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INTRODUCTION

Wisler and Brater (59, p. 3) define hydrology as '"The science that
deals with the processes governing the depletion and replenishment of the
waters of the land areas of the earth." It is concerned with the trans-
portation of the water through the air, over the ground surface and
through the strata of the earth.

The manner in which water passes to a stream channel goverus its
terminology. The accepted components of stream-flow are interflow,
ground water, channel precipitation and surface runoff. Of primary im-
portance in this study is surface runoff or water which passes to a
stream channel by traveling over the soil surface. It has as its origin,
water arising from melting snow or ice, or rainfall which falls at rates
in excess of the soil infiltration capacity.

The majority of work completed concerning the phenomena of surface
runoff has been directed in two distinct area groups; those hydrologic
studies conducted by engineers and applied to large basins varying in
size from a hundred to several thousand square miles, and those conducted
by agricultural engineers and applied to small areas of a hundredth-acre
to a few acres. Work on the larger areas has been initiated largely by
the United States Corps of Engineers and the Bureau of Reclamation for
construction of large hydraulic structures. In contrast, agricultural
research has investigated erosion, water yield and rates of surface run-
off from small-sized plots having varied physical and cultural treatments.
The number of hydrologic investigations on watersheds of intermediate size

is relatively very small.



Engineers require for design purposes a knowledge of the time-
rate distribution of surface-runoff volumes. This distribution is
depicted graphically by the hydrograph as a continuous plot of the instan-
taneous discharge rate with time. The design of small hydraulic
structures as road culverts and chutes, water-conveyance channels, de-
tention structures, weirs, spillways, drop inlets and others, as recom-
mended for use for either comnveyance, control c¢r conservation of surface
runoff by the Bureau of Public Roads and the Soil Conservation Service,
depend largely on the discharge-time relationships resulting from
intense rains occurring on basins of only a few square miles area.

In many areas of the country for which rainfall records are avail-
able there is a definite lack of stream-gaging stations in operationm.
For these ungaged areas, the surface-runoff hydrograph for a given storm
may be approximated by two techniques:

1. Use of a recorded hydrograpnh from a like storm obtained from a

physically similar area, or

2. Use of a synthetic hydrograph.

The success of method one is limited by the degree of similarity between
the significant runoff-producing characteristics of the watersheds in-
volved. If they are not closely alike, an erroneous approximation of

the true hydrograph may result. The latter method is limited by the
reliability of the synthetic technique applied, Yhich in many cases will
have been developed from empirical data collected from large areas located
in a different region.

Further hydrologic investigations on watersheds of intermediate size



can be easily justified in view of the high expenditures of state and
federal funds annually invested for the control and conservation of
surface runoff, and the relative inadequacy of the data on which the
designs of the facilities are based. The application of economic princi-
ples at the watershed level requires that damages and benefits arising
from structural and conservation programs be associated with individuel
sub-units or sub-basins within a large .area. For example, the relative
proportion of offsite damages attributable to a given area due to flood-
ing downstream should be prorated according to the contribution of this
area to the flooding process. Obviously, such an estimate can be made
properly only after the runoff characteristics of the area are known.

The following dissertation describes a procedure whereby the unit
hydrograph of surface runoff for small watershed areas may be synthesized.
It presents the methodology and necessary relationships to perform this
approximation once the pertinent physical characteristics of the water-

shed are determined.



REVIEW OF LITERATURE
Surface Runoff Phenomena

Depending upon the rate at which rain falls, the water may either
infiltrate into the soil or accumulate and flow from the area as surface
runoff. If the rainfall intensity, neglecting interception and evapora-
ticn losses, is less than the infiltration capacity, all the water will
enter the soil profiie. 1In the other case, when the rainfall intensity
is in excess of the soil infiltration capacity, a sequence of events
occurs which ultimately produces surface runoff.

Excess water produced by a high intensity rain must first satisfy
soil and vegetal storage, detention and interception requirements. When
the surface depressions are filled, the surface water then begins to move
down the slopes in thin films and tiny streams. At this stage, the over-
land flow is influenced greatly by surface tension and fr}ction forces.
As described by Horton (21) in Figure l; as precipitation continues, the
depth of surface detention increases and is distributed according to the
distance from the outlet. With the increase in depth or vclume of supply,
there is a corresponding increase in the rate of discharge. Therefore,

the rate of outflow is a function of the depth of water detained over the

The paths of the small streams are tortuous in nature and every
small obstruction causes a delay until sufficient head is built up to
overcome this resistance (23). Upon its release, the stream is suddenly

speeded on its way again. Each time there is a merging of two or more



stresms the water is accelerated further in its downhill path. It is
the culmination of all these small contributions which produces the
ultimate hydrograph of surface runoff. After the excess rain ends, the
water remaining on the area as surface deteqtion disappears progressive-
ly from the watershed as a result of the ccmbined action of surface

runoff and infiliration.
The Hydrograph

A hydrograph of a stream is the graphical representation of the
instantaneous rate of discharge with time. It includes the integrated
contributions from ground-water, interflow, surface-runoff, and channei-
precipitation sources. For any stream, the nature of the hydrograpi
produced by a single, short-duration, excessive storm occurring over the
drainage area follows a general pattern. This pattern shows a period of
rise or a period of increasing discharge which culminates in a peak or
crest followed by a recession of flow which may or may not recede to zero
depending on the amount of ground-water flow. A typical hydrograph
divided into its three principal parts is shown in Figure 7., For small
watershed areae, the total contribution to the runoff hydrograph by
ground-water flow, channel precipitation and interflow is usually small
in comparison to the amount received from surface runoff. For this
reason, the ensuing discussions will be directed toward hydrographs re-
sulting mainly from surface runoff with small amounts of channel precipi-

tation.



