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CHAPTER 1

INTRODUCTION

Need for the Study

The repoft by the Committee on Surface Water Hydrol-
ogy of the American Society of Civil Engineers (ASCE) (2)
has pointed out that one of the areas in hydrology lacking
adequate research is the investigation of runoff from
small areas. As indicated by Meier (22, p. 55) and Barnes
(4, p. 55), more work is needed for establishing lag timet
versus basin characteristics relationships. Meier also
stated that a method should be perfected for fitting wnit
hydrograph2 data to mathematical functions in order that
computers can be used to gencrate synthetic unit hydro-
graphs. This study has considered all three of these re-

lated areas.

Objective and Scope of Study
The objective of this study is hydrograph synthesis

based on an investigation of runoff from small drainage

1Lag time as used in this study is equal.to the
period of rise of the hydrograph minus one-half the rain-
fall excess duration.

2The unit hydrograph may be defined as the discharge
hydrograph resulting from 1 in. of direct runoff generated
uniformly over the contributing area at a uniform rate dur -
ing a specified period of time.
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basins in Texas. 1In addition, a technique is developed for

fitting unit hydrograph data to a mathematical function,
The analyses were made for small drainage basins,

ranging in size from 0.5 to 75 miz, located in central

Texas. However, it should be stressed that techniques

used in this study are applicable also to larger basins.
Falling within the scope of this study is the selec-

tion of a satisfactory techmique for obtaining the temporal

distribuiion ot infiltration foir hasins of the size under

congideration. The period of rainfall excess can then be

DS L
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determined. Correlations were considered between the
critical hydrograph parameter, lag, and basin character-
istics. 1In order to broaden the scope of the study, in-
formation on lag obtained by two previous investigators
(Meier, 22; Espey, Morgan, and Masch, 10) was compared :

with lag relationships developed in this investigation.

Related Studies
The unit hydrograph principle was presented in 1932
by Sherman (27). Since that time, the unit hydrograph
theory has been accepted as one of the best methods avail-
able for relating a particular rainfall event to the ;

hydrograph resulting from the event.

o W*mﬁ.:e; .
P Ry’

In 1939, Brater (5) studied the usefulness of the

unit hydrograph principle when applied to small streams.



This work was carried out on basins that varied from 4.24
to 1875 acres. Brater concluded that the unit hydrograph
technigue may be applied successfully to small watersheds,

In many cases, due to the lack of runotff data, the
designer must resort to som acthod of estimating hydro-
graph characteristics from physiographic features of the
watershed. This is particularly true in southwestern
United States. The first procedure developed for syntheti-
cally constructing a unit hydrograph was presented by
Snyder (32) in 1938. From data for the Appalachian Moun-
tain area, Snyder related basin lag time to watershed
length parameters.

From 1938 to present, there have been numerous pro-
cedures proposed for synthetic unit hydrograph develop-
ment. In 1962, Morgan and Johnson (25) made analyses
utilizing four such cynthetic unit-hydrograph methods. A
comparison of Snyder's method (32), Common's method (8),
Mitchell's method (24), and the SCS (Soil Conservation
Service) method (29), was made to determine if one of
these procedures would give a consistently better estimate
of a unit hydrograph.. Their study utilized data from 12
basins in Illinois that ranged in size from 10 to 100 miz.

Morgan and Johnson concluded from their limited study that

F NI A
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none of the four methods conuistently gives better esti-

mates,

One of the more recent contributions to hydrograph
synthesis was made by Hickok, Keppel, and Rafferty (13).

In a study of 14 watersheds in the arid Southwest that
ranged in size from 11 to 790 acres, lag time was related
to watershed area, average laud slope, and drainage den-
sity. They found, as is implied by the procedure prasented
by Snyder, that the lag time is the major determinant of
hydrograph shape. 1In fact, as pointed out by Linsley,
Kohler, and Paulhus (21, p. 204), the key factor in most
synthetic procedures has been the basin lag.,

Minshall (23) has studied the effect of varying storm
characteristics on the unit hydrograph for watersheds of
27, 50, and 290 acres, Plots are presented which relate
lag time and unit hydrograph peak discharge to rainfall
intensity. ‘

Eagleson (9) made a study to determine a set of
empirical equations to be used for sewered areas. His
equations are analogous to those used in the Snyder tech-
nique for natural areas. Urban areas up to 7.5 m12
located in Louisville, Kentucky, were used.

Several attempts have been made to represent unit
hydrographs by a mathematical model, One of the more

recent attempts was made by Gray (11). In 1960, Gray
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studied 46 watersheds which ranged in size from 0.27 to

32.64 miz. He presented a method whereby the unit hydro-

graph for a small watershed can be synthesized from a
representative dimensionless hydrograph. The dimension-
less hydrograph was characterized by a two-parameter Gamma
distribution; the parameters were determined from measur-
able topographic characteristics. Reich (26) performed a
similar study for small watersheds. However, in contrast
to Gray's approach, Reich did not utilize a representative
dimensionless hydrograph. That is, the mathematical func-
tion used by Reich permits one to obtain dirvectly a unit
hydrograph if the period of rise, the peak discharge, and
a shape parameter are known. Reich suggests that this
mathematical function, known as the Pearson type III func-
tion, offers more flexibility because it is a three param-
eter rather than a two-parameter function., The Pearson
type 1II function is discussed in more detail in Chapter
II.

