, S, ors , F and C.,

with A representing A, L, and Lc ; and either S2 or Sh
to represent Sl = S2 and Sh ; and

(2) In case of the rainstorm variables (Tables
4-7 through 4-12):

Ml,b{'iand'l‘e,

with Ml representing M Mz " R1 and R2 , and M!

1° 2

Tepresenting Ri and Mi %

Relations between the catchment physiographic
factors of combined catchments (both forest and agri-
cultural land-use catchments) are given in Table 4-13
and plotted in Figs. 4-1 through 4-4. Regression
equations presented in Table 4-13 are designated by
Eqs. 4-1 through 4-4. Equation 4-4 offers a way of
determining 82 from Sh and Fl , or indirectly by Egs.

4-1 through 4-4 from A, H, L and Lc . Table 4-13
provides the multiple correlation coefficient (R), the
the square of the multiple correlation coefficient
(R"), and the standard error of estimates (Sey).

4-2 Prediction Equation for Peak Flow of Unit
Hydrographs

To develop the peak flow equation of unit hydro-
gra?hs for a particular group of small catchments,
their Cu values must be estimated. The flow equation

is then obtained by using these C, values. Three

Table 4-1. Correlation Matrix of Physiographic
Factors for Forest Catchments
A L L H S S F S

c 1 2 1 h Cf

A .920* .970* .432 -.035 .091 .565 .032 .654

L .981* .718 222 ,373 .832 .368 .845
LC .589 .085 .231 .728 .211 .763
H .738 .843 .893 .887 .891
S1 .924%* 591 .872 .604
52 .697  .965* .785
Fl .725 .901*
.746
Sh
Table 4-2 Correlation Matrix of Logarithms of

Physiographic Factors for Forest Catch-
ments

log A log L log [.c log H log Ei1 log 5, log Fl log Sh log Cf

log A .911* .967* .516 .020 .181  .582  .172  .724
log L .978* .715 .278  .419  .862  .438  _871
log Lc .638  .175 .312 .763 .326 .B11
log H .859  .928* .779 .93 927+
log 51 970 .529 979 633
log S, .592 991 (771
log Fy 650 .824
log 8y 761
Table 4-3. Correlation Matrix of Physiographic

Factors for Agricultural Catchments

A .986* .979* ,518 -.540 -.552 .817 -.387 -.395

L .976* .508 -.605 -.638 .860 -.415 -.320
Lc .571 -.527 -.581 .902* -.343 -.394
H .283 .08 .505 .497 -.138
S1 .906* -.551  .914* 147
S2 -.672  .692 222
F1 -.295 -.295
Sh .068




Table 4-4

Correlation Matrix of Logarithms of Table 4-7. Correlation Matrix of Rainstorm Varia-
Physiographic Factors for Agricultural bles for Forest Catchments
Catchments
M M, M3 Ry R, R} T,
log A log L leg l’::. log H log Sl log 52 log Fl log Sh log Cf
M 0.947%  0.461  0.993*  0.939*  0.429  0.423
log A .975% 948" .501 -.695 -.760 ,697  -.534 -.225 % 0.579  0.942*  0.986*  0.331  0.307
5 My 0.484 0.416 0.848  0.844
log L .968* 473 -.743 -.826 917  -.544 -.213 %, T v
log Lc .528 -.668 -.785 .874 -.464 -.292 R2 0.438 0.407
log H 238 .015  ,406 454 -.152 R 0.979*
log §; 924 -,594 946 119
-.748 797 .164 r iy iy
Tog:5y Table 4-8. Correlation Matrix of Logarithms of
log F, -.324  -.270 Rainstorm Variables for Forest Catchments
log Sy <082 log M} logM, logMy logR, logR, Tog Ry log T,
log M, 0.998* 0,295  0.997*  0.995*  0.359  0.501
log M, 0.329  0.997*  0.998* 0,393  0.528
log M) 0.297 0.327 0.900*  0.697
Table 4-5. Correlation Matrix of Physiographic lee Ry 0-30 0361 4:S18
Factors for Combined (Forest-Agricultural) logR, 0.391  0.542
Catchments log Ry 0.639
A L L H S
c L % B & & . : ; .
Table 4-9. Correlation Matrix of Rainstorm Varia-
bles for Agricultural Catchments
A .931* .957* .529 ,196 .254 .642 ,219 .384
CN M, CH R R, R} T,
L .981* .667 .319 .392 .844 423 .443
My 0.961*  0.661  0.977*  0.942*  0.701  0.698
Lc .594 ,263 .321 .809 .333 .352 M, 0.677  0.948%  0.982%  0.732  0.690
M3 0.715 0.732 0.956* 0,803
* 2
H .817 .881 .664 .914* .644 Ry . 0.979 0,763
S, .945* 428 894 .439 R .20, O.735
R} 0.898
S2 .477 .965* .588
F .557 .406 A
A Table 4-10. Correlation Matrix of Logar:}thms of
5 567 Rainstorm Variables for Agricultural
h Catchments
log Ml log MZ log Mé log Rl log Rz log Ry log Te
log M, 0.995*  0.403  0.965*  0.,953*  0.248  0.665
log M, 0.451  0.969*  0.966*  0.290 Q.716
Table 4-6. Sarr:elation.uatrix of Logarithxys of log M} 0.409 0.452 0.816  0.695
T T T o 8,
e u
® & TS log R, 0.355  0.772
log R} 0.721
log A log L log L. log H log Sl log 52 log l=1 log S, 1log I'Jf
log A .949* .965* .618 .106 .110 .646 .253  .228 Table 4-11. Correlation Matrix of Ra.insto.':‘m Varia-
bles for Combined (Forest-Agricultural)
log L .971*  .643 .127  .140 .93 .309  .344 Catchments
log L .656 .154  .138  ,802 .318  .230
¢ LN M, My Ry R, R} T,
log H .836  .821  .567 .917* .437
< 5 8% M 0.935*  0.524  0.992*  0.927*  0.503  0.453
log 5, GOr 2 GEET & M, 0.430  0.954*  0.988%  0.400  0.307
log S, .167  ,955* .453 My 0.548 0.463 0.869  0.807
R 0.941*  0.557  0.502
i . 346 1
log Fy BIe R, 0.491  0.384
log Sh .422 R} 0.913+
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Table 4-12. Correlation Matrix of Logarithms of Table 4-13. Relations among Physiographic Factors

Rainstorm Variables for Combined (Forest- of Selected, Combined (Forest-Agri-
Agricultural) Catchments cultural) Catchments
Regression 2
Equation R R sey
log Ml log “2 log Mi log Rl log Rz log Ré log 'I'e
(4.1) log L = 0.2416 + 0.6411 log A 0.958 0.918 0.097
log M, 0.996*  0.299  0.984*  0.976*  0.214  0.516 3 L - 0.5175+ 0.9846 log L Sl mam e
log M, 0.345  0.985*  0,984* 0,255 ~ 0.562 [£:2); 1ogily =e2. 2000 % : : .
log "i 0.311 0.354 0.534 0.680 (4.3) log S2 = -0,038 + 0.9564 log 51 0.999 0.998 0.107
log Ry 0.997*  0.244 0,553
log Ry 0.285  0.599 (4.4) log s, = -0.2735 + 0.4942 log 5,  0.999 0.998 0.09
log R} 0.650
2 -0.4351 log F;
10 100 i
] &
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separate sets of data are used: forest, agricultural,
and combined (forest-agricultural) catchments.

The Ca values are not constant for a catchment,

because they vary from one storm to another (Table
C-1, Appendix C). They are determined from the peak
flows and rise times of unit hydrographs computed
from the observed flood hydrographs. The shape of
these unit hydrographs, on which Cu depends, vary

from one unit hydrograph to another, because these
shapes are affected by the .ponuniformity in rainfall
distribution. Though the main reason for variation
in the CG values seems to be the nonuniformity of

rainfall, the changes of roughness of catchment sur-
face with seasons may be still another reason for it.
Contributing to these variations in the shape are the
variations in rainfall duration of storms, errors in
separation of the base flow on hydrographs, the use of
the constant infiltration index on hydrographs, as well
as the approximate validity of the principle of super-
position of the unit hydrograph concept.