Figure 1. Surface runoff phenomena

Figure 2. Component parts of a hydrograph
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Rising limb or concentration curve

The rising limb extends from the time of beginning of surface runoff
to the first inflection point and represents the increase in discharge
produced by an increase in storage or detention on the watershed. Its
geometry is characterized by the distribution of the time-area histogram
of the basin and the duraticn, intensity, and uniformity of the rain.

The initial portion is concave upwards as a result of two factors; the
greater concentration of area between adjacent isochrones within the

middle and upper reaches of the basin and the greater opportunity for
infiltration, evaporation, surface detention, and Interception during

the initial periods of the storm (32, p. 350).

Crest segment

The crest segment includes that part of the hydrograph from the in~
flection point on the rising limb to a corresponding point on the reces-
sion limb. The peak of the hydrograph or the maximum instantaneous
discharge rate occurs within this time interval. The peak represents the
arrival of flow from that portion of the basin receiving the highest
concentration of area-inches of runoff. Ramser (41, p. 799) states,

The maximum rate of runoff from any watershed area for a

given intensity rainfall occurs when all parts of the area

are contributing to flow. That part of the watershed

nearest the outlet must still be contributing to the flow

when the water from the most remote point on the watershed

reaches the outlet,

That is, the duration of rain must be equal to or exceed the time of con-

centration.



Recession limb

‘The recession limb includes the remaining part of the hydrograph.
1t represents the withdrawal of water from storage after all the excess
rainfall has ceased. Consequently, it may be considered as the natural
decrease in the rate of discharge due to the draining-off process. The
shape of the curve is independent of time variations in rainfall or in-
filtration and is dependent essentially upon the physical features of the
channel alone. Horner and Flynt (19) and Barnes (4) have listed mathe-
matical expressions describing the recession limb. The general equation

is of the form

At
Q¢ = 9K (1)
where q; = instantaneous discharge at time, t,
qo = instantaneous discharge at time, to»
k = recession constant, and
At = elapsed time interval, t - t,.

This equation produces a straight line when plotted on semi-logarithmic
paper. The value of the recession constant, k; is generally not constant
throughout all discharge rates. Frequently, the recession curve is
broken to a series of line segments to obtain several values of k with

each value applicable within a given range of flows.

Topographic Factors and the Hydrograph

The surface-runoff hydrograph for a watershed represents the inte-

grated effect of all the basin physical characteristics and their
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modifying influence on the translation and storage of a rainfall-excess
volume. The factors which are involved are numerous, some having a major
bearing on the phencmena whereas othiers are of negligible consequence.
Sherman (&44) suggests the dominant factors are:

1. Drainage-area size and shape,

2. Distribution of the watercourses,

3. Slope of the valley sides or general land slope,

4. Slope of the main stream, and

3. Pondage due to surface or channel obstructions forming natural

detention reservoirs.

Drainage-area size and shape

The major influence of increasing drainage-area size on the
geometry of the surface-runoff hydrograph is the lengthening of the time-
base of the hydrograph (59, p. 42). 1t follows therefrom that for a
given rainfall excess, the peak ordinate when expressed in units of cfs
per square mile will likewise decrease with area.

Drainage-area shape is instrumental in governing the rate at which
water is supplied to the main stream as it proceeds to the outlet (59, p.
44). It is, therefore, a significant feature which influences the period
of rise. For example, a semi-circular basin in which the flow converges
from all points to the outlet will define a hydrograph with a shorter
time to peak than one produced on a long narrow basin of equal area.

Langbein and others (30, p. 133) summarize the effect as follows,

A drainage basin whose drainage tributaries are compactly
organized so that water from all parts of the basin has a
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comparatively short distance to travel will discharge its

runoff more quickly and reach greater £flood crests than

one in which the larger part of the basin is remote from

the outlet.

Although drainage areas can adopt a multiplicity of shapes, they are
generally ovoid- or pear-shaped. Dooge (12, p. 57) found that unless the

shape of a watershed deviated appreciably from generally-ovoid, the

geometry of the hydrograph remained relatively constant.

Distribution of water courses

The pattern and arrangement of the natural stream channels determine
the efficiency of the drainage system. Other factors being constant, the
time required for water to flow a given distance is directly proportional
to the length. Since a well-defined system reduces the distance water
must move in overland flow, the corresponding reduction in time involved
is reflected by an outflow hydrograph having a short, pronounced con-

centration of runoff.

Slope of main stream

After reaching the main drainageway, the time necessary for a flood
wave to pass the outlet is directly related to the length of traverse and
the slope of the waterway. The velocity of flow of water, v, in an open-

channel may be expressed in the general form

v = AR® s (2)

where A = constant depending on the roughness of the channel,

R = hydraulic radius,
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S¢c = channel slope, and

m, n = exponents.

1t follows from Equation 2 that the time, t, required for a particle of
water to move a given distance, 1, is inversely related to some power of
the slope value. According to Manning, the values of the exponents are
respectively, m = 2/3 and n = 1/2. Dooge (12, p. 95) shows that in loose
boundary hydraulics, however, roughness and slope are not independent and
the velocity relationship depends on the size of the bed material. He
indicates for a channel in equilibrium the travel time varies inversely
with the cube root of the channel slope.