Recently, Meier (22, 1964) carried out hydrograph
analyses for three basins in Texas of approximately 18,
70, and 75 miz. The objective of the Meier study was
quite similar to the present study, viz., to examine the
validity of techniques when applied to small watersheds in
Texas and at the same time to observe the bchavior of the

parameters critical to hydrograph synthesis.
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The most recent related study was carried out by
Espey, Morgan, and Masch (10, 1965), In their study equa-
tions were developed which would permit the synthesis of
unit hydrographs in a manner analogous to the approach used
in the Snyder technique. Two sets of equations were de-
rived, one set for small urban watersheds and the other
for small natural watersheds. The equations for the
natural watersheds were based on analyses from 11 areas

ranging in size from 0.143 to 7.01 miz. Seven of these

watersheds were located in Texas.
Although routing procedures will not be used in this

study, it should be mentioned that routing is another way

= oatis Wmtrw ONMIA
ekt T

of obtaining a synthetic unit hydrograph for an ungaged
basin. A detailed review of various routing procedures ¢

is presented by Laurenson (17).
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CHAPTER 1I1
DEVELOPMENT AND PROCEDURE

Source and Selection of Data

The basins used in this study fall into two cate-

gories:

1., Those for which complete analyses were per-
formed. That is, for a selected number of
storm events, infiltration and rainfall analy-
ses were performed, and best estimates of the

lag time for the basins were made. Also, an ¢

RLIRCETER &
i;;ﬂ;ww‘ i ."' . . o o
P SR B 8 S :

average unit hydrograph was determined for each
basin. l N
2. Those for which analyses have been performed by ~§;
other investigators, the results of these analy- , éi
ses being used in the present study. i
The approximate location of each basin used in this
study is shown in Figure 1, Characteristics of each basin
are shown in Table 1, viz., area (A) in square miles,
length of main stream (L) in miles along the main stream
from the gaging station to the divide, the length in miles 5
along the main stream from the gaging station to a point 4

opposite the centrold of the drainage area (L and the

cal?
slope of the main stream (S) in ft/ft, which is the
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difference in elevation between the divide and the gaging
station divided by L. Also, the name of the watershed, its

major river basin, the category of study, and the refer-

ence from which the iuformation was derived are indicated.

g < =
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The three basins that fall in Category 1l are located
on the Brushy Creek watershed about 15 mi southeast of
Waco, Texas, in the Brazos River Basin. This area, typi-
cal of the '"Blacklands' of Texas, has a gently rolling
relief of predominantly Houston black clay soil. A de-
tailed description of the area can be found in USDA Bulle-
tin No. 5 (31). Figure 2 is a map of the three basins
illustrating the distribution of rain gages and location
of stream gages. The rain gages are automatic recording
gages of the Fergusson weighing type. Streamflow is mea-

gured with the use of the V-notch or Columbus weir and

continuous stage recorders.

Data Analysis
Table 2 1lists the storms analyzed for the three
basins and the data source., Gray (11, p. 35) listed six

criteria which should be followed in selecting hydrologic

i s

P

data suitable for unit hydrograph development:

1. The rain must have fallen within the selected B
time unit and must not have extended beyond the

period of rise of the hydrograph.

i
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Table 2. Storms Analyzed and Data Sources
Basin Date : Data Source
Y March 28, 1938 Reference (30)
May 17, 1939
May 18, 1939
May 20, 1939
D May 3, 1957 Referencz (3)
June 23, 1959
December 31, 1959
J January 23, 1938 Reference (30)
February 16, 1938
March 28, 1938
May 18, 1939

2. The storm must have been well distributed over
the watershed, all stations showing an appre-
ciable amount.

3., The storm period must have occupied a place of
comparative isolation in the record.

4. The runoff following a storm must have been un-
interrupted by the effects of low temperatures
and unaccompanied by melting snow or ice.

5. The stage graphs or hydrographs must have a
gsharp, defined, rising limb culminating in a
single peak and followed by an uninterrupted
recesslion.

6. All stage graphs or hydrographs for the same
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watershed must show approximately the same

period of rise.
When all of these criteria couldlnot be satisfied in the
gselection of the storms, it was necessary to examine
closely the data from each storm to determine whether it
was appropriate for use in this study.

Rainfall. The time distribution of basin average
rainfall intensity was determined by Thiessen polygon
weighting (21, p, 36). In addition, the areal distribu-
tion of each storm was studied by preparing isohyetal

maps of total rainfall,

Infiltration, The problem of infiltration analysis

is a complex one. If infiltrometer tests are not avail-
able, techniques of deriving infiltration rates from rain-
fall-runoff analyses must be used. Wisler and Brater (34,
p. 113) discuss such a technique, which was suggested by
Horner and Lloyd (14), for determination of the infiltra-
tion capacity curve for small drainage basins. They state
that for small basins, in which the hydrograph quickly
responds to the varying intensities of rainfall, the actual
manner in which the infiltration varies throughout the
storm often can be determined quite accurately. However,
such response cannot be expected on basins larger than a
few acres. Johnstone and Cross (16, p. 198) discuss a

more elaborate technique for the computation of infiltratiom
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capacity curves for small natural areas based on rainfall~
runoff data. Their technique appears suitable for areas

less than about 1 miz.