For the selected drainage basin, a representative
Ca value is required for the construction of unit

hydrograph peak flow prediction equations. Two ap-
proaches are used here to estimate the representative
values of C, -

Use of the Least squane method fon estimation of
a The representative values of Ca of unit hydro-
graphs are estimated for forest, agricultural and
combined forest-agricultural catchments by the least
square method. Their peak flow prediction equations
are then obtained from these Ca values. As seen in

Fig. 4-5, a discrimination of the land-use effects by
comparing the three peak flow prediction equations
for given Tr shows small differences, because the

parameter Tr accounts for the land use to a consider-
able extent.
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Fig. 4-5. Comparison of the peak flow equations

of unit hydrographs
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An alternative approach to the least square method
is to assume the general peak flow equations of unit
hydrograph in the form

EE.:C__T"‘H 4-8

I T (')
e T

with
c -c[T—en-l (4-9)
Cl_ LTI‘ =

where C and n are constants. The parameters are es-
timated by the least square method in using the step-
wise linear regression program. For combined forest-
agricultural catchments, the elimination of data points
which deviate significantly from the line of the best
fit and those having (Te/Tr} greater than two, re-

sulted in a small increase of R? Results of this
analysis are summarized in Table 4-15 and presented

Table 4-14. Peak Flow Equations of Unit Hydrographs

T;pe of Equation Peak Flow R R2

Catchment Number Equation

Forest EE Te

(32 Events) (4-5) 1 - 1.080 [T—J 0.839 0.699
e T

Agricultural EE' Te

(73 Events) (4-6) 7 = 0.980 &fwa 0.730 0.533
e r

Combined ‘ER Te

(105 Events) (4-7) G 1.010 (T—J 0.824 0.679

: e T

Table 4-15. Peak Flow Equations of the Best Fit for
Unit Hydrographs

Type of Equation Peak Flow R r2

Catchment  Number  Equation

Forest 22 Te 1.100

(32 Events) (4-10) il I.OBSLF% 0.921 0.847
e T

Agricultural EE : 52 0.969

(73 Events) (4-11) == O.SOS[Tr} 0.828 0.685
e T

Combined 32 Te 0.997

(105 Events) (4-12) " 0.848LF% 0.885 0.784
e T

in Figs. 4-6 and 4-7. The estimated values of n are

slightly different from the theoretical value of one.
In most cases, the n values are larger than one, which
indicates that, on the average, C, increases slightly
with an increase of Te/Tr . The n value for agri-
cultural catchments is somewhat smaller than umity,
which should not be. The

the prediction equation for the Te,/Tr values greater

/Ie values deviate from

than one, and approach the constant values as Te/Tr

becomes large. The error in the estimated n for the
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Fig. 4-7. The peak flow equations of the best fit

for unit hydrographs for combined forest-
agricultural catchments

agricultural catchments results from flood data with
('l‘e/T I_) > 1 and insufficient data for the small

(Te/Tr}. A higher Rz value is obtained for the pre-

diction equation of forest catchments (Eq. 4-10) than
for the agricultural catchments (Eq. 4-11). The ex-
planation for it is that the flood hydrographs of
forest catchments mainly result from the relatively
uniform effective rainfall of short duration, while

the smaller R% values of agricultural catchments can
be explained by the nonuniformity in effective rain-
fall and flood events with (Te/Tr) > 1, with the large
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differences between the peak flow equations of the
best fit for unit hydrographs of forest and agri-
cultural catchments, thus explained. The peak flow
equation of the best fit for unit hydrographs of com-
bined forest-agricultural catchments is then repre-
sentative for all the catchments because of a large
total number of catchments included.

Figures 4-7 and 4-8 show the fit of the peak flow
equation for unit hydrographs of combined forest-agri-
cultural catchments. A comparison between the esti-
mated values of peak flow equations, Eqs. 4-7 and 4-12,
for the combined catchments shows in Fig. 4-9 the
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Fig. 4-8. Peak flow equations of unit hydrographs
for the combined forest-agricultural
catchments
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Fig. 4-9. Comparison of the peak flow prediction

equations for unit hydrographs of
combined forest-agricultural watersheds



relatively small differences, so Eq. 4-12 is selected
as representative for catchments of this study. The
above peak flow prediction equation for unit hydro-
graphs is compared with the other equations available
in Table 4-16, with the differences in coefficients
relatively small in most cases.

Table 4-16. Comparison of Peak Flow Prediction
Equations for Unit Hydrographs

Snyder, (1938, 1943) qp = 442 T;l
scs, (1957) a, = 484 T;l
Hickok, et al., (1959) q = 475 TII
Espey, et al., (1968) Q, = 473 Pl g 128
This study B 492 T;l

qp in cfs/sq mi, T, (hydrograph lag time) and Tr{hydro-
graph rise time) in hours, Qp in cfs, and A in sq mi.

4-3 Derivation of Average Rise Time Equations

The average rise time, Té , of unit hydrographs

is investigated as a dependent variable by using the
correlation and repression analysis. The independent
variables studied are: the basin area, A; the total
fall, H; the average main stream slope, 52 ; the basin
relief factor, Sh ; the catchment shape factor, l'-‘1 =
£ -
Both the observed and logarithmic values of variables
were used in computations. The prediction equations
of average rise time are found by the stepwise multi-
ple linear regression method for: (a) forest catch-
ments, (b) agricultural catchments, and (c) combined
forest-agricultural catchments.

and the percentage of dominant land-use cover, C

In case of agricultural catchments, the much

higher Rz values resulted because of the exclusion of
data on catchment W-3, Hastings, Nebraska (catchment
No. 12707001). The reason for excluding this catch-
ment was the fact that its five flood events have
values of the effective rainfall duration, Te’ greater
than the hydrograph rise time, Tr , with the sample
average rise time, Ta , underestimated because of
sampling errors. For combined forest-agricultural
catchments the developed prediction equations had very

small R2 values; they are not presented herein. The
selection of prediction equations for the average rise

time, T‘ , as presented in Tables 4-17 through 4-19,

is based on the following two conditions:

(1) That value of Rz (or R) increases for each
additional independent variable, or each additional
variable given by its logarithms; and

(2) That there is a physical justification for
including each independent variable into the regres-
sion equation, with the correct sign.

Figures 4-10 through 4-14 show the fit of pre-
diction equations for the average rise time by com-
paring the observed and the estimated values by these
equations.

The most significant independent variable in pre-
diction equations of average rise time in flood hydro-
graphs of forest catchments was the area, A. In most
equations, it explained about 70% of the variance.

The catchment total fall, H, and the relief factor,
Sh , were the next most significant independent varia-

bles. The percent forest coverage, Cf , appeared to

be the least significant independent variable. The
effects of S, on T  in Eq. 4-13 was small. This is

because 82 and H are highly correlated and the effect
of 52 has been taken into account by H. All equations
show the increase in Ta with an increase of percentage

forest cover, Cf «

Table 4-17. Regression Prediction Equations for the Average Rise Time of Forest Catchments

(Cf in percents)

H + 40.39 F, + 278.9C_. - 0.126 S

Eq. 4-13 T, = -86.63 + 17.05 A - 0.051
R: 0.922 0.948

R%: 0.851 0.969

AR 0.851 0.010

Sey in minutes 17.0 0.032

Eq. 4-14 log T, = 3.258 + 0.1271 log A - 0
R: 0.999 0

- 0.997 0

ARZ: 0.008 0

sey in minutes 0.248 0

1 £ 2
0.992 0.993 0.994
0.984 0.986 0.989
0.015 0.002 0.003
45.6 298.6 0.187
.289 log Sh + 0.4287 log F1 + 1.1698 log Cf
.999 0.999 0.999
.998 0.999 0.999
.0004 0.001 0.0003
.112 0.277 1.202
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Table 4-18.

Regression Prediction Equations for the
Average Rise Time of Agricultural Catch-
ments (Including Catchment No. 12707001)
[Cf in percents]

T, = 5799 - 01205, ¢ M.52A - 0.150H + 9.03F (4-15)
T, = 7373 - 0.124 5, + 13.2ZA - 0.142H « 9.15 Fy - 21.91 &, (4‘16)
R: 0.988 0.992 0.993 0.970 0.994
[ TH 0.977 0.984 0.986 0.542 0.988
ar?: 0.001 0.007 0.002 0.942 0.001
§,, in sinutes 0.153 6.32 0.123 10.60 23.54
log T, = 2.289 - 0.3574 log S, - 0.5089 log Cg + 0.0890 log Fy (4-17)
®: 0.999 0.999 0.999
R 0.998 0.999 0.999
ar?: 0.003 0.0006 0.000
0.111 0.227 0.153

S, in minutes

T " -86.63+I17T.05A~-0.051 H+40.39F,
3001— +278.9 G- 0.126 Sp
£
» 200
K.
=]
w
=
4
H
& e °©
w
100 FOREST CATCHMENTS |
R®= 0,989
Sey 3T 3
[
() 100 200 300
OBSERVED T, (minutes)
Fig. 4-10. Correlation of observed versus estimated
values of the average rise time [Ta),
given by Eq. 4-13.
Log T = 3.258+ 0.1271 Log A—0.2089 Log Sn
300— +04287 Log Fy +1.1648 €,
< O
£
E
o 200
a o
2
S s
- o
w
(']
100 FOREST CATCHMENTS —]
" 0999
Sep * 0.108 o]
o 1]
(" 100 200 300
OBSERVED To (minutes)
Fig. 4-11. Correlation of observed versus estimated

values of the average rise time CTa],

given by Eq. 4-14.
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Table 4-19. Regression Prediction Equations for the
Average Rise Time of Agricultural Catch-
ments (Excluding Catchment No. 12707001)
[C £ in percents]
T, = 74.2 - 0.269S, + 15.333A - 0.0753H (4-18)
R: 0.998 0.990 0.998
R 0.996 0.981 0.977
ar%; 0.015 0.054 0.0008
S,y in minutes 0.054 2.520 0.048
log T, = 2.577 - 0.463 10g S, (4-19)
log T, = 2.475 - 0.4349 log S, - 0.3523C; (4-20)
R: 0.959 0.999
% 0.999 0.999
eR%: 0.004 0.0002
Sey in minutes 0.141 0.046
T T T T 1
To® 57.99-0.1205,+14.92 A-0.150 H4+9.03F,
100
- INCLUDING CATCHMENT NO.
£ so— 12707001
= od
g © -
o o
3 f;
=
@ 40
AGRICULTURAL CATCHMENTS
R 0986
20 Sep® 9.34 -
% 20 a0 Ce E) 06120

OBSERVED Ty (minu‘es)

Fig. 4-12. Correlation of observed versus estimated

values of the average rise time (Ta},
given by Eq. 4-15.