The influence of channel slope is reflected in the time elements of
the hydrograph. Since the recession limb represents the withdrawal of
water from channel storage, the effect of chanunel slope should be
influential in that portion of the hydrograph. Correspondinély, with
increased channel slope, the slope of the recession 1limb increases and

the base time of the hydrograph decreases.

Slope of valley sides or general land slope

The general land slope has a complex relationship to the surface
runoff phenomena arising from its influence on infiltration, soil mois-
ture content, and vegetative growth. The influence of land slope on
hydrograph shape is manifested in the time of concentration of the runoff
volumes to defined stream channels. On large watershed areas, the time
involved in overland flow is small in comparison with the time of flow in

the stream channel. Conversely, on smaller areas the overland £flow
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regime exerts a dominating effect on the time relationships and the peak
of the hydrograph (11).

The velocity of overland flow is not readily computed because of the
variations in types of flow that may exist along the paths of transit,
Overland flow may range from purely laminar for slight detention depths
to purely turbulent over smooth slopes. Horton (22, 23) describes an
additional type of flow, subdivided flow, in which flow is subdivided by
grass or vegetal matter as to produce a condition where the velocity is
practically uniform over the depth of flow and resistance is very great.

Theoretical and empirical considerations of the overland flow regime

were expressed by Butler (8, p. 316) in the following relationship

q = ayP 51° (3)

where q = rate of outflow per unit width,
y = average depth of surface storage,
S; = land slope, and
a,b,c = coefficient and exponents which vary with Reyqold's number,
raindrop impact and roughness.
Equation 3 indicates that the effect of land slope is similar to that of

channel slope. With increasing land slope the time elements of the hydro-

graph decrease.

Pondage or storage

Since storage must first be filled, then emptied, its delaying and

modifying effect on the excess precipitation volumes is instrumental in
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determining hydrograph shape. Much of the variation caused by differ-
ences in sub-intensity patterns and areal distribution of a rain, and by
differences in travel-times of the sub-basins as a result of their
positioning from the outlet is evened out.

Storage effects exist in both overland and channel flow. Sherman
(45) summarizes the effect on the unit graph of storage arising from dif-
ferences in topography as follows,

Topography with steep slopes and few pondage pockets éives

a uvnit graph with a high sharp peak and short time period.

A flat country with large pondage pockets gives a graph

with a flat rounded peak and a long time period.

Buring its passage through a watercourse, a flood wave may be considered
to undergo a simple translation (uniformly progressive flow) and
reservoir or pondage action (29, p. 562)., The extent of modification of
the flood wave can be ascertained by employing flood routing procedures
if the flow characteristics and the geometrical properties of the stream
channel are known. 1In general, storage causes a decrease in the peak
discharge and a lengthening of the time base of the hydrograph.

The foregoing discussion considers only the generalized influences
of topographic factors on hydrograph shape. It is impossible within the
bounds of this study to cover the influence of each individual factor in
detail. Each effect may be obscured by another. The final hydrograph

will depend on the cumulative effect of all the factors as they act alone

or in combination with others.
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Unit Hydrograph

In 1932, L. K. Sherman (45) advanced the theory of the unit hydro-
graph or unit graph, now recognized as one of the most important
contributions to hydrology related to the surface runoff phenomena. A
unit hydrcgraph is a discharge hydrograph resulting from “one~inch" of
direct runoff generated uniformly over the tributary area at a uniform
rate during a specified period of time.

The theory is based in principle on the criteria (26, p. 137):

1. For a given watershed, runoff-producing storms of equal duration
will produce surface runoff hydrographs with equivalent time
bases, regardless of the intensity of the rain,

2. TFor a given watershed, the magnitude of the ordinates represent-
ing the instantaneous discharge from an area will be proportion-
al to the volumes of surface runoff produced by storms of equal
duration, and

3. TFor a given watershed, the time distribution of runoff from a
given storm period is independent of precipitation from ante-
cedent or subsequent storm periods.

Obviously, critérion one cannot be exactly correct because the
effect of channel storage will vary with stage. However, since reces-
sions approach zero asymptotically, a practical compromise is possible
without excessive error (32, p. 445). 1In addition, the effective gradi-
ent and the resistance to flow change with the magnitude of the flood
wave. Thus, hydrographs resulting from excessive rains of equal duration

but of different intensities would be expected to show minor variatioms
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in their time elements.

Sherman (43) confirmed the hypothesis regarding the proportionality
of ordinates provided that the selected time unit is less than the mini-
mum concentration period., This was accomplished by reducing the
quantitative phenomena of rainfall, loss, pondage, and runoff to a purely
hydraulics problem that could be solved by well-known and accepted
hydraulic formuiae.

With respect to criterion three, antecedent precipitation is
important to the runroff pnenomena primarily because of its effect on the
soil infiltration capacity and the resultant total volume of runoff oc-
curring from a given storm,

The unit-graph theory has been accepted generally by most hydrolo-
gists. 1Its use as a hydrologic tool is perhaps best summarized by
Mitchell (34, p. 14),

There has been developed no rigorous theory by which the unit-

hydrograph relationships may be proven. However, the results

which have been obtained by a judicious application of the
relationship have been so predominately satisfactory that

there can be no doubt that it is indeed, a tool of considerable

value for resolving to scme extent the complex relations of
rainfall and runoff and for advancing the science of hydrology.