In work with large areas an average infiltration
capacity generally is sufficiently accurate. Wisler and
Brater (34, p. 117) discusa a technique proposed by Horton
(15) whereby the average infiltration capacity may be de-
termined for large drainage basins in which the rain in-
tensity is not uniform. Thus, for areas less than 1 m:L2
and for large basins one of the techniques discussed above,
or one similar in nature, might be used. The primary
problem is: what should be done for areas from 1 mi? to

perhaps 25 miz?

As pointed out by Mitchell (24, p. 22), one of the
most practical approaches to the determination of infil-
tratlon capacity curves was presented by Sherman and
Mayer (28). Although the technique was based on infiltra-
tion analysis from basins of 10 to 3000 miZ in Oklahoma
and Mississippi, it is felt that by virtue of the prin-
ciples involved it can give good estimates for smaller
areas and other localities. For this reason and because
the technique can be readily adapted for computer analysis,
the Sherman and Mayer techmnique has been used exclusively
in this study. The methodology, as presented by Sherman

and Mayer, makes use of a diagram whereby an infiltration
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capacity curve may be derived graphically from any given
value of average infiltration capacity, fav’ and the
ultimate infiltration capacity, fu' Sherman and Mayer
also report an equation derived by Escott (28, p. 667)
which describes the shape of the curves for their diagram,
By proper manipulation it is a simple matter to use the
equation presented by Escott for predicting the infiltra-
tion capacity curve. Tﬁis equation (see Appendix A) is

simply an expression which defines the time distribution

aiew o .om . g i v
P T -ﬂ?ﬂ\h
e

of infiltration capacity subject to the restraint of the

)

two shape parameters, fav and fu. It is belleved that
this technique is particularly well suited to areas simi-
lar to those used in the present study. The accuracy of

the technique hinges on the proper selection of £ .

The soil for the central Texas area, as classifiled

[T

according to the ASCE Hydrology Handbook (1, p. 48), falls

into the low infiltration capacity group. This indicates
an f  between 0.0l to 0.10 in./hr. The infiltration
capacity curves presented by Linsley, Kohler, and Paulhus
(20, p. 213) for Houston black loam give an f  equal to
about 0.06 in/hr. Since the Houston black clay should be
even more impervious than the Houston black loam, a value
of 0.04 in./hr was adopted. However, if £  was actually

as large as twice or as small as one half this value, the

error involved in the determination of rainfall excess
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generally would be small. This is due to the relatively
small magnitude of fu for this class of soll.

A further description of the Sherman and Mayer tech-
nique is presented in Appendix A. Once the time distribu-
tion of rainfall intensity and infiltration capacity are
determined, the duration of rainfall excess, D, 1is
readily available, A typical distribution for basin D,
with the rainfall excess duration indicated, is shown in

Figure 3.

Synthetic procedures. As pointed out previously,
streamflow data are not always available for a basin;
therefore, synthetic procedures must be adopted. This is
particularly true in the case of small watersheds. It was
felt that it would be advantageous to examine certain syn-
thetic procedures and apply them to the watersheds of the
present study. Therefore, three procedures were examined.
In addition, a method was perfected for fitting the unit
hydrograph data given by two of these procedures to mathe-
matical functions so that numerical methods could be used
to generate synthetic unit hydrographs.

Butler (7, p. 309) points out that.the only drainage
basin characteristics that need to be considered for syn-
thetic unit hydrograph determination are those which
affect the rate of surface drainage of a given uniform

rate of net rainfall., Climate and infiltration
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characteristics determine the amount of net rain but not
its rate of drainage; therefore, they should not be in-

volved in synthetic unit hydrograph determination. Rather,

FUTRY R

watershed characteristics such as area, basin shape,
channel slope, land slope, size of channel, condition of
channel, and stream density might be expected to havs a
pronounced effect on the unit hydrograph.

Snyder (32, 1938) presented the first set of equa-
tions for synthesizing a unit hydrograph from measurable
topographic characteristics. Since that time there have
been numerous other approaches. Some of these were men-
tioned in Chapter I, Snyder's procedure was selected as
one of the techniques for examination in this study be- : i

cause:

SRS N SN

1. It is one of the most widely utilized syn- ;
thetic procedures in existence. 1

2. There have been many sets of equations quite

R

similar to Snyder's original equations derived
for different areas and conditions. For ex-
ample, Linsley (19) has modified Snyder's equa- : ‘
tions to give better regults for the Sierra |
Nevada and Coast Range. Eagleson (9) has ob-

tained a set of equations analogous to Snyder's

for sewered areas in Louisville, Kentucky,

Another one of the techniques examined in this




study involves the use of a set of equatijonms,

proposed by Espey, Morgan, and Masch (10) for
Texas, which are quite analogous to Snyder's
equations.

Snyder's technique is easy to apply.

Although this is the oldest synthetic technique,
it 1is still one of the most logical approaches
available., Regardless of how elaborate the
technique, the critical factor appears to be
lag time, That is, if the basin lag time can
be estimated accurately, a satisfactory unit
hydrograph generally can be produced. Snyder

used lag time as one of his defining equations.

For a duration of rainfall excess equal to tp/S.S,

which Snyder adopted for his study, Snyder's equations for

the lag time and peak discharge are

and

where

t
P

rt
n

0.3
o = Cp(L Ly (1)

Q, = 640 C A/t , (2)

%

denotes the watershed lag time in hours; Q

refers to the unit hydrograph peak dischargé in cubic feet

per second (cfs); C, is a coefficient which represents

differences in slope and channcl storage between drainage
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basing; and CP is a coefficient which represents the

effects of such factors as channel storage on the flood
wave. Snyder found C_ to vary from 1.8 to 2.2 and CP
to vary from 0.56 to 0.693 for the areas he studied.