120 | !
Ty » 74.2-0.268 5, +15.393 A~ 0.0753 H

100
K gol~ EXCLUDING CATCHMENT NO.
2 12707001
£ e
e d -]
o 60
w
< o9
=
£
& a0

AGRICULTUAL CATCHMENTS
20 R+ 0.997
Sep = 4.3
. | 1 |
(] 20 40 60 80 100 120
OBSERVED T, (minutes)
Fig. 4-13. Correlation of observed versus estimated

values of the average rise time [Ta),
given by Eq. 4-18.



120 I i
Log T, = 2577~ 0463 Log Sy
100 o
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3 12707001
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@ 40
AGRICULTURAL CATCHMENTS
o =
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Sey = 0.047
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Fig. 4-14. Correlation of observed versus estimated
values of the average rise time ETa),

given by Eq. 4-19.

The most significant independent variable for
agricultural catchments was the average main stream
slope, S2 . This may result from a small variation

in A values of the selected catchments. Generally,
A comes out to be the most significant independent
variable for a large range of variation of catchment
areas. All the equations indicate the decreases in
the average rise time, Ta , With an increase in the

percentage of agricultural land use, Cf :

Differences between the observed values and the
estimated values of T, by their prediction equations

for catchments with 50% agricultural land use and
100% agricultural land use are small: 1less than 5
minutes for estimates by the linear regression
equations and less than 10 minutes for estimates by
the logarithmic regression equations. These differ-
ences are therefore negligible in practical appli-
cations. Equation 4-14 for forest catchments and Eq.
4-20 for agricultural catchments are selected as the
prediction equations for the average hydrograph rise

time, Ta ; they have each a high value of Rz, with all
the independent variables being of the expected sign.

4-4 Derivation of Prediction Equation for the Hydro-
graph Rise Time

To derive the prediction equation for the hydro-
graph rise time (or the time to hydrograph peak flow),
Tr , the catchment time factor (or the average hydro-

graph rise time), Ta , and the selected rainstorm time
variables in the form of the first moment MI of ef-

fective rainfall hyetograph, the second central moment
Mé of effective rainfall hyetograph and the effective

rainfall duration Te , were used. Their correlation

matrices are given in Table 4-20. These matrices show:

(1) The effective rainfall duration, T, , is in-
fluenced by the nonuniformity in time distribution of
rainfall, expressed by M1 and Mé;

(2) The hydrograph rise time, Tr , of selected

flood events is affected by the first moment of ef-

fective rainfall hyetograph (or by the time nonuni-

formity of rainfall); it is less affected by the ef-
fective rainfall duration;
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(3) Small correlation coefficients between the
average rise time and the selected rainstorm variables
indicate:

(a) The procedure of averaging the rise time
eliminates much of the effect of nonuni=
formity of rainfall time distribution; and

(b) Ta mainly depends on catchment factors,

as shown in Tables 4-17 through 4-19, but
is independent of the effective rainfall
duration, Te ; therefore, it can be re-

garded as the catchment time factor. The
corresponding unit hydrograph represents
the average catchment response and does
not depend on the effective rainfall du-
ration, Te 2

Table 4-20. Correlation Matrices of Selected
Hydrologic Variables

Observed Variables Logarithmic of Observed Variables
Te Tr Ta Te Tr Ta
Forest Catchments Fonest Catchments

M]. 0.698 0.396 0.070 0.665 0.410 0.223
Mé 0.803 0.429 0.200 0.695 0.017 0.076
'I'e 1.000 0.389 0.200 1.000 0.379 0.264
T. 0.386 1.000 0.625 0.379 1.000 0.631
'.l"a 0.200 0.625 1.000 0.264 0.631 1.000

Agricultural Catchments Agricuftural Catchments
Hl 0.428 0.561 0.280 0.501 0.293 0.054
HE 0.844 0.538 0.014 0.697 0.028 -0.198
Te 1.000 0.234 =0.041 1.000 0.376 -0.004
Tr 0.234 1.000 0.680 0.376 1.000 0.659
Ta -0.041 0.680 1.000 -0.004 0.659 1.000

Comb.ined Catchments Combined Catfchments

Ml 0.453 0.624 0.432 0.516 0.426 0.216
Mi 0.807 0.395 0.150 0.680 -0.087 -0.224
'I'.= 1.000 0.243 0.026 1.000 0.245 -0.069
T, 0.243 1.000 0.755 0.245 1.000 0.709
T 0.026 0.755 1,000 -0.069 0.709 1.000

»

The prediction equation of hydrograph rise time
for combined forest-agricultural catchments has the

highest value of Rz, given by

T_ = 2.2071 + 0.7561 T, + 0.00324 M} + 0.1734 T, (4-21)

R: 0,755 0.833 0.840

R2: 0.570 0,694 0.706
ARZ 0.570 0.124 0,012
s - in minutes 47 40 39

The greater values of R2 may be obtained for pre-
diction equations of rise time by adding a larger
number of independent variables, such as the time to
the maximum rainfall intensity, the soil moisture
index, the seasonal variation index and others. How-
ever, the objective of this investigation is to show
the effect of nonuniformity of rainfall distribution
over a catchment on ‘1‘r , with Ta as the catchment

characteristic time factor. Therefore, no attempt is
made to further improve the prediction equations of
hydrograph rise time by adding new variables.



Chapter V
LAND-USE EFFECTS ON UNIT HYDROGRAPHS

5-1 Selection of Regression Equations for Further
Investigations

The expression selected to represent the re-
lations of catchment parameters for the objectives of
this study are:

(A) Relations between the selected physiogra-

phic factors of combined forest-agricultural catch-
ments

§ =L 7a% A0 (5-1)
B 0.985
Ly = 0.481 L o
_ 0.956
S, = 0.916 §) 5
0.499 _-0.435
5, = 0.533 §°*°° F] )

(B) The prediction equations for the average
rise time:

For forest land use catchments,

'1'a = -86.63 + 17.05 A - 0.051 H

+ 40.39 Fl + 278.9 Cf - 0.126 3, ; (5-5)
For agricultural land-use catchments,
T, = 74.2 - 0.268 + 15.393A + 0.0753 H . (5-6)

(C) The unit hydrograph peak flow equation of
combined forest-agricultural catchments

T
;E = 1.010 (79 (5-7)
e T
and
= 1
U, = 1.010 () (5-8)
T
{Dj The unit hydrograph equation
6.41
S G
b, =629 (S, T L (5.9)
t Tr
with @ = 6.41. The ranges and units of catchment

physiographic factors are given in Table 5-1.

Table 5-1. Ranges and Units of Catchment Pbysio—
graphic Factors for Representative
Regression Equations
Ranges of Parameters for Watersheds
Variable Unit Forest Agricultural Combined
A Sq. miles 0.30 - 7.19 0,12 - 3.00 0,12 - 7.19
L Miles 0.61 - 5.62 0,51 - 3,99  0.51 - 5.62
L Miles 0.42 - 2.92  0.24 - 2,07  0.24 - 2.92
H: Feet 101 - 3263 45 - 149 45 - 3263
5, Ft/miles 64 - 826 23 - 150 23 - 826
5, Ft/miles 43 - 781 17 - 134 17 - 781
thlos (ft/miles)?  0.12 - 34.5  0.024- 0.40  0.028-34.5
Fy Dimensionless 0.420 - 2.948  0.600- 2.744 0.420- 2.948
C Dimensionless 0.46 - 1.00 0.45 - 0.87 0.45 - 1.00
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5-2 Selection of a Representative Catchment

Median values of the dominant physiographic
factors of combined forest-agricultural watersheds, as
given in Table 3.5, are used as factors of the repre-
sentative catchment. They are reproduced in Table 5.2.

Table 5-2. Physiographic Factors of the Representa-
tive Catchment
5
A H L L, S, §,x10 F
s5q. mi. Feet Miles Miles fr/mi (ft/mi)? Dimensionless
0.590 104 1.345  0.595 63 0.152 1.340

The median values are used because they are within the
range of values for which the average rise time, Egs.
5.5 and 5.6, of both the forest and agricultural land-
use catchments are applicable.

5.3 Comparison of Peak-Flow Responses

By using the physiographic factors of Table 5.2
of the representative catchment, the peak flows of
unit hydrographs and the unit hydrographs themselves
of the representative catchment, with 100% forest
cover, with the 50% forest and 50% agricultural land
use, and with the predominantly agricultural land use,
are computed by applying Eqs. 5.1 through 5.9.

All the peak flows of unit hydrographs and the
unit hydrographs themselves of catchments used in this
study are in the above procedure reduced to the charac-
teristics of the representative catchment. In other
words, the effects of physiographic factors of indi-
vidual catchments are removed--in the limit of accuracy
of the developed regression equations--and only the
effects of remaining factors, and particularly of the
land-use factors have remained in the representative
catchment. Thus, all the peak flows of unit hydro-
graphs and all the unit hydrographs are sorted in three
groups: 100% forest, 50% forest and 50% agricultural,
and 100% agricultural land-use catchments, all reduced
to the geometry of the representative catchment, with
Eqs. 5.1 through 5.9 applied for that purpose. The
parameters of the unit hydrographs of the representa-
tive catchment are then:

A. The average rdise Eime

(1) 100% forest land use (Eq. 5.5)
Ta = -86.63 + (17.47 x 0.59) - (0.051 x

104) + (40.39 x 1.34) + (278.9 x 1)-
(0.126 x 63) = 243.21 minutes

(2) 50% forest - 50 % agriculture land use
(Eq. 5.5)

Ta = -86.63 + (17.47 x 0.59) - (0.051 x
104) + (40.39 x 1.34) + (278.9 x
0.5) - (0.144 x 63) = 103.76 minutes

(3) Predominantly agricultural land use
(Eq. 5.6)

T, = 74.21 - (0.268 x 63) + (15.39 x

0.590) - (0.075 x 104) = 58.61
minutes



Table 5.3 shows a sample of calculations for the unit
hydrograph of the predominantly agricultural land use
catchment, reduced to the representative catchment.
The values of Yt and Z, were determined graphically.