Unit-storm and unit-hydrograph duration

Theoretically, an infinice number of unit hydrographs are possible
for a given basin because of the effects of rainfall duration and distri-
bution. It is necessary for practical considerations, however, to know
the tolerance or range of unit-storm periods within which a given unit

graph is applicable. This information is required for the synthesis of a
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hydrograph for a storm of long duration and the development of a repre-
sentative unit graph for an area.

Several investigators have expressed different opinions, based on
experience, regarding the critical rainfall duration for a given basin.
Wisler and Brater (59, p. 38) employ a unit storm defined as, "A storm of
such duration that the period of surface runoff is not appreciably less
for any storm of shorter duration.' The authors found that an appropri-
ate duration of the unit storm varies with characteristics of the basin.
For small watersheds (areas less than ten square miles), unit hydrographs
result from short, isolated storms whose durations are less than the
period of rise. For larger watersheds, however, the unit-storm duration
may be less than the period of rise, possibly no more than half as long
(59, p. 309). They recommend that in applying the distribution graph
(see footnote p. 44) to a given storm sequence on small watersheds,

The volume of rainfall excess may be converted to runoff by

means of a single application of the distribution graph, if

its duration is no longer than the period of rise. The

graph resulting from a longer rain must be derived by

successive applications of the distribution graph to unit

durations of rainfall excess.

For the larger areas they conclude,

The distribution graph is not a sufficiently precise tool to

be sensitive to differences in duration of rainfall excess

that are small compared with the period of rise . . . . It

will require further research before enough experimental evi-

dence is available to establish the nature of the variation

for small changes iu duration,

The more common principle is to associate the unit graph with the

storm from which it was produced. For example, for a given area there

may be a two-hour unit graph or a six-hour unit graph depending on
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whether the unit-storm duration was either two hours or six hours,
respectively, provided that the time of concentration of the basin had
not been exceeded. Unit graphs for various storm durations can be
developed from one of known duration using the S-curve technique as out-
lined by Linsley, et al. (32, p. 451 £f£.).

The selection of a proper time period for unit hydrographs is
important. Sherman (46, p. 524) suggests the following criteria to be
used in its selection,

For areas over 1000 square miles use 12-hour units in

preference to 24 hours. For areas between 100 and 1000 square

miles use units of 6, 8 or 12 hours. For areas of 20 square

miles use 2 hours. For smaller areas use a time unit of

about one-third or one-fourth of the approximate concentra-

tion time of the basin.

Mitchell (34, p. 30) recommends that the storm duration or unit-
hydrograph duration which is most convenient for use on any basin is
about 20 percent of the time between the occurrence of a short storm of
high intensity and the occurrence of peak discharge. He relates (34, p.
35),

The effect upon the unit hydrograph becomes significant only

when there is substantial variation between the unit-

hydrograph duration and the storm duration . . . . It is

usually permissible to allow the storm duration to vary be-

tween 50 per cent and 200 per cent of the unit-hydrograph

duration before any correction factor for this effect will
become necessary.

Linsley, et al. (33, p. 195) cite that in practical applications,
experience has shown that the time unit employed should approximate one-
fourth the basin lag time (time from the center of mass of effective
srecipitation to the peak of the unit graph). They suggested that the

effect of small differences in storm duration is not large and that a
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tolerance of +25 percent from the adopted unit-hydrograph duration is
acceptable,

Yet another criterion is adopted by the Corps of Engineers (56, p.
8). They found that for drainage areas of less than 100 square miles,
values of the unit-storm duration equal to about one-half the basin lag

time appears to be satisfactory.

Mathematical interpretation of the unit hydrograph

Among the most recent contributions to the field of hydrclogy has
been the development of theoretical expressions which define the geometry
of the unit graph. Two such mathematical expressions have been proposed,
one by Edson (13) end the other by Nash (38). Since these results
occupy an important role in the current study, the complete derivation
given by cach author is listed in Appendix B. Although the resultant
Equations 30h and 31f, Appendix B, were founded on different underlying

assumptions, both may be reduced to the common form

o V()P -t g-1 4
= A ¢ f )

where Qp instantaneous ordinate of the unit graph at time t,
V = volume,

o = parameter having the dimensions of time,

B = dimensionless parameter,

e = base of the natural lcgarithms, and

/7= gamma function (see pp. 115, 116).

The result is especially applicable to the formulation of a synthetic
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procedure. Foremost, for this purpose, it offers the investigator a
useful tool whereby a solution can be obtained in logical sequence from
reason to result. Edson explains that the general failure encountered

in correlating physical characteristics of the basin and the hydrograph
properties, peak discharge and period of rise may be attributed to the
fact that the functional relationships between this latter set of factors
and the parameters o and R are sufficiently complex to restrict a
satisfactory tie~-in.

In addition, the use of the two-parameter equation enables the
description of the complete unit graph once the relationships between the
physical characteristics and the parameters of and B have been established.
Thus, the necessity for single point correlations, as used almost exclu-
sively in the past, can be eliminated. The application of the

continuous curve is advantageous to practically all hydrologic problems.