From a study of unit hydrographs for a large number
of drainage basins, the Corps of Engineera (33, p. 11)
have obtained relationships for the determination of con-
servative estimates of the unit hydrograph widths at 50
and 75 per cent of peak flow. The curves for the unit
graph widths at 50 and 75 per cent peak flow are presented
in Linsley, Kohler, and Paulhus (21, p. 206). The widths
at 50 and 75 per cent flow can be evaluated from the fol-
lowing equations:

— L] - - l

50 (3)

and

b

2,67 - 1.11

75 (4)

where WSO and W75 are the widths, in hours, at 50 and
75 per cent peak flow, respectively, and 4 is the unitc
hydrograph peak discharge in cfs/miz. The Corps of En-

gineers have suggested, as a guide for shaping the

3The Corps of Engineers prefers to use the expres-
slon 640 C_ rather than just Cp, where 640 is a conversion
factor. The values then range from 360 to 440.




21

hydrograph, that the 50 and 75 per cent widths should be
positioned so that one-third of the width :is placed to
the left and two-thirds of the width to the right of the
peak. This procedure wés adopted for this study.

One other relationship is needed, this being a rela-
tionship for the base width of the unit hydrograph., Fol-
lowing the suggestions of the SCS and the Corps of En-
gineers, a base width of five times the period of rise
was adopted,

From the above relatlonships, seven points on the
unit hydrograph may be determined. Considerable effort in
the study was devoted to perfecting a technique for fit-
ting a mathematical function to seven such points. The
advantages of describing the complete hydrograph by such
a function are:

1. The complete hydrograph can be described numeri-
cally with the aid of a computer. For most
flood routing problems the complete hydrograph
is needed. 1If iterative procedures are to be
performed with the aid of a computer, a complete
hydrograph frequently is needed.

2, Computer facilities are now available that will
sketch desired curves. However, these plotters

connect the consecutive points with straight

Smad
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lines., Therefore, the more points that are avail-
able, the better the reproduction of the curve.

3, The shape of the hydrograph will be completely
objective, once the basic equations are estab-
lished,

The Pearson type III function was selected as the

most appropriate mathematical function for fitting the
seven points. This function can be expressed as

-(T - P,)
Q = Qu(T/P,) Texp[—r—E7 (5)

where Q is the discharge, in cfs, at any time T; T is
the time in hours from beginning of rainfall excess; Q

p
is the peak discharge in cfs; P is the period of rise

r
of the hydrograph in hours; r is a dimensionless con-
stant for a particular hydrograph; and ¢ is a constant
for a particular hydrograph expressed in units of hours.

In Reich's study (26), ¢ was taken to be the time from
the occurrence of the peak discharge to the centroid of
the hydrograph, and r was interpreted as being the ratio,
Pr/c. However, in the present study these assumptions
were not made, 1Instead, ¢ and r are parameters, de-
termined by trial and error, that give a least-squares fit

of Equation (5) to the 7 points. Since the least-squares

technique used for fitting the non-linear function,

T

e A 1,




Equation (5), is not a conventional procedure, the pro-

cedure is illustrated in Appendix B. Also, the problem
involved in obtaining the necessary area, 1 in. of runoff,
under the unit hydrograpﬁ is discussed in Appendix B.
Another synthetic technique examined in this study
is that presented by Espey, Morgan, and Masch (10) (their
report was prepared under the sponsorship of the Texas
Water Commission (IWC)). Since the procedure for using
their method is identical to the procedure for the Snyder
method, the equations will be presented without further
discussion, They state that their equations are based on

data from 11 rural watersheds in Texas, Oklahoma, and New

Mexico and that the equations will predict hydrograph char-

acteristics within + 20 per cent two~thirds of the time.

The equations for a 30-min unit hydrograph are:

P = 2.6500-12570-92 (6)
= 0.88, -0.3
Qp = 1700A Pr s (7)
Weg = 7370019«1'11%“1'13 , (9)
and
= 1.06, -1.13



where P 1is the period of rise in minutes; L is the

length of the main stream in feet; S is the slope of the
main stream in ft/ft; Qp is the peak discharge in cfs;
A is the area of the basin in square miles; B 1is the
base width in minutes; and wgu and w75 are the widths
in minutes at 50 and 75 per cent peak flow, respectively,
The other synthetic technique that was examined was
the SCS method (29). The SCS bases its procedure on an
average dimensionless hydrograph for small watersheds de-
veloped from the analysis of a large number of actual unit
hydrographs obtained from widely scattered geographical
locations. Twenty-eight points defining the dimensionless
hydrograph are presented by the SCS (29, p. 3.16-5). The
ordinate is expressed as the ratio Q/Qp and the abscissa
as a ratio of T/Pr. After the period of rise 1s obtained, )
the following expression is given for determining the peak

discharge:
s (11)

where Qp is the peak discharge in cfs; A is the area

in square miles; and P. 18 the period of rise in hours.
The SCS reports (29, p. 3.15-1) that when runoff is

uniform (or nearly so), it is usually sufficient to esti-

mate the lag time from the empirical equation:
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t, = 0.6T, , (12)

where tp and Tc are the lag time and time of concen-
tration,4 in hours, respectively. Equation (12) and a
nomogram by Kirpick (29, p. 3.15-7), which was based on
the length and slope of the main stream, were used to ob-
tain tp.
From the foregoing discussion, it 1s apparent how
the lag time and peak flow are estimated for the TWC and
S5CS techniques., However, the estimates for lag time and
peak flow for the Snyder technique depend on the values of