B. The unit hydrograph peak §Lows. By using
Eq. 5.8, the unit hydrograph peak flows are

(1) 100% forest land use, with Ta = 243,21

minutes = 4.05 hours, The final results are shown in Table 5.4, as the major

=1 results of this study.
Up = 1.01 x (4.05) ~ = 0.249 in./hr.

(2) 50% forest and 50% agricultural land

use, with T_ = 103.76 minutes = 1.73 Table 5-3. A Sample ?f Calculations ?f Unit Hyd;o-
a graph Ordinates of Predominantly Agri-
hours, cultural Land-use Catchment, with Their
-1 . Physiographic Factors Reduced to Factors
Up = 1.01 x (1.75) © = 0.594 in./hr. of Representative Catchment
(3) Predominantly agricultural land use,
with Ta = 58.61 minutes = 0.977 hours,
t
2 Y z Y. Z U, = CXY.Z
U_ = 1.01 x (0.977)"! = 1.034 in./hr. hours t & £ £ g
P in. /hr
C. The unit hydrographs. Equation 5.9 may be 0.25 1.4x10% 1.9x10! 2.66 x 10> 0.0195
written as .2 2 -4
0.50 1.2 x 10 3.8 x 10°° 4.56 x 10 0.322
U, =612.92 XY, Z, (5.100  0.75 1.6x10) 7.3x107° 1.17 x10> 0.840
with 1.00 1.0 1.4 x 107> 1.40 x 10°°  1.034
-7.41 1.25  4.18 2.7x10°% 1.15 x 10 o0.835
X =T ; (5.11) -5 i
r 1.50 13.5 5.3 x 107 7.18 x 10 0.519
Y, = 6-41 (5.12) 1.75 36.1 1.0 x 10> 3.61 x 107 0.272
- 2.00 85.0 2.0 x 1078 1.70 x 107*  0.124
gy 5 LG s.ax 00 Llx10® 2.8x10° 35.08x107° 0.0024
t 4.00 7.2 x10° 4.0 x 107 2.88 x 10°®  0.00002

For given values of Tr and t, the values of
X, Y, and Z_ may then be determined either Constant C = 612.9, X = 1.18, CX = 724.5

analytically or graphically. Equations 5.11
and 5.12 plot as straight lines on the log-

o

perience a much smaller peak flow of unit hydrographs

than do the agricultural catchments. An increase in
forest cover decreases the peak runoff, as the 50%
forest and 50% agricultural land-use catchments show;
they have the unit hydrograph peak flow about 2.38
times greater than the peak flow of unit hydrographs
of the 100% forest catchments, on the average. The
peak flow of unit hydrographs of agricultural catch-

P st Bl /"’@
Mo TC“‘H\__\_______

e
] &0 120 180 240 300 380 420 480 540
TIME, minutes

log graph paper, while Eq. 5.13 becomes a Table 5-4. Comparison of Average Rise Time and Peak
straight line on a semi-log paper. Flow Discharges for Various Types of Land
Use of Catchments with Their Physiographic
The wnit hydrographs for the 100% forest land use Factors, Reduced to Factors of Representa-
[Tr = 4,05), the 50% forest and 50% agricultural land tive Catchment
use {Tr = 1.73), and the predominantly agricultural
land use (T_ = 0.977) are presented in Fig. 5.1. Types of Average Rise Unit Hydrograph
T Catchment Cover Time Minutes Peak in./hr.
b2 | [ | } 1 | 100% forest 243 0.249
3 UNIT HY HS OF REPRESENTATIVE 50% fi
210 il ™ orest and
= /\ CATCHMENT WITH DRAINAGE AREA OF 0.39 sq. miles 50* agriCultura.l 104 0.584
] D
z 08 Predominantly
s agricultural 59. 1.034
gﬂﬂ N
§ i \\ &) Table 5-4 demonstrates that forest catchments ex-
3

o
L e e
]

/f’-

\

(2]

Fig. 5-1. Comparison of unit hydrographs of all the

catchments, with their physiographic
factors reduced to factors of the repre-
sentative catchment (area 0.59 sq. miles):
(1) agricultural land-use catchment;

(2) 50% forest and 50% agricultural land-
use catchment; and (3) 100% forest land-
use catchment.
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ments is about 4.34 times greater than for the 100%
forest catchments, on the average. The average rise
time or the average time to peak of the 100% forest
catchment is, however, correspondingly much longer
than the 50% forest and 50% agriculture, or the pre-
dominantly agricultural catchments, by approximately
the same ratio as found for peak flows.



Chapter VI
CONCLUSIONS

The analysis of 105 flood events of eight forest
and 14 agricultural land-use experimental catchments
in the eastern and central United States, leads to
these conclusions:

(1) The unit hydrograph approach, with the re-
duction of geometry (physiographic factors)
of each of these catchments to geometry (physiographic
factors) of a representative catchment by the use of
regression and correlation analysis, represents an ef-
fective method in discriminating the effects of land
use on the surface runoff hydrographs of small catch-
ments. It is necessary to first remove the geometry
effects in order to analyze the effects of land use.
Because the geometry (topography) of small catchments
affects the type and stability of land use, there is
a high correlation between the geometry and the land
use. This fact requires a separation of the effects
of geometry prior to the study of the effects of land
use.

(2) Unit hydrographs of small catchments are
significantly affected by the land use. For a given
small catchment, the agricultural land use increases
the flood peaks while the forest land use has the op-
posite effect. The peak flows of unit hydrographs of
catchments with the predominantly agricultural land
use are approximately two to four times greater than
the peak flows which result from catchments with the
predominantly forest land use.

(3) Catchment factors, such as the length,.L,
Lc ; the area, A; or the slopes, S1 e 52 , and Sh, are
highly mutually correlated variables. In regression
and correlation analysis, the parameters A and,

82 or S should be selected as the representative

physiographic factors.

(4) All the hydrologic variables of small catch-
ments may be mutually correlated. Therefore, some
variables can be excluded from the correlation analy-
sis if they are highly correlated with the included
variables into the regression equations. In doing so,
the less mutually correlated variables included in-
crease the number of degrees of freedom in corre-
lation, thus permitting the inclusion of new inde-
pendent regression variables, in order to further in-
crease the coefficient of determination or the ex-
plained variance by the regression equations.

(5) Dominant physiographic factors of small
catchments, that are found to affect the rise time
parameter, T_ , of the unit hydrograph, are: land
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usé, area A (accounted for mot only through A, but
also through L, Lc)’ head fall H, slopes 32 or Sh (and

also of S, through S,], catchment shape factor F, ,

1
and the percent of land-use cover C. (for forest catch-

ments). The most significant factor came out to be
the area A, while the slope S2 became the second most

significant factor. The parameter Ta is considered

as the time characteristic of catchments, independent
of effective rainfall.

(6) Unit hydrographs of short-duration storms of
small catchments are more affected by the nonuniformity
in time distribution of rainfall intensity than by the
duration of effective rainfall. The estimated values
of Cu (a shape factor of unit hydrographs) are con-

stant for any catchment analyzed, but varying from one
storm to another. The observed Tr values vary with

_the time characteristic Ta , the nonuniformity of rain-

fall in time (measured by Mé), and some other factors.

(7) The representative Cu value of forest catch-
ments is close to the representative value Ca of the

agricultural land-use catchments. The average, di-
mensionless unit hydrographs, came out to be the same
for all the catchments analyzed. The representative
peak flow equations of unit hydrographs and the re-
presentative unit hydrograph equation may be applied
to both the forest and the agricultural land-use
catchments.

(8) The method outlined permits the study of ef-
fects of other land uses on flood hydrographs, such
as for the catchments which are predominantly grass
covered, desert catchments, urban catchments, as well
as the types of land cover other than the forest or
the classical agricultural land use.

(9) Results of effects of forest and agricultural
1and uses, as well as of the other land uses, on flood
hydrographs should be further verified by using the
catchments of a still wider range of geographic con-
ditions than those used in this study. Such investi-
gations should reveal whether the extrapolations are
permitted beyond the ranges of catchment areas, flood
peaks, and other factors studied herein, as well as
whether the additional characteristics, such as geo-
logic formations, water storage properties and other
factors may be of significant effects on floods of
small catchments as well.
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Catchment area

Unit hydrograph
shape factor

Unit hydrograph
factor

Constant
Peak flow shape
coefficient of

unit hydrograph

Coefficient

Percentage of
areal coverage

i-th constant
(G= 102 30 emsd)

Base of natural,
Naperian logarithms

Catchment shape
factor

Total catchment fall

Average effective
rainfall intensity

Effective rainfall
intensity at time T,

Rainfall intensity
at time ti

Constant

Nash's unit hydro-
graph factor

Length of main stream

Distance to centroid
of area

Travel distance of
raindrop at time ti

The n-th effective
hyetograph moment
about the beginning
of the hydrograph

The n-th central
effective hyeto-
graph moment
Edson's unit hydro-
graph factor

Constant

Total precipitation

APPENDIX A
LIST OF SYMBOLS

Square miles

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Feet

inches/hour

inches/hour

inches/hour

miles

miles

miles

(minu.tes)n

ﬁninutes)n

Dimensionless

inches
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or HZ/A

Precipitation at
time t;

Hydrograph ordinate
at time t

Initial hydroegraph
discharge

Hydrograph peak
discharge

Areal average peak

discharge

The n-th moment of
rainfall hyetograph
about the beginning
of the hydrograph
The n-th central
moment of rainfall
hyetograph

Slope

Main stream slope

Average main stream
slope

Catchment relief
factor

Rainfall duration

Effective rainfall
duration

Hydrograph lag time
Mean travel time

Hydrograph rise time
or the time to hydro-
graph peak flow

Average hydrograph
rise time

Time variables

Unit hydrograph
ordinate at time t

Unit hydrograph
peak flow

Total runoff

Direct runoff
Base runoff

¢-index

inches

in./hr. or (cfs)

in./hr. or (cfs)
in./hr. or (cfs)
in./hr. or

cfs/sq. mi.