Distribution Graph

As an outgrowth of the unit-hydrograph principle, Bernard (5) con-
ceived the concept of the distribution graph. A distribution graph is a
unit hydrograph of surface runoff modified to show the proportional re-
lation of its ordinates expressed as percentages of the total surface-
runoff volume. In accordance with the unit-hydrograph principle, if the
base time of the unit hydrograph is divided into any given number of
equal-time increments, the percentage of the total volume of flow that
cccurs during a given time interval will be approximately the same,

regardless of the magnitude of total runcff.
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Since the area under each distribution graph is equal to 100 percent,
differences in the runoff characteristics between watersheds are reflected
in the respective shapes of their distribution graphs. The distribution
graph is used in preference to the unit graph when hydrograph character-

istics from areas of different size are compared.
Synthetic Unit Hydrographs

Numerous procedures have been derived whereby the unit hydrograph
for an ungaged area can be constructed. Each procedure, however, differs
somewhat from another either in the relationships established or the
methodology employed. The ensuing discussions are confined to a brief
summary of the more pertinent synthetic techniques published in the liter-

ature,

Snyder

Snyder (48), in 1938, was the first hydrologist to establish a set
of formulas relating the physical geometry of the basin and properties of
the resulting hydrograph. 1In a study of watercheds located mainly in the
Appalachian highlands, which varied in size from 10-10,000 square miles,
he found that three points of the unit hydrograph could be defined by the

following expressionsl.

0.3
ty, = Ct (LLca) (5a)

11n order to be cousistent, the symbols have been changed from those
appearing in the original articles to conform to the designations employed
throughout the thesis.
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where tp is the basin lag (time difference in hours between the centroid
of rainfall and centroid of runoff), L is the length of the main stream in
miles from the outlet to divide and L., is the distance in miles from the
outlet to a point on the stream nearest the center of area of t

shed. For the watersheds studied, the coefficient C, varied from 1.8-2,2,
Qp = (640 C A)/ty, (5b)

where Qp is the peak discharge of the unit hydrograph in cfs and A is
the drainage area in square miles. The coefficient, Cp, ranged in mag-

nitude from 0.56-0.69.
Tg = 3 + 3 (ty/24) (5¢)

where Tp is the length of the base of the unit hydrograph in days.
Equations 5a, 5b and 5¢ define points of the unit hydrograph result-

ing from a rain of duration, ty = tL/S.S. For storms of different

rainfall duratioms, tp, an adjusted form of lag, tiR> determined by the

equation
tig = tL + (tp-tp)/4 (5d)

must be substituted in Equation 5b and 5c.

Once the three quantities, tj, Qp and Tp are known, the unit hydro-
graph can be sketched. It is constructed so that the area under the
curve represents a one~inch volume of direct runoff accruing from the
watershed. As an aid to this sketching process, the Corps of Engineers

{56) have developed a relation between the peak discharge and the width
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of the unit hydrograph at values of 50 percent and 75 percent of the peak
ordinate.

A study similar to that of Snyder's was conducted by Taylor and
Schwarz (52) on 20 watersheds located in the Atlantic States, varying in
size from 20-1,600 square miles. Probably the most significant differ-
ence in the relationships found for lag and peak discharge was the

inclusion of a weighted slope term.
Commons

In 1942, Commons (l0) suggested that a dimensionless hydrograph, the
so-called basic hydrograph, would give a generally acceptable approxima-
tion of the flood hydrograph on any basin. This hydrograph was developed
from flood hydrographs in Texas, It is divided so that the base time is
expressed as 100 units, the peak discharge as 60 units, and the area as a
constant 1,196.5 units.

The absolute values for a hydrograph are established once the volume
of runoff and peak discharge are known. The volume in second-foot-days
is divided by 1,126.5 to establish the value of each square unit.
Dividing the peak flow by 60 gives the value of one unit of flow in cfs.
The magnitude of one time unit is then computed by dividing the value of
the square unii by that of the flow unit. Finally, the hydrograph is
synthesized by converting the listed values of the basic graph to abso-

lute time and discharge readings according to the calculated conversions.



24

Soil Conservation Service (SCS)

The method of hydrograph synthesis used by the SCS employs an aver-
age dimensionless hydrograph developed from an analysis of a large number
of natural unit hydrographs for watersheds varying widely in size and
geographical location (55, pp. 3.1l6-4£ff). This diwnensionless hydrograph
has its ordinate values expressed as the dimensionless ratio, Qt/Qp’ and
its abscissa values as the dimensionless ratio, t/PgR. Q¢ is the discharge
at any time, t, and Pp is the period of rise. For a given watershed,
once the values of Qp and Pp are defined, the unit hydrograph can be con-

structed. The following expressions are given for this purpose.
Qp = (484 Av)/Pg (6a)

where V is the volume of runoff in inches, which for a unit hydrograph is
unity. With A expressed in square miles, V in inches and PR in hours,
the units of Qp are cubic feet per second. Py is determined from the
expression

Pp = tg/2 + t . (6b)

The lag, tj, can be estimated in two ways, either by the expression

Ay Vx T
tL - Phip S X X (BC)
TA, Vg
where Ay and Vy are respectively the area and depth of runoff of subarea

x, and Ty is the time required for water to travel from the centroid of

the subarea to the basin outlet, or by the expression

ty, = 0.6T¢ (6d)
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where T, is the time of concentration. Approximations for T, can be
obtained from expressions given in the SCS handbook (55) or from data

reported by Kirpich (27).

Hickok, Kenpel and Rafferty

The approach to hydrograph synthesis given by Hickok, et al. (17) is
very similar to that employed by the SCS. Hewever, their investigations
were confined entirely to small watershed areas. The runoff character-
istics of 14 watersheds which vary in size from 11-790 acres, located in
semi-arid regions, were investigated and an average dimensionless graph
(Qt/Qp versus t/ty') developed. 1In this study, lag, tp', was taken as
the time difference between the centroid of a limited block of intense
rainfall and the resultant peak discharge. The authors presented two
different methods for determining lag.