Crp

p. 11), values of 6400p and C,p vary from 600 and 0.4,

and Cp. As reported by the Corps of Engineers (33,

respectively, for soﬁthern California to 200 and 8.0, .i |

respectively, for states bordering on the eastern Gulf of

Mexico. To provide a better estimate of these coefficients

for the basins of this sfudy, the correlations discussed

in the following paragraphs were made. f
Since Snyder's coefficient, Cu, iﬁ Equation (1) .

1s affected to a large degree by the change in slope be-

tween drainage basins, a plot was made of Cp versus /s

for the watersheds in Category 2. The reason for expect-

ing a good relationship is evident. Many equations for

4Time of concentration is the time it takes water
to travel from the hydraulically most distant part of a
watershed to the watershed outlet.
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relating basin lag to the physical characteristics of the
drainage basin have been proposed. Barnes (4, p. 55) has
pointed out that the square root of the slope appears in
most of these equations. Barnes states further that the
slope factor is probably borrowed from the Chézy formula
(21, p. 68). However, if Equation (1) 1s inspected, it
can be seen that slope is not explicitly a factor. There-
fore, the coefficient C; must be a function of slope.

Other correlations also were examined in an attempt
to obtain a reasonable estimate of lag. Meier reported
that a linear relationship was found to exist between the
period of rise and the dimensionless quantity LZ/AJ§— for
the three points of his study when the points were plotted
on semilogarithmic paper. However, no usable correlation
was found to exist when the other points of this study were
added to Meier's. A plot alsoc was made of lag time versus
L/JS on logarithmic paper. This particular relationship
was tried because it can be seen from Equation (6) that
the only basin characteristics involved are L and S.
Finally, the most frequently used corxrelation was made,
i.e., a logarithmic plot of lag time versus LLca/Jgj
These plots showed a very definite coxrelation.

1t was decided that the plot of LLca/Jg— would be
used for estimating the lag time for the Snyder technique,

gsince there was less scatter for this plot than for the
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plot of Cp versus JS. Although, in this modified
Snyder method there remains only one of Snyder's original
equations, as such, it still will be referred to as
Snyder 's method.

From examination of Equation (2), one expects Cp
to be directly proportional to tp and inversely propor-
tional to A. When a plot was made of 640C; versus
CT(LLca)O‘S/A a definite trend was found to exist. This
relationship was used for estimating Cp for each basin.

Synthetic unit hydrographs were determined from each
of three techniques using: (1) estimated lag time, deter-
mined as described in the previous discussions, and (2)
observed lag time. The observed lag time was used for
purposes of comparison. As pointed out previously, lag
time is the key parameter in describing a unit hydrograph.
Therefore, it was felt that the synthetic procedures

should be examined with the actual lag time employed.

Dimensionless unit hydrographs. The dimensionless

hydrograph technique developed by the Bureau of Reclama-
tion (6) was used to convert all unit hydrographs to the
desired duration. The unit hydrograph has been converted
into dimensionless form by expressing the hydrograph
abscissa in per cent of (tp+ D/2) and the hydrograph

ordinate as Q(tp+ D/2)/Volume, where Volume is the total

[P TRORY
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runoff volume under the unit hydrograph. 1In addition,

the dimensionless hydrographs were output in the computer

program,

PN
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CHAPTER 1I1ITI

o)

PRESENTATION AND DISCUSSION OF RESULTS

Correlation Studies

The data used in the correlations to determine the
Snyder coefficients are presented in Table 3. The ori- %
ginal source for this data is presented in Table 1.

A plot of Cy versus VS 1s presented in Figure 4.
There is considerable scatter about the "best-fit'" straight
line; however, a trend definitely is present. Intuitively,
this 1s what one would expect. Since the lag time is
simply a function of the time required for water to reach
the outlet, it seems logical that the steeper the slope
the faster the runoff will occur.

Figure 5 is a plot of 6400p versus CT(LLca)O‘B/A.
Examination of this figure reveals four points, 2, &4, 7,
and 8 that are suspect. Although it is realized that
hydrology is plagued with extremes, these points merit
examination, Points 6 and 7 are for adjoining basins of
similar physiographic characteristics. Point 6 falls
within reasonable proximity of the line of '"best-fit" and
is not suspect; however, point 7 is extremely low. In the
case of points 2, 4, and 8, values of 6400p in excess

of 700, to this writer's knowledge, rarely, if ever,

29
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exist. Since points 2, 4, 7, and 8 are suspect they were
not used in obtaining the 'best-fit" straight line of
Figure 5.
A plot of t, versus L//S on logarithmic paper
is presented in Figure 6. This correlation was selected
because the only physical parameters in Equation (6), for
the TWC technique, are L and S. It was anticipated
that the scatter would be significantly reduced by intro-
ducing Lca into the numerator for the abscissa values,
Examination of Figure 7 reveals this not to be the case.
The reason for this is not apparent. At first, it was
suggested that the reason might be because the basins all
possess similar configurations. However, as can be seen E
from Table 3, the shape factors for the watersheds, LZ/A, |
vary considerably. Nevertheless, it appears that for the .
watersheds of this region the plot of tP versus L/Jg‘
gives approximately the same results as the plot of tp
versus LLca/JEi L and S are two of the most easily

obtained physical characteristics for a watershed.