(minutes}n

[minutes)n

ft./mi

ft./mi

sq.ft./sq.mi.

minutes or hrs.

minutes or hrs.

minutes or hrs.

minutes or hrs.

minutes or hrs.

minutes or hrs.

in./hr. or cfs

in./hr. or cfs
inches

inches
inches

in./hr.



APPENDIX B
METHOD OF COMPUTING CATCHMENT CHARACTERISTICS

Area, A. The area is usually given. When not,
the catchment boundary is delineated and the plani-
meter used. Areas less than 64 acres (0.1 square mile)
and greater than 25,600 acres (100 square miles) are
omitted in this study.

Length of Main Stream, L. Extend all marked
stream systems up to the catchment boundaries in ac-
cordance with the contours. Extension to the catchment
boundary is not done for streams which appear to origi-
nate in springs or swamps. The main stream drains the
greatest area. Using a paper strip, the total length
of the main stream is marked off by a series of
straight line segments on the strip. The total strip
distance equals L when measured by the map scale. The
label points where the main stream crosses a contour
line are marked. The distance in miles to two decimal
places between successive contours are calculated and
recorded on the paper strip. The summation of these
distances is the length of the main stream, L.

Length to Centrodd of Area, L,. The centroid of
catchment can be found quickly and easily, and with a
fairly high degree of accuracy, by centering over a
map of the catchment a clear plastic overlay having a

system of lines drawn on it at 45° angles to form a
star-shaped design. Lc is the distance along the main

stream from the outlet to a point adjacent to the
centroid of area projected to the main stream. This
distance can be found by using the paper strip used
to measure the length of the main stream, L.

Total Fall, H. Using the strip of paper with the
main stream marked off on it as the abscissas, a graph
of distance vs. elevation along the main stream is
plotted on 20 x 20 squares to the inch graph paper.
After the profile is plotted, each of the ends of the
profile is extrapolated. The minimum and maximum
elevations of the main stream from these extended
slopes are determined. The total fall can now be de-
termined to the nearest foot, with the distances, in
miles, between successive contour lines on the prafile,
recorded.

Stream Stope, S] . Sl is calculated by dividing

the total fall, H, by the length of the main stream
in miles, L , to the nearest foot per mile.
Stream Skope, 82 =

2 25t 2. 2El.z.
Sz - i"i _ i"i

, feet/mile
(£1,) 2 L2

with 1i = the distance along the main stream between
successive contours and zi = the average elevation

above the outlet for each reach of length,q-li . The
individual 1; can be easily determined from the plot-

ted profile of the main stream or from the paper strip
used to measure the length of the main stream.
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APPENDIX C