For reasonably homogeneous semi-arid rangelands up to about 1,000

acres in area
tL‘ = Kl(AO'3/SL\jE)O'61 (7a)

where S; is the average land slope of the watershed and DD is the drain-
age density. With A in acres, S; in percent and DD in feet per acre; lag
is given in minutes and the value of the coefficient, Ky, is equal to 106.

For watersheds with widely different physiographic characteristics
0.65

NToen + W
St,a NDD

where L.g, is the length from the outlet of the watershed to the center
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of gravity of the source area, Wg, is the average width of the source
area asud Sy, the average land slope of the source area. The source area
was considered to be the half of the watershed with the highest average
land slope. The coefficient, K,, is equal to 23,

The authors suggested that Qp could be obtained from the relation

- o @

which gives in cfs when V is expressed in acre feet, t in minutes,
g p P L

and Kg taken equal to 545.
Clark

In 1943, Clark (9) suggested that the unit hydrograph for an area
could be derived by routing the time-area concentration curve through an
appropriate amount of reservoir storage. In the routing procedure, an
instantaneous unit hydrograph (hydrograph resulting from an instantaneous
rainfall of one-inch depth and duration equal to zero) is formed. The
unit hydrograph for any rainfall duration, tgp, can be obtained from the
instantaneous graph by averaging the ordinates of the instantaneous graph
tR-units of time apart and then plotting the average discharge at the ead
of the interval.

Clark used the Muskingham method of flood routing. The basic equa-

tions employed in this method are

I -0 = ds/dt (8a)

w
]

KQ (8b)
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Q = xI + (1-x)0 (8¢)

where I = inflow rate,

0 = outflow rate,

S = storage,

t = time,

K = storage constant,

Q = weighted discharge, and

x = dimensionless weight factor.
For storage routing through a reservoir, storage is directly related to
outflow and the factor, x, takenm equal to zero. Equations 8a, 8b and 8¢

thus can be combined to the simplified form
I - 0 = Kd0/dt (84d)

In order to apply this procedure to a given watershed, estimates of
the storage constant, K, and lag through the basin must be obtained.

Clark suggested that K is given by the relation
K = cLANS, (8e)

where S, is the mean channel slope. For L expressed in miles, c varies
from about 0.3-2.2,

Linsley (31) in a discussion of Clark's paper conceived that the
comparative magnitude of flood flows and storage in the tributaries would
affect the relationship. He recommended the inclusion of the square root

of area term in Equation 8e as a measure of these factors. The equation
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formed is

g = LA (8£)
NEp

where b is a coefficient.

Linsley, et al. (33, p. 241) suggest the value of ty, computed from a
recognized formula can be used as an approximation of basin lag.

For further information onlthe use of routing techniques for hydro-
graph synthesis, the reader is referred to the works of Horton (24),

Dooge (12), and Nash (38).
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INVESTIGATIONS, RESULTS AND DISCUSSION

The basic format of this thesis has been designed to combine the
individual sections of Investigatioﬁs, Results, and Discussion for each
phase of the problem.

The material is presented in a sequence similar to that in Ghich
the work was completed. The initial phase entailed the procurement,
organization, and basic analyses of the topographic and hydrologic data.
The important features of this part of the study included: the deriva-
tion of geometric properties of the watersheds, the listing of signifi-
cant storm characteristics, the plotting of hydrographs and the
development of a representative distribution graph for each basin, and
a discussion of the salient relation between rainfall and runoff charac-
teristics.

These results provided the basis upon which the synthetic technique
was formulated. The theoretical work by Edson and Nash shows that the
geometry of a unit hydrograph can be described by a two-parameter equa-
tion (see Equation 4). The necessity for point correlations is thus
eliminated provided that the two constants can be evaluated and their
relation with physical properties of the watersheds established.

These parameters were approximated by the best-fit estimators, g and
v', of the two-parameter gamma distribution, obtained by fitting this
distribution to a dimensionless form of a representative distribution
graph of each watershed. 1In the dimensionless form, the time relation-
ships of the distribution graph were based on the period of rise, Py.

Once the three variables, Pg, q and y', for any watershed are known,
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its dimensionless graph, distribution graph, and unit hydrograph can be
constructed. The final step in the development of the synthetic method
involved the determination of prediction equations from which values of

the three parameters could be estimated from topographic characteristics.

Basic Data

A complete listing of the basic topographic and hydrologic data
employed in the study is given in tabular form in Tables 3, 4, and 5,
Appendix C. These records were obtained from the listed collection
agencies either by on-site visits to the location or through personal
communication. At present, a complete file of these data is maintained
at the Agricultural Engineering Department, Iowa State University of

Science and Technology, Ames, Iowa.

Topographic Characteristics

The unit graph or distribution graph represents the integrated
effect of all the sensibly constant basin factors and their modifying
influence on the translation and storage of runoff from a uniform excess
rain occurring during a unit period. It follows, therefrom, that perti-
nent characteristics of these graphs should be related to significant
features of the basin. Five physical characteristics of each watershed
were measured in an attempt to determine these relations. They included:
drainage-area size, A; length of the main stream, L; length to center of
area, Log; slope of the main stream, S,; and mean land slope, 8;. A

complete definition of each term as applied to this thesis is given in
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the glossary of terms (see Appendix A).

The initial approach used to establish relationships between hydro-
graph geometry and basin properties was to employ the principles of
dimensional analysis (37) in order to reduce the number of variables
involved. Some work regarding the application of these principles to the
field of geomorphology has been reported by Strahler (50). Accordingly,
in applying these principles the variables employed must be selected with
great care such that a dependent variable can be functionally related to
a system of independent variables and no others.