Comparison of Synthetic Procedures
Figures 8, 9, and 10 present a comparison of the
unit hydrographs computed by the various synthatic proce-
dures, utilizing estimated lag, and the average unit

hydrographs obtained from observed data ﬁor basins ¥, D,
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Fig. 9. Comparison of synthetic unit hydrograph techniquesy
computed using an estimated lag time, to an average
unit hydrograph computed from actual data for basin D.
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Fig.10. Comparison of synthetic unit hydrograph techniques,

computed using an estimated lag time, to an average
unit hydrograph computed from actual data for basin J.
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and J, respectively. Figures 11, 12, and 13 represent

the same comparisons, except that a lag time based on ob-

served data is used in the synthetic procedures. The unit
hydrographs are for unit rainfall durations of 5, 15, and

45 min for basins Y, D, and J, respectively.

Upon examination of Figures 8 through 13, it appears
that, on the average, the SCS method and the Snyder method
used in conjunction with the Pearson type III function are
compatible, However, a few peculiarities are noted, for
example, the significant over estimate of the peak by the
SCS‘method in Figure 9. A relationship, such as Kirpich's
(29, p, 3.15-7), which was developed from data dissimilar
in time and space from the watersheds in this study,
should be used only if better means are not available. 1In
practice, 1f sufficient information is available to con-
struct relationships, such as the ones illustrated in
Figures 4 through 7, this should be done regardless of the
synthetic procedures employed.

Plots such as those presented in Figures 4 through 7
often prove to be the best means available, when stream-
flow data are lacking, for predicting lag time and peak
discharge. It is apparent, however, that error also can
be encountered in the use of these plots, for example,
congider Figure 7. The correlation coefficient for this

plot is 0.95. A correlation coefficient of one implies a
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Fig. 12. Comparison of synthetic unit hydrograph techniques,
computed using an observed lag time, to an average
unit hydrograph computed from actual data for basin D.
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computed using an observed lag time, to an average
unit hydrograph computed from actual data for basin J.
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perfect fit while zero indicates no correlation. Conse-
quently, a correlation coefficient of 0.95 is a reasonably
"good fit." However, this 'best fit" line has a standard
error of estimate of 0.66 hr; thus, errors may arise in
its use. The standard error of estimate may be inter-
preted as follows, I1f the sample size is large enough,
68, 95, and 99.7 per cent of the sample points will fall
within one, two, and three standard errors, respectively.
For purposes of illustrating the ervor that might be eu-
countered in the use of Figure 7 consider the mean lag
time for all 13 basins (3.12 hr). If the physical charac~
teristics of a basin are such that Figure 7 indicates a
lag time of 3.12 hr while the actual lag time for the
basin is one standard error away from this value, then a
21 per cent error is involved in the estimate of the lag
time. Since the peak discharge is inversely proportional
to the lag time, see Equation (2), this error also will be
incorporated into the estimate of peak discharge.

i1t was stated, previously, that the S8CS and Snyder
techniques are, on the average, compatible. However, the
TWC method does not give consistently good results. In
fact, it consiétently gave poor results for the cases
studied. It was anticipated that the TWC method might
prove the most successful of the techmiques, since it was

recently developed and the set of Equations (6) through




44

(10) were derived specifically for the region of this
study, However, even when observed lag time was utilized,
the peak values were still in coﬁsiderable erroc, In
Figure 11, the peak was under-estimated by 35 per cent
while in Figures 12 and 13 the peak was over-estimated by
33 and 50 per cent, respectively.

Previous investigators, such as Morgan and Johnson

(25, p. 17), Hickok, Keppel, and Rafferty (13, p. 610),
and others, have indicated that the lag time is the major
determinant of the shape of the unit hydrograph. This was
also found to be true in the present study. Satisfactory
unit hydrographs were reproduced by the SCS and Snyder
methods when observed lag times were used, However, there
is something basically lacking in the TWC set of equa-
tions. Three possibilities are:

1. The equations do not express the true physical
relationship between the hydrograph parameters
and the basin characteristics, even though they
may reproduce the unit hydrographs satisfac-
torily for the basins from which they were
derived.

2. The equations are based on an analysis of an
insufficient number and type of watersheds.

3. Appreciable errors are made in the analyses of

the unit hydrograph data used in the correlation.
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Success of Curve Fitting

The ''goodness-of-fit' of the Pearson type II1 func-
tion to the seven unit hydrograph points computed by
Snyder and TWC methods was excellent in all cases studied.
A total of 12 "fits' were made--six using the Snyder tech-
nique and six using the TWC technique. 1In all cases the
correlation coefficient did not fall below 0,995 and the
per cent standard error> was never greater than 3,5 per
cent. The 'goodness-of-fit" appeared to be slightly
better for the shallow accession hydrographs, although the
fit was excellent in all cases.