TABLE C-1. RAINFALL AND RUNOFF DATA
Type
Catchment Event  Date P v I, ¢ 9% Up Te T Ta G T Yl of
Na. No. in in. jn./hr.  in./min.  in.fhr. ing/hr ming min. min. Catchment
10606104 1 7/15/47 0.52 0.036  0.032 0.013 0.007  0.398 15 80 1.167 0.1875  0.2188 F
2 B/ 9/47 0.70 0.034 0.030 0.014 0.006 0.254 35 7 0.400 0.5000 0.2000
3 7/23/55 0.57 0.049  0.027 0.015 0.010  0.273 70 180 103.3  0.847 0.4375 0.3704
10606105 1 7/17/57  0.07  0.054  0.007 0.002 0.009  0.361 55 130 3.039 0.4231 1.2857 F
2 7/20/51  0.33 0.064 0.081 0.025 0.010 0.274 10 as 1.050 0.1176 0.1235~
3 7/29/45  0.49  0.110  0.203 0.026 0.010  0.177 1w lio 0.542 0.0809 0.0193
4 7/23/45  0.27 0.095 0.227 0.014 0.008 0.136 5 120 0.84 0.0417 0.0352
s 7/22/45  0.0B  0.063  0.044 0.001 0.009  0.272 20 170 123.0 1.737 0.1177  0.2045 F
10608004 1 B/22/40 0.7 0.003  0.019 0.030 0.004 1.806 7 48 1.444 0.1458 0.2105
2 8 845  0.70 0.094 0.301 0.045 0.004 0.070 6 430 0.930 0.0143 0.0133
3 8/15/¢5 0.8 0,071 0.231 0.046 0.004 6.100 & 440 306.0 1,236 O.0140 00173
11204004 1 3/26/40  0.09 0.011  0.237 0.007 0.008  1.104 2 55 0.929 0.0364 0.0338 A
2 4/ 9/40 0,15 0.032  0.074 0.003 0.039 1.461 21 50 1.255 0.4200 0.5270
3 5/ 4/40 0.16 0.003  0.015 0.008 0,002 0.787 10 55 53.3 0,733 0.1818 0.1333
11511001 1 6/ 1/43  1.96 1.126 1.221 6.017 0.489 0.453 53 90 0.680 0.5389 0.4005 A
2 7/21/48  1.97 0.717 0.677 0.018 0.863 1.213 63 135 2.731 0.4667 1.2747
3 7/ 1/50  3.23  1.289  0.85% 0.023 0.649  0.503 g 120 1.007 0.7500 0.7555
4 7/18/36  2.94  0.999 1.304 0.030 0.858 0.8358 40 65 102.5 1.069 0.6154 0.6550
12412006 1 5/ 9/58  0.59 0.143  0.177 0.009 0.110 0.811 45 65 0.898 0.6923 0.6215 F
2 1/17/60  0.70 0.275  0.092 0.002 0.076 0.267 180 205 0.941 0.8781 0.826i
3 7/25/62  1.53 0.122  @.490 0.027 0.122 0.997 15 44 104.7  0.730 0.3309 0.2430
12707001* 1 6/20/39 1.38 0.93  1.755 0.010 1.168 1.248 2 31 0.645 1.0323 0.6655 A
2 6/ 7/53 1.56 0.897  (.841 0.009 0.729 0.813 64 40 0.542 1.6000 0.8668
3 6/15/57 1.95 1,352  1.279 0.009 1.848 1.367 66 62 1.412  l.0645 1.5037
4 5/15/60 2.26 0.878 1.088 0.025 0.347 1.078 48 a7 0.844 1.0213 0.8625
5 8/11/61  1.70  0.257  0.643 0.053 0.146 0.569 24 28 41.6  0.265 0.8571 0.2271
12707002 1 6/15/57 1.36 0.396  0.396 0.020 0.270 0.681 60 85 0.965 0.7059 0.6318 A
2 6/12/58 2.18 0.362 2.716 0.087 0.324 0.895 8 60 0.895 0.1335 0.1193
3 7/ 3459 2,10 1,385  L.86l 0.014 1.154 0.827 45 58 9.798 0.775% 0.6201
4 5/15/60  2.17  1.042  0.672 0.017 0.646 0.620 93 54 0.558 1.7232  0.9613
5 &/ L4761 2.54  0.682 0.350 0.013 0.249 0.366 117 102 71.8 0.620 1.1471  0.7114
14300001 1 4/24/57  1.64 1,398 7.133 0.004 0.873 0.628 68 0.713 ©0.5735 0.4003 A
z 5/ 9/57 1.38 0.322 1.280 0.025 0.113 0.353 15 100 0.589 0.1500 0.0833
3 5/13/57 1.3 1.071  0.556 0.002 0.569 0.534 101 89 0.902 1.1348 1.0234
4 6/23/59 0,79 1.488  0.937 0.000 0.627 0.426 86 50 0.389 1.7200 0.6692
5 7/ 9/61  1.43  0.169  0.596 6.039 0.050  0.206 17 33 0,163 0.5152 0.0839
& 7/16/61 1.54  0.501 1.307 0.026 0.149 0.297 23 133 78.8  0.e58 0.171% 0.1140
14300002 1 6/10/41 1.66 1.398 1,111 0.004 0.744 0.53 75 100 0.893 0.7500 0.6656 A
H 6/15/42 1.01 0.798  1.1s2 0.004 0.321 0.407 41 65 0.441 0.6308 0.2786
3 7/15/50  1.81  0.852  0.720 0.016 0277 0.325 71 96 0.520 0.7396 0.3847
4 6/23/59 2.64 1.710 (.82l 0.009 0.602  0.353 111 130 0.765 ©0.8539 0.6536
5 7/16/61 1.60 0.574  0.983 0.025 0.163  0.285 35 82 0.389  0.4268 0.1658
6 7/23/61  0.94  0.123  0.461 0.042 0.046  0.374 16 72 90.8  0.449 0O.7277 0.0998
14305005 1 6/10/41 2.58 2.036  1.82 0.006 3.339  1.642 67 40 1.095  1.6750 1.8336 A
F3 3/26/46 0.84  0.465 2.775 0.017 0.926 2.001 10 37 1.234  0.2703 0.3337
3 4/24/57 1.85 1.661  1.776 0.002 2.161 1.304 56 132 2.668  0.4242 1.2168
4 6/15/61 0.87 0.148  0.729 0.045 0.270 1.846 12 16 0.494  0.7500 0.3704
s 7/16/61 1.16 0.157 1.289 0.060 6.130 0.855 7 62 0.881  0.1125 0.1009
6 &/ 9/62 2.06 1.183  2.386 0.023 2.141 1.795 30 42 54,8  1.256 0.7143 0.8973
14309006 1 4/24/57 1.97 1.644  1.731 0.014 2.071 1.590 58 25 0.516  2.3200 1.1964 A
2 5/13/57 1.65 1.439  0.840 0.002 1.540 1.076 43 37 2.070  1.1622 2.4063
5 6/25/59 2.13 1.151  1.135 0.018 1.420 1.308 59 43 0.912  1.3721 1.2511
4 5/22/61 1.0 0.068  0.228 0.060 0.047  0.687 18 94 1.076  0.1515 0.2061
5 6/25/61 1.39 0.274 0.328 0.030 0.204  0.760 48 89 1.130  0.5506 0.6320
6 6/ 9/62 2.03 0.720  1.524 0.035 0.957 1.346 28 50 56.3  1.121  0.5600 0.6280
14309007 1 3/31/57  0.51 0.240  1.948 0.046 0.150 1.048 ? 34 0.374  0.2059 0.0771 A
2 6/ 4/57 1.85 1.069  1.665 0.020 1.438 1.363 38+ 37 0.841  1.0270 0.8637
3 6/23/58  1.99 0.797  1.000 0.023 0.665 0.854 47 73 1.033  0.6438  0.6650
4 6/25/61 1.46 0.317  0.366 0.024 p.206  0.651 52 20 0.974  0.5778 0.5628
5 7/16/61 1.23  0.139  0.597 0.045 0.060  0.432 14 83 63.4  0.596  0.1687 0.1005
14309008 1 4f24/57 1.79 1.618  2.018 0.002 1.650 1.022 48 37 0.630  1.2973 0.B17s A
2 5/13/57 1.57 1.392  0.362 0.004 1.240 1.049 38 25 1.452 1,500 2.2064
3 6/ 4/57 1.8 1.275  2.303 0.018 1.758 1.387 33 32 0.740  1.0313 0.7634
4 6/23/59 2.83 1.062 0.619 0.024 0.782 0.736 133 82 1.006  1.2561 1.2633
5 6/23/61 1.46 0.310  0.373 0.029 0.248 0.300 50 84 1.117  0.5952 0.6649
6 7/16/61 1.15 0.144  0.665 0.049 0.721 5.008 13 79 55.4  6.587 0.l646 1.0842
7 6/ 9/62 1.78 0.741  1.309 0.020 0.883 1.180 34 49 0.972  0.6939 0.6746
143500009 i a/2¢/57 1.77 L7211 1.309 0.001 1.674 0.983 T8 a8 0.787  1.6250 1.2788 A
2 5/13/57 1.46 1.436  0.953 0.000 1.186 0.829 90 46 0.636  1.9565 1.2445
3 6/ 4/57 1.85 1.339  2.566 0.014 1.634 1.247 3 34 0.707  0.9113 0.6446
4 6/23/58 2.94 0.986 0.558 0.028 0,783 0.801 106 64 0.854  1.6563 1.4i40
5 &/25/61 1.47  0.342  0.437 0.025 0.338 0.988 47 82 1.349  0.5732 0.7735
& 7/16/61  1.16 0.120  2.392 0.050 0.065 0.543 3 78 58.7  0.706 0.0385 0.0272
14618006 1 5/ 5/60 0.92  0.070 0.300 0.082 0.043 1.019 14 54 0.553  0.2593 0.1433 F
2 2/25/61 0.43 0.358  1.759 0.018 0.119 0.650 18 70 0.431  0.1571 0.0677
3 s/ 1/62  1.44  0.287  1.058 0.032 0.148 0.557 15 60 61.3  0.560 0.2500 0.1399
14618007 1 10/19/5%  3.61  1.704  0.430 0.015 1.185 0.684 186* 203 2.931  0.9163 7.6880 F
H 8/26/60 2.43 0.736  0.138 0.008 0.256 0.374 115+ 180 2.904  0.6389 1.8551
3 9/ 2/60 1.44 0.333  0.596 0.035 0.179 0.599 30 91 0.911  0.3297 0.3003
4 8/23/61 1.08 0.145  0.256 0.011 0.067 0.517 30 125 1.090  0.2400 0.2617
s 6/20/62 0.60 0.167  1.537 0.054 0.061 0.379 6 96  139.0  0.635 0.0625 0.0397
14618008 b} 6/ 9/58 1.25 0.084  0.903 0.049 0.092 1.220 5 36 0.734  0.1389 0.1019 F
2 6/12/58 0.94 0.446  0.437 0.012 0.432 1.267  30* 43 1.414  0.6971 0.9863
3 6/ 2/s9 2.35 0.777  0.522 0.014 0.284 0.439 86 144 0.911  0.5972 0.5441
4 9/30/59 1,17 0.034  0.892 0.062 0.037 1.305 2 18 0.374  0.1111 0.0435
5 5/26/62 1.57 0.034  0.149 0.037 0.025 0.753 13 36 55.4 0.465  0.3611 0.1678
14615010 1 6/26/58 1.85 0.452  0.422 0.028 0.129 0.390 54 94 0.532  0.5745 0.3057
2 7/10/58 4,03 0.350  0.131 0.025 0.130 0.344 172 300 1.731  0.5735  0.9924 E
3 9/30/59 1.45 0.068 1.7 0.088 0.028 0.624 2 78 0.633  0.0256 0.0162
4 6/ 7/61 2.22 0.4%0  0.213 0.027 0.223 0.456 138 144 1.092  0.9583 1.0469
5 6/20/62 1.71 0.211  0.643 0.032 0.077 D.384 18 188  160.8 1.252  0.0957 0.1198
14911001 1 8/12/43 2.15 0.490  1.584 0.079 0.898 2.075 18 2 0.913  0.6207 0.5669 A
2 6/28/45 1.09 0.489  3.418 0.051 1.002 2.356 8 24 0.880  D.3333 0.2952
3 6/24/49 2.00 0.430  1.218 0.048 0.723 1.749 21 21 0.594  1.0000 0.5936
4 7/15/50 1.84 0.292  0.531 0.056 0.438 1.501 33 53 1.335  0.6226 0.5249
5 8/ 5/51 6.98 1.853  0.B03 0.033 1.690 0.940 113* 84 42.2 1.565  1.3452  2.1046
14911002 1 #/12/43  2.05 0.43  3.143 0.080 1.210 2.977 8 13 0.626  D.6154 (.3850 A
b 7/11/44 1.94 0,212 1.413 0.078 0.358 1.650 9 37 1.042  0.2432 0.2534
3 6/28/45 1.08 0.474  3.494 0.046 1.296 2.827 8 13 0.617 0.6154 0.3709
4 6/24/49 2,39 0.459  1.531 0.056 0.990 2.155 18 20 0.718  0.9000 0.6466
5 7/15/50 1.85 0.334  0.607 0.058 0.645 1.952 33 36 1.159  0.9167 1.0626
6 8/ 5/51 6.77 1.743 0.926 0.029 1.742 0.999 113 96 35.8 1,588  1.1771  1.8812
14911003 1 5/13/56 0.86 0.419  2.141 0.027 0.151 0.386 11 30 0.192  0.3667 0.0705 A
2 &/ 4/58 3.23 1.278 1.3710 0.034 0.575 0.450 56 74 0.555  0.7568 0.4197
3 9/13/62 0.96 0.856  0.89% 0.001 0.323 0.407 50 72 58.7 0.517  0.6944 0.3593

T; = adjusted Te , F = forested, A = agricultural
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TABLE C-2. RAINFALL VARIABLES