The use of dimensional analysis to obtain the desired relatioms
proved relatively unsuccessful, however. A possible reason for this
failure was the lack of independence of the variables used. As a conse-
quence, a study was initiated to determine whether the various topo-

graphic factors were related.

Length of the main drainageway, L, and drainage-area size, A

Superficially, an investigator might presume that the variables L
and A would be poorly related because of the diversity in shapes expect-
ed between watersheds. 1In an effort to test this assumption, the
values of L and A were plotted on logarithmic paper as shown in Figure 3.
These data were supplemented with similar results reported by Taylor and
Schwarz (52) to increase range of the resultant plot. The regression

line fitted to the points is defined by the equation

L = 1.40 A0-708 (9)



Figure 3. Relation of length of main stream, L, and watershed area, A
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An "F'" test (40, p. 49), applied to the result indicated that for the
experimental data the regression line significantly defines the relation
between L and A. This result provides evidence that the two factors are
not independent and therefore prohibits their use as independent terms in
dimensional analysis techniques.

The length of the main stream corresponding to a given watershed
area can be obtained with reasonable accuracy from Equation 9. The per-
cent standard error of estimate for the regression was determined to be

24.8 percent (58).

Length to center of area, Lgg, and length of the main drainageway, L

Equation 9 suggests that the watersheds studied do not deviate ap-
preciably in geometric form. If this characteristic persists, it follows
that Loy, the shape parameter, and L should be closely related, These
data are presented graphically in Figure 4. As in the previous case,
data reported by Taylor and Schwarz (52) were included.

A regression analysis applied to these values showed that the rela-

tionship between L.a and L was significantly defined by the equation

Leg = 0.54 L 0.96 (10a)

The percent standard error of estimate from regression was determined to
be 14.8 percent.
Equation 10a suggests two important implications. First, the inter-

dependence of the two parameters, L__ and L, restricts their usage as

ca

independent terms in dimensional analysis and second, the use of the



Figure 4. Relation of length to center of area, L.,, and
length of main stream, L
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product term, LLca’ as used in many synthetic procedures, has little
advantage over the use of either L or L., alone.

For practical purposes, Equation 10a may be reduced to the form
L., =0.50 L . (10b)
Discussion

The general compactness or shape characteristics of the watersheds
listed were compared with those of 340 drainage basins from the North-
eastern United States reported by Langbein and others (30). They evalu-
ated the area-distance property for each of the watersheds by the factor,
Yal, or the product of each partial area, &, by the channel distance from
the midpoint of the main stream serving it downstream to the gaging
station, 1. The regression of the factor, Zal, with drainage area, A,

for the 340 drainage basins was determined to be
Zal = 0.90 4 ++26 (1la)

By defirition, L., = Zal/A, therefore Equation lla may be written

0.5
Lo, = 0.90 & 228, (11b)

The properties of the watersheds investigated in the current study
can be expressed in a comparable form by combining Equations 9 and 10a to
obtain

0.55
Log = 0.73 A : (12)

Equations 11b and 12 define two lines which have practically the same
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slope but differ in their intercept values. This indicates that the
watersheds studied were generally more compact than those reported by
Langbein and others.

For illustrative purposes, the equational forms of a few simple
geometrical shapes were considered (see Table 1).

Table 1. Relationship between basin characteristics, Loz and A, for
three simple geometric forms (30, p. 135)

Equational form between

Geometric shape Leg and A
Glory hole Log = 0.375 A 0.50
Equilateral triangle with

outlet at one of the vertices Leg = 0.94 A 0.50
Square with outlet at 0.50
one of the corners Loy = 0.76 A )

The values of the expounent and coefficient of Equation 12 differ
from those for any of the geometric forms listed. It appears that the
general shape of the watersheds is probably intermediary between ovoid

and pear-shape.

Channel slope, S., and length of the main stream, L

A complete discussion of the relation between the factors, Sc and L,

is given on pp. 78ff. of this thesis.
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Mean land slope, Sy, and slope of the first-order streams, §;

In the study, the mean land slope, Sy, was taken as a quantitative
measure of the general land slope of a watershed. Several methods are
available whereby Sy can be determined for a given area. Two common
methods are the intersection-line method and the grid-intersection
method {20). Regardless of the method employed, however, the labor in-
volved in computation is extemsive and, in addition, the task requires
topographic maps.

In an effort tc minimize labor and to overcome difficulties arising
from limited topographic information in the determination of §;, an at-
tempt was made to relate the variable with a more readily-measurable
basin characteristic. It was hypothesized that the slopes of the first-
order streams (21, p. 281) were related to their respective values of S;.
For a given area, the slopes of first-order streams can be determined
either from topographic maps, or by field investigations with the aid of a
barometric altimeter. When topographic maps are used, the delineation
of the first-order streams should be accomplished by the contour method
discussed by Morisawa (36).

The mean land slopes from 16 watersheds were compared with their
respective mean-slope values, 8, of a representative sample of first-
order streams taken from each basin (see Figure 5). The regression equa-

tion computed by the method of least squares is
s, = 0.86 57 °-%7 (13)

having a percent standard error of estimate of 28.6 percent.



Figure 5. Relation of mean land slope, S;, with the average
slope of a representative sample of first-order
streamg, Si, from the same watershed
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Equation 13 furnishes a simple relétionship «vhereby an estimate of
the mean land slope can be obtained from the slopes of the first-order
streams. Thékempirical results are valid only within the range of data
included. Obviously, it is unrealistic for Sy, to exceed S; as Equation
13 provides. However, because of the ease of measurement of S, addi-

tional work is warranted to establish the relation more concretely.