' The 'goodness-of-fit'" of the seven points appears
quite adequate; however, the question of how well the
mathematical expression describes the actual unit hydro-
graph must be examined also. The best way to do this is
to examine cases in which both the peak and lag determined
from the synthetic procedure are approximately equal to
the observed lag and péak. The hydrographs computed by
Snyder 's method in Figures 10, 12, and 13 approximate this
situation. It appears that a slightly modified position—
Ing of the widths at 50 and 75 per cent peak flow could

improve the reproduction. Nevertheless, the variations

5Per cent standard error has been defined as the
standard error of estimate divided by the unit hydrograph
peak discharge. ‘
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from the actual unit hydrographs are not large. Addi-
tional cases should be studied to determine if the Pearson
type III function will always give an adequate reproduc-

tion of the unit hydrograph, or if some other mathematical

function might give better results.

Dimensionless Hydrographs

The average dimens}onless unit hydrographs for basins
Y, D, and J based on observed data are presented in Figure
14. 1In addition, peak values for the dimensionless hydro-
graphs for all basins considered in this study are pre-
sented in Table 3, It is interesting to note that the peak
values cluster around a mean peak of 0.82, if points 2, 4,
7, and 8 are ignored. The remaining nine peak values fall
within + 17 per cent of the mean peak (0.82).

The agreement of the dimensionless hydrographs for
bagins J and Y is remarkable. The lower peak value for
the dimensionless hydrograph for basin D might be attri-
buted to a change in watershed regime. The data used in
this study for watershed D were taken in the late 1950's,
while the data used for basins J and Y were taken in the
late 1930's. The Brushy Creek watershed experienced a
rather marked vegetation change from 1940 to the late
1950's. During the 1950's a large portion of the water-

shed was converted into grassland and placed under the
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Soil Bank Program. Also, a better erosion program has
been maintained in the later years. These changes could
account for the lower dimensionless unit hydrograph peak

for watershed D.
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CHAPTER 1V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions are inferred from this

1.

The Sherman and Mayer technique (28) appears to
be the only practical method available for de-
termining the temporal distribution of infiltra-
tion capacity from rainfall-runoff data for
basins 1arger.than 1 miz.

On the average, the SCS method and the Snyder
method, when used in conjunction with the Pearson
type III function, give comparable results.

The TWC technique consistently gave poor results.
If the lag time is estimated correctly, the
Snyder and SCS methods will describe the unit
hydrograph satisfactorily. Therefore, lag time
appears to be the key hydrograph parameter.

The "goodness-of-fit" of the Pearson type III
function to the seven unit-hydrograph points
computed by the Snyder and TWC method is excel-
lent,

The Pearson type III function, when fitted to

49
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the seven unit-hydrograph points, satisfactorily
describes the shape of the unit hydrograph for
the cases of this study.

7. On the basis of the preceding two conclusions,
it can be further concluded that the Pearson
type III1 function might be used for fitting ob-
served data when few data points are available.

8. The procedure presented 1n Appendix B works
quite well for fitting a mathematical function,
such as the Pearson type II1 function, to unit-
hydrograph data.

9, There is considerable similarity between the

dimensionless unit hydrographs of the region.

Recommendations

Some areas, suggested by this study, for further

research are:
1. Work is needed on estimating the temporal dis-

tribution of infiltration capacity from rainfall-
2

runcff data for basins from 1 to perhaps 25 mi
2. Since lag time is a key determinant of hydro-
graph shape, more work is needed on the subject
of lag relationships.
3. More cases should be studied to determine if

the Pearson type III function will continue to
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glve an adequate reproduction of the unit hydro-
graph, or if some other mathematical function

might give better results,



APPENDIX A

THE SHERMAN AND MAYER INFILTRATION
ANALYSTS TECHNIQUE

Escott has derived an equation that can be used to
describe the infiltration capacity curve obtained by the
Sherman and Mayer (28, p. 667) technique, By proper manip-

ulation, the equation presented by Escott can be written

in the following form:

£, = £, * 155 expl(T, - T/C)T , (13)

where £ is the infiltratlon capacity, in in./hr, at
time T; £, 1is the ultimate infiltration capacity in

in. /hr; T, 1is the time, in hr, at which the infiltration
capacity reaches ultimate; and C, 1is given by

(fay - £4)

C, = — , (14)
b .

where £, is the avefage infiltration capacity in in./hr,
The first approximation for fav is determined by sub-
tracting the total runoff from the total rainfall and
dividing this quantity by the effective duration of the
storm. The effective duration of the storm in hours, T

E!
is determined subjectively by subtracting light rainfall
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perlods (or periods in which rainfall intensities are

guspected to be less than the infiltration curve) at the

beginning or ending of the storm from the total duration

of the storm. The computer program, which is written in

Fortran IV language and follows this Appendix, adjusts

fav to yield the observed runoff volume.

T, may be expressed as

106TE(fav - fu)

Ty = O logle ramp (T 7c) T -

(15)

An example of an infiltration capacity curve described by

the Sherman and Mayer technique is presented in Figure 3,

Chapter 1I.
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APPENDIX B

A LEAST-SQUARES TECHNIQUE rOR FITTING HYDROGRAPH
DATA TO A MATHEMATICAL FUNCTION

The standard procedure for using the method of least
squares, in which non-linear normal equations arise, de-
pends upon a reduction of the residuals to a linear form
by a first order Taylor series approximation, which is
taken about an initial or trial solution for the param-
eters (Levenberg, 18).