Catchment Event T M M M! R R RY
No No. Date e 1 : 2 2 1 2 2 §
" N min min (min)? (min)2 (min) (min)2 (min)
10606104 1 7/15/47 15 13 156 ‘ 13 156 -
2 B/ /47 35 54 3014 57 57 3370 75
3 7/23/55 70 91 8892 616 68 5256 647
10606105 1 7/17/57 55 19 731 380 22 796 334
2 7/20/51 10 5 25 i 5 25 =
3 T/29/45 10 & 39 ] 32 6
4 T/25/45 5 3 ] ok 3 & -
5 7/22/45 20 &0 3600 o 60 3600 el
10608004 1 8/22/40 7 7 45 3 7 45 3
2 8/ Bf4S [ 243 59049 4 243 59049 1]
3 B/13/45 6 3 9 - 3 9 L
11204004 1 3/26/40 2 15 225 - 15 225 el
2 4/ 9/40 21 5 29 2 9 115 27
3 5/ 4/40 10 5 25 35 5 5 3
11511001 1 6/ 1/43 53 38 1763 351 37 1645 308
2 7/21/48 63 39 1896 370 41 2027 350
3 7/ 1/50 90 41 2628 986 42 2613 880
4 7/18/56 40 28 906 110 28 903 147
12412006 1 5/ 9/58 45 19 547 171 22 619 147
2 1/17/860 180 112 15744 3237 118 16911 3032
3 7/35/62 15 &8 4556 o &8 4556 -
12707001* 1 6/20/39 32 9 129 41 11 178 58
2 6/ 7/53 64 19 s08 152 23 772 238
3 6/15/57 66 35 1582 333 34 1508 358
4 5/15/60 48 67 4668 153 59 4896 181
5 B/11/61 24 15 272 560 15 262 1000
12707002 1 6/15/57 [ 33 1413 356 34 1473 340
2 6/12/58 8 18 324 » 18 324 *
3 7/ 3/59 45 3 727 178 23 708 174
4 5/15/60 93 66 4648 326 62 4363 507
5 6/14/61 117 40 2191 564 54 3920 1001
14309001 1 4/24/57 19 365 82 17 379 87
2 5/ 9/57 15 m - 105 14 B B8 17
3 5/13/57 101 26 1090 426 32 1753 721
4 6,/23/59 86 36 1670 400 36 1670 400
5 7/ 9/61 17 13 180 21 13 200 3
6 7/16/61 23 16 275 32 16 297 38
14309002 1 6/10/41 75 31 1151 186 31 1227 225
2 6/15/42 41 13 233 7 14 283
3 7/15/50 71 46 2582 475 40 2148 524
4 6/23/59 111 &0 4630 1044 65 5402 1159
5 T/16/61 35 12 215 63 15 318 B9
L 7/23/61 16 12 182 38 12 169 24
14309005 1 6/10/41 67 3 596 &7 24 681 127
2 3/26/46 10 40 1578 7 40 1607 7
3 4/24/57 56 123 15337 120 124 15381 130
4 6/15/61 12 8 64 3 10 100 9
5 7/16/61 7 5 55 6 5 35 5
6 &/ 1/62 30 22 549 71 3 598 68
14309006 1 4/24/57 58 25 737 114 25 773 139
2 5/13/57 43+ 26 1333 643 32 1973 956
3 6/23/59 59 30 1163 255 30 1146 168
4 5/22/61 13 41 1698 30 36 1291 28
5 6/25/61 49 38 1690 242 33 1351 265
L] 6/ 9/62 28 18 393 T4 18 408 64
14309007 1 3/31/57 i 4 19 6 4 18 5
2 6/ 4/57 38 18 381 65 18 423 B8
3 6/23/59 47 2 &85 216 23 720 207
4 6/25/61 52 11 157 48 26 952 283
5 7/16/61 14 10 106 ] 10 106 L]
14309008 1 472457 48 22 589 112 22 599 116
2 5/13/57 38+ 20 787 370 29 1808 940
3 6 4/57 33 15 311 Bl 15 321 83
4 6/23/59 103 51 4048 1405 55 4297 1264
5 6/25/61 50 13 320 140 26 957 294
& 7/16/61 13 5 20 - 9 B4 i0
7 6/ 9/62 34 24 682 109 22 586 103
14309009 1 4/24/57 78 22 641 159 23 695 183
2 5/13/57 S0 23 B43 319 23 888 339
3 6f 4/57 31 14 245 56 14 264 62
4 6/23/59 106 48 3595 1278 56 4373 1275
5 6/25/61 47 14 322 114 25 B35 228
& 7/16/61 3 15 210 - 15 210 -
14618006 1 9/ 5/60 14 6 69 32 7 65 2
2 2/25/61 18 4 24 ] 4 26 7
3 5/ /62 15 11 179 38 12 157 25
14618007 1 10/10/59 186* 129 19465 d 132 20873 .
2 8/26/60 1157 125 17540 1862 152 28518 5409
3 8/ 2/60 20 452 43 18 368 55
4 B/23/61 30 138 19317 107 136 18569
5 6/20/62 ] 44 1936 i 44 1936 L
14618008 1 6/ 9/58 5 11 117 1 11 113 2
2 6/12/58 30" 33 1116 56 138 1677 200
3 &/ 2/59 105 11624 529 108 12198 595
4 9/30/59 2 &7 4489 &7 4489 .
5 5/26/62 13 26 685 3 24 576 12
14618010 1 6/26/58 54 40 1756 191 41 1944 252
2 7/10/59 172 163 30172 3448 165 30071 2924
3 9/30/59 2 14 196 - 14 196 -
4 6/ 7/61 138 110 13882 1715 103 12844 2208
5 6/20/62 18 153 23292 17 151 22846 23
14911001 1 8/12/43 18 9 &0 14 9 111 24
2 6/28/45 B 3 13 4 4 16 4
3 6/24/49 21 13 200 23 13 209 29
4 7/15/50 33 21 553 133 18 420 112
5 8/ 5/51 113~ 89 BE9SB 781 87 Bob4 1126
14911002 1 8/12/43 8 5 32 4 & 37 4
2 T/11/44 9 17 280 BB 18 332 5
3 6/28/49 8 3 14 4 4 16 4
4 6/24/49 18 14 209 12 15 258 21
5 7/15/50 33 21 584 123 18 425 109
6 8/ 5/51 113 B9 8421 534 83 7716 304
14911003 1 5/13/56 11 18 337 -, 18 312 b
2 6/ 4/58 56 45 2334 333 47 2489 291
3 9/13/62 50 19 581 229 19 615 238

T; = adjusted Te , * = very small value, -- = negative value

25



“osSn puel jJO S309JF9 98Ul woljy A13ewoad jo

s100330 oyz oreredos 01 JI9pIO UT PedNPOIIUT ST ‘parpnis
SUTSEQ ISATI oyj [[® I0j Tenba ‘juouyd3ied ant3ejuesead
-ax jo 3deduod y *SI01DEF stydexforsd{yd juswysjed pue
osn puey uo juepuedop ST oWI} 9STI 98BIAOAR BY] °SI0IDE]F
stydeadorsAyd pue saajeuexed yderdoxpAy 3jtTun oyi ussmieq
pue ‘soyqerien o1JoroxpAy Suouwe sdIysuoTIE[ax 10z pasn
ST STSATRPUE UOTSS8Ifal 8yl ‘UOTIDUNJ rued o3o7dwoout
zojouered-omy oyl £q pejeutxoxdde sT yder3orpdy 3Tun Byl
*stsATeue uoisseifox oyl Aq pajuswerddns ‘pasn ST yoeoad
-de ydexdoapAy itun eyl -xoded sTy3 3o 393lqns Ayl sT
(*tw *bs pr 031 dn) sjuswyd3ED [TBUS FO sydexfoapdy 3Tun
pPoOT3F U0 sesn puel [eIN3TnOTISe pue 3$8I0F FJO SIV9339 OUL

*s3uswydIed ISN-puel
{BIN3[NOTISE ‘Sjusuwydled SSN-puB] 159103 *sydexfoapAy
1TUn uo 199330 asn-puel ‘ydexSoxpAy ITun :SPIOM Koy

‘gsn puel JO S31083F° 9Y3 WOIF £13owmos3d FO

s109330 oy3 o3jeiedes 03 IepI0 UT PLINpOIIUT ST ‘paipnis
sutseq ISATI 8yl [[® 103y Tenbs ‘juouydled sATIEaUSSRId
-ax jo 1deduod y °SI0IDEF stydexBorsAyd jusuydoled pue
asn pueT uo juepusdep ST awil STI sSeasAe 9Yy] ‘SI0l0EF
stydeadorsAyd pue sxsqouered ydeaSoapAy 3Tun Syl UaaMIeq
pue ‘seTqETIEA o>180T0apAy Suoure sdiysuoIie[aX I0J pasn
sT sTsATeue uoIssaldal oyj "UOTIOUNF eured o3o97dwoout
1o3oumIed-omz oy3 £q pejeurxoxdde ST ydexdoapAy 3Tun 8YJ
ss1sATeue uoTssaxfox oyl 4£q pojusueyddns fpesn ST yoeoad
-de ydea8oxpAy 3Tun oyl -Iaded STyl jFO 1o0elqns ayl ST
(*Tw *bs gy o3 dn) sjueuwydled [TBUS JO sydexfoxpAy 3Tun
poOT3 UO S9sn PUB] [BINI[NOTL3e pue 358103 JO $3109339 oYl

*sjuewydled 8sSn-pue|
[eananotafe ‘sjusuydled 9SN-PUB] 153103 “sydeafoapAy
ATUN UO 339330 9SN-puBl ‘ydexSoapAy 1tun :SPIOM Loy

‘asn puel jO §31093F9 9y3 woxj Axjowodd jo

s109339 oy3 ojexedes 03 I9PIO UT PIdNporjut st ‘poTpnis
surseq I9ATI 8yl [T® I0F Tenbs ‘juswydied aatTiejuasaad
-21 yo 1deouod y -SI030eF s1ydexdotsAyd jusuwydoled pue
asn puey uo juspuedop ST SWTJ 9STI 83BISAE Oy "SI0I0BZ
stydesSorsAyd pue sasyeuered ydexfoipAy 3Tun 9yj uasamMlaq
pue ‘soTqeraea oT1JoroxpAy Fuoue sdTysuoTle[al 10J pasn
ST STsATeue uoTssaxdal a8yl ‘uoTidungy euued o3o7dwoout
1ejowered-oma oyl £q pejewrxoxdde st ydexSoxpAy 3tun BYL
-s1sATeue uorssexfox syl Aq pejusweiddns ‘pasn ST yoeoad
-de ydeaSoipAy 3tun oy ‘xaded sTY1 3O 30afqns 9yl ST
(-tw *bs g1 o3 dn) sjuswydied [TBUS FO sydex8oapAy 1TUN
pooTF uo sosn pue] [eIN3TNOTIBe pue 1S810F JO SIV83IS OUL

*gjusWYyd3ed SsSN-puel
1ein3[notaSe ‘sjuswyd3ed 9sSn-pue] 1saI0y *sydex8oipAy
jTun uo 39933e osn-puey ‘ydexiBorpAy 1TUN :SPIOM Aoy

*@sn pue] JO $3093F°9 9Yl wWOXJ Axjowosd jo

s300330 oy3 ojeiedes 03 I9pIO UT PadnpoIluT ST ‘peIpnis
SUTSEq I9ATI 943 [TE I03y Tenba ‘jusuwydied aa13eIULSaxd
-sx 3o 3deduod Yy °*SI03DBJ stydexdorsAyd juswysjed pue
asn pueT uo juspuadep ST SWT3 9STI oFrISA® BYL ~SIOIOBI
s1ydexforsdyd pue sisjeuwezed ydexfoxpAy 3Tun 8yl uUsIMIS8q
pue ‘ssyqerien do1SoroxpAy Fuows sdiysuotjelel X0j pasn
ST STSATeue uoTssaxdax ay] -uorlIOUNI euured ojardwosut
193owered-omy oyz £q pejewrxoxdde st yderdorpdy 3Tun 8yl
‘stsATeue uorssaifox oyl £q pajusuerddns ‘pasn ST yoroxd
-de ydexSoapAy 3Tun oyj ‘xeded STyl FO aoalqns 8yl ST
(*Tw -bs g1 031 dn) sjuewyd3Ed TTBUS FO sydexfoapAy 2TUN
PoOTF UO sasn pue [eIn2[ndTide pue 359I10F JO S$309339 SYL

*§3UAWYDIED OSN-PUBRT
Tean3inotide ‘sjuswyd3ed 9SN-PUB] 3S8I0F ‘sydexBoapAy
3TUn uo 309339 esn-puey ‘ydexSoxpAy 3Tun :SPIOM Aoy




*sydeadoapiy
3TU] POOTJ U0 @sn pue] [RIN3INOTISY pue 3S6I04 JO S10033F7
“(LL61 L1np) z6 oN xoded ABoTOIpAH ‘A3TSIOATUN 831B1S OpPBI
-070) fedtlnp ‘yotaefas) pue [(oxTy ‘eeaenfueg :edualejey

*sjusuyd3led asn-pue] 158103 Ar3urutwopsad sy3
ueyl Isjee1d sewt] y 031 7 Arerewrxoxdde syeed ydeaFoaply
JTun 9aey osn puel [eani(notife Arjueutwopexd YyiTm sjuew
-y2380 + *JJOUNI SIBJINS IOMOTS B Y3TM Yesd poolF Ia[TBus
B SUBSW asn PUB] 1S9J0F 92U} STTYM ‘FFOUNI 2DBIINS I93SEBJ

® Y3TIs jyead poolJy IST[BWS ® SUBOW ©Sn Pue] [BINI[NOTife
ay3l juswydied TTeWS USATS ® J0F 3IBY3 S83IBDTPUT Apnis oyl

*sydexBoxpAy
3TUf POOTJ UO 8SM PueT [BIN3I[NOTIZY pue 3$9I04 JO S3I003F7
“(LL6T LAInr) z6 "oN xodeq A8o10xpAH ‘£3ITSILATUN 93BIS OpPEBI
-o10) ‘ed1(np ‘yoraefaey pue [oxty ‘sarealueg :9duUsIe3zey

*sjuswyoled ssn-pue] 3sexoy A1iueutwopaxd ayj
ueyl Isleald sswil $ 01 g Arezeurxoxdde syeed ydexSoipLy
1TUn 8A®Y 3sn pue[ [eaniinatife Ar3jueutwopexd YiTMm Sjusw
-yd23e) *JFOUNI SDBIINS ISMOTS B YITm Yead poolF IoyrRUS
® SUBSW @SN PUB] 159X0F 8Y3 S[TYM ‘JJOUNI JDBJINS JI931SEJ

® Yy3tm Yead poolJ IST[BUS ® SUESW 8Sn puB] TEINITNITISe
a2yl Juswyd3Eed [Tews ueATdS e I0y IeY] SOJEITPuT Apnis ayy

*sydexBoapAy
3TUN POOT4 UO S| Pue [BINI[NOTITY pue 353104 FO $3083FF

‘(LL6T AInr) Z6 °*oN xedeq ABoroapAy ‘A3TSISATUN 931BIS opel
-07100) ‘®orlnp ‘yotAasfae) pue [oxTy fesaeafueg :s8dualejsy

*sjuewWyd1Ed @sn-puel 1sexoj Ariueurwopaxd oyl
ueyl rejeaif seuwtl ¢ 03 Z Arelewtxoxdde syeed ydexSoxpAy
qTUNn 9A®Y osn pue] TeaninoTafe Arjueutwopaxd YiTs sjueu
-yo3e) ‘FJOUNI 9JBFINS IOMOTS B Y3TM Yead pooly IafTeuUS
® Ssuesuw 3sSn PUB] 35910J 9Yl SITYM ‘FJouni 8JBFINS ISISEF

® y3tm Yeed poory Ia[TeEWS B SUBSW 9Sn pue[ [BIN3[noTide
ay3 jusuysied [Tews usATd ® Ioj 3eyl Se1edTpPUT Apnis a8yl

*sydex8oapAy
3TUf] POOT4 UO 85 pue] [BINITNOTISY pue 3IS8I04 JO SID0FII
*(LL6T AIng) z6 "oN Iadeq £BoroapAH ‘A3TsIaaTun o3ElS OpRI
-o10) fedTlnp ‘yostTAalaex pue [(oxty ‘esxeadueg :edusiojyey

*sjusuyd3ed esn-pue] 3saroy Lrjueutuwopsad ay3
ueyl Ixe3ieaid ssutl # 03 7 Are3ewrxoxdde syeed ydexoxpdy
3Tun aAey asn pue] Teani[notife Arjueutwopsid Y3ITM Sjusw
-ys3e]) *JJOUNI SOBFINS IOMOIS B YlTIm Yead pooly Io[reus
T SUBOW 2SN PUET 31S8I0F 92Ul STTYM ‘JFOUund 9IBJINS IS1SEF

e yitm yeed pooly IS9[[BUS ®B SUBOW OSn Pue] [BAN3[no>Tade
oyl juswydsled TTBWS USATS ® 10F 3Byl So1edIpur Apnis ayl




No.
No.
No.
No.
No.
No.
No.
No.
No.

No.

No.
No.

No.

No.

No.

No.

No.

No.

No.
No.

No.

No.

No.

67
68
69
70
71
72
73
74
75

76

ST

78
79

80

81

82

83

84

85

86
87

88

89

. 90

91

LIST OF PREVIOUS 25 PAPERS

Economic Value of Sediment Discharge Data, by Sven Jacobi and Everett V. Richardson, April 1974.
Stochastic Analysis of Groundwater Level Time Series in Western United States, by Albert G. Law, May 1974.
Efficient Sequential Optimization in Water Resources, by Thomas E. Croley II, September 1974.

Regional Water Exchange for Drought Alleviation, by Kuniyoshi Takeuchi, November 1974.

Determination of Urban Watershed Response Time, by E. F. Schulz, December 1974.

generation of Hydrologic Samples, Case Study of the Great Lakes, by V. Yevjevich, May 1975.
Extraction of Information on Inorganic Water Quality, by William L. Lane, August 1975.
Numerical Model of Flow in Stream-Aquifer System, by Catherine E. Kraeger Rovey, August 1975.
Dispersion of Mass in Open-Channel Flow, by William W. Sayre, August 1975.

Analysis and Synthesis of Flood Control Measures, by Kon Chin Tai, September 1975.

Methodology for the Selection and Timing of Water Resources Projects to Promote National Economic Development,
by Wendim-Agegnehu Lemma, August 1975.

Two-Dimensional Mass Dispersion in Rivers, by Forrest M. Holly, Jr., September 1975.
Range and Deficit Analysis Using Markov Chains, by Francisco Gomide, October 1975.

Analysis of Drought Characteristics by the Theory of Run, by Pedro Guerrero-Salazar and Vujica Yevjevich, October
1975.

Influence of Simplificatiors in Watershed Geometry in Simulation of Surface Runoff, by L.]. Lane, D. A. Woolhiser and
V. Yevjevich, January 1976.

Distributions of Hydrologic Independent Stochastic Components, by Pen-chih Tao, V. Yevjevich and N. Kottegoda,
January 1976. .

Optimal Operation of Physically Coupled Surface and Underground Storage Capacities, by Dragoslav Isailovic,
January 1976.

A Salinity Management Strategy for Stream-Aquifer Systems, by Otto J. Helweg, and J. Labadie, February 1976.

Urban Drainage and Flood Control Projects Economic, Legal and Financial Aspects, by Neil S. Grigg, Leslie H. Botham,
Leonard Rice, W. ). Shoemaker, and L. Scott Tucker, February 1976.

Reservoir Capacity for Periodic-Stochastic Input and Periodic Output, by Kedar Nath Mutreja, September 1976.
Area-Deficit-Intensity Characteristics of Droughts, by Norio Tase, October 1976.

Effect of Misestimating Harmonics in Periodic Hydrologic Parameters, by K. L. Bullard, V. Yevjevich, and N. Kottegoda,
November 1976.

Stochastic Modeling of Hydrologic, Intermittent Daily Processes, by Jerson Kelman, February 1977.
Experimental Study of Drainage Basin Evolution and Its Hydrologic Implications, by Randolph S. Parker, june 1977.

A Model of Stochastic Structure of Daily Precipitation Series Over an Area, by C. W. Richardson, July 1977.