To illustrate the procedure, a technique will be
developed for fitting the Pearson type 111 function to
the seven points furnished by the Snyder method, or a
method analogous to Snyder's. However, the procedure is
the same for any function which leads to non-linear normal
equations and for varylng quantities of data. It is
assumed that the reader is familiar with the conventional
least squares procedure.

The Pearson type II1 function was described in Chap-
ter I1. This function was defined mathematically as

-(T - )

Q= QP(T/Pr)rexP["“—'jy————] . (5)

The approximation to Equation (5) resulting from a first-
order, multiple Taylor series expansion around trial

values for the parameters, r and c, is given by
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Q= @y ¢ &Y. @-xy) + @D, (ecy) , (16)

O’c osc

where ( )r o Indicates that the quantity in parenthe-
0’7o

sis 1s evaluated with the parameters set equal to the trial

parameters, r and Cy- Terms of a higher order have

been ignored.

Let

dl =r-x,,
and

d2 =c-c, .
Denote

q =83,
and

w =%

@y o =Q »

—~
L
H -
S
L
Lz

1]
2]
o

and

L2
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Equation (16) now can be written in a simplified form as

Q Qo * éodl * QéodZ . . (17)

Thus, Equation (5) can be approximated by a linear combi-

nation in Qg, and Qéo‘ The problem is now one

I
ro’
of minimizing

: ( ')2
S = 1 -
o 1T Y

or

45}
|

= i’El(Qn‘ Q= o1t~ QUoidp)” (18)
where the Q; points are obtained from the Snyder equa-
tions. The summation indices will not be carried beyond
Equation (18). However, all indicated terms and subse-
quent products of these terms must be summed with {1
ranging from one to seven.

From the calculus, it can be shown that S will be

a minimum when the partial derivatives of S with respect

to dl and d2 are zero. The resulting two equations are

Sél B Z(Q7_ Qou Qéodl- Qéodz)(‘QQo) =0 (19)
- and
"y = 2277 Qp- Qlodi- Q1udp)(-0)y) = 0 (20)
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Equations (19) and (20) can be rearranged to give
4 7(Q))% + dym(QU QL) = E(Q,- Q)Q) (21)
and
d12Q1,Q%,) * d,7(Ql )% = 2(Q;- Q' - (22)

Values for d1 and d2 can be obtained by simultaneous
solution of Equations (21) and (22).

The procedure is as follows:

1. Select initial values for r and c. These
values should be chosen judiciously, if the
process is to converge. In all cases, it was
found that initial values of 9.0 for r and
0.1 P. for ¢ were sufficient.

2. Solve for d; and d,.

3. As polnted out by Hartley (12, p. 271), the
magnitude of the corrections of the initial
trial values of the parameterxs to obtain the
next trial values is proportional to the d's.
Also, the sign of the correction will be given
by the sign of the d's. This can be expressed

mathematically as

rc = rl + vdl (23)
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and

c® = ¢ + vd2 s | (24)

where the superscripts indicate the triail number
and v takes on a value from zero to one.
Levenberg (18) pointed out that when v 1is
equal to one, the technique frequently will
diverge becauée of over correction. Hartley
(12) has proposed a sophisticated procedure for
determining the v for each iteration so that
Equation (18) is minimized, However, in al1l
cases, a value for v of 0.4 was found to work
sufficiently well,

4. The process is repeated until there 1s no sig-
nificant change in the parameters (r and c).

Obtaining 1 in, volume of runoff for the unit hydro-

graph. The problem of obtaining exactly 1 in. volume of

runoff under the curve of the unit hydrograph, -erinv i

th

- - - - -A.. i - . - - P TTONE -
eTa-lfta . = mrma e b LL. e &LluL Ll B
= -

PERT . PETTIULLEILY Whel TLe proceds 38 L o rurrooe o
c [
by electronic computation. Two possible approaches to th

problem will be discussed briefly in the following para-

graphs.
First, the least-squares procedure can be modified

to determine the regression constants, r and ¢, such




that the area under the curve is restrained to be 1 in.

However, it was found in this study that the '"goodness-of-
fit" was reduced by such an approach. The second approach
is to distribute the required area over some portion of
the hydrograph, The latter approach has been used in this
study. This study utilized the generally accepted prac-
tice of adjusting the recession portion of the unit nydro-
graph to give the needed 1 in. Adjustment was made from
the time when the discharge equals 75 per cent of peak
discharge on the recession side to the end of the runoff
period, The manner in which the adjustment was made is

illustrated by Figure 15, T and TO are the times at

75
75 per cent peak discharge and assumed zero discharge,
respectively. Q, is the discharge amcount that must be
added to the already existing discharge values between

Tog and Ty to ensure the needed 1 in. A, 1s the total
area to be added, The amount of addition required was
generally less than 0.1 in., In this discussion, no men-
tion has been made of a possible subtraction. 1In all
cases considered in this study, it was found that an addi-
tion of area was required. However, the same procedure
would be used for a subtraction,

The proportional amounts for Al and A2 are

selected to give the smoothest curve. For this study, it




{cts)

Q
A

Fig. 15.

To

T (hr)

Pictorial representation ot the area added to the
unit hydrograph recession in order to ensure a

volume of one inch.
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was found that Al and A2 values of 0.3AA and 0.7AA,
respectively, gave satisfactory results.,

The Fortran IV computer program, which utilizes the
procedure outlined in this Appendix for fitting a mathe-

matical function to hydrograph data is presented on the

following pages.
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