Land slope and channel slope

No attempt was made tc relate the two variables, land slope and
channel slope. Horton (21, p. 305) suggests that the ratio; channel
slope: ground slope, is relatively constant for watersheds within a given

region.
Preliminary Hydrograph Analysis

The selection of hydrologic data suitable for the development of a
distribution graph tests the patience and judgment of the investigator.

The task is simplified when both rainfall and runoff records are
available. Frequently, however, the difficulty encountered is that of
selecting suitable records without the éid of adequate prezipitation
data. The influence of rainfall duration and distribution on the shape
of the hydrograph and on the salient relationships between rainfall and
runoff may cause considerable wvariation betwéen distribution graphs and
between the lag times of a given basin. In order to reduce the pos=-
sibility of large errors in the results, consistent procedures were

employed in the selection of data.
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Bernard (5) and Brater (7, p. 1196) have suggested various criteria
requisite for the selection of hydrologic data suitable for distribution-
graph and/or unit-hydrograph development. These were summarized to
formulate the basis of the following list of standards used in this study.

1. The rain must have fallen within the recording time interval or
time unit and must not have extended beyond the period of rise
of the hydrograph.

2. The storm must have been well-distributed over the watershed,
all stations showing an appreciable 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 uninterrupted by
the effects of low temperatures and unaccompanied by melting
snow or ice.

5. The stage graphs or hydrographs must have a sharp, defined,
rising limb culminating to a single peak and followed by an
uninterrupted recession.

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

The degree of adherence to the above criteria in selecting data from

a particular watershed was dictated by the accessibility and availability
of these data. 1In some cases, due to an insufficient number of hydro-
graphs, it was necessary to select those which were affected by small
rains occurring either before or after the principle burst. 1In these

cases, the ''parasite' graphs were separated from the main graph by
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accepted hydrologic procedures (32, p. 447, 49).
A listing of the storms selected for each watershed and pertinent

information related to their characteristics appears in Table 6,

Appendix C.

Development of an empirical distribution graph

The hydrographs and stage graphs selected were reduced to distribu-
tion graphs in a manner outlined in Appendix D.

A representative distribution graph for a given basin may be
developed using one of several methods recommended by hydroiogists.
Linsley, et al. (33, p. 198) advise that the correct graph may be ob-
tained by plotting the separate unit graphs1 with a common time of
beginning of excess precipitation, locating the average peak height
and time and sketching a mean graph which conforms to the individual
graphs as closely as possible.

Brater (7, p. 1,201) developed a composite distribution graph for
each of the Coweeta watersheds by the following procedure. All the
distribution graphs for each stream were first superimposed as nearly as
possible on each other. The composite graph for the area was then
developed either by selecting one of the individual graphs as representing
an average or by drawing the average graph through the cluster and list-

ing the percentages at selected time intervals.

lsince the distribution graph is simply a modified form of the unit
hydrograph, all principles governing the selection, development, synthe-
sis, and application of one graph also apply in the case of the other.
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Another technique utilized by Mitchell (34, p. 34) recommends that
the separate graphs be superimposed to a position of best fit and then
the ordinates averaged to obtain the average distribution graph. 1In
determining the position of best fit, the timing of the various elements
are given weight in the following order of decreasing importance:

1. Maximum ordinate,

2, Time of occurrence of precipitation excess,

3. Ascending limb of the hydrograph, and

4, Descending limb of the hydrograph.

The major difference between the methods arises in positioning the
separate graphs to the position of best fit. Care must be given to this
aspect, otherwise an incorrect representative graph may result. If, for
instance, positioning is disregarded and the concurrent ordinates simply
averaged, the resultant graph will have a lower peak and broader time
base.

In this study, the method of resolving a representative graph for an
area was controlled by the discrepancy of the basic data. The times-of-
occurrence and magnitudes of the peak discharges were considered the most
significant factors. When the individual graphs plotted with a common
time of beginning of surface runoff showed small time variations at the
peak discharge, the average graph was obtained by the method described by
Linsley, et al. (33). If, on the other hand, the composite plot indicated
extreme horizontal scattering of the peaks, so as to restrict the graphic
determination of an average peak, the graphs were positioned to a loca-

tion of best fit in accordance with Mitchell. The average period of rise
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and peak discharge were then obtained and an average distribution graph
constructed by trialvplottings.

A check on the final graph selected is executed easily since the sum
of the ordinates of a distribution graph must total 100 percent. It is
necessary in final results to complete adjustments of the initial trial
graphs to satisfy this criterion.

The representative distribution graph of an area developed in this
manner was designated as the empirical graph of the watershed. The
terminology "empirical' was adopted to infer that the graph was developed
from empirical data and to avoid the possibility of misinterpretation
conveyed by the words mean or average.

The empirical graphs for the 42 watersheds are presented in Figures

23-33, Appendix D.

Relationship between empirical graph and statistical gamma distribution

The mathematical expressions proposed by Edson and Nash (see
Appendix B) to describe the unit graph may be replaced by the generalized
form given by Equation 4. Since the characteristic shape of a unit graph
is retained by the distribution graph, this equation is also applicable
in description of the latter. Only appropriate changes to the dimensions
of the constants must be considered,

The shape of the unit graph or distribution graph appears to follow
the form of a skew statistical frequency curve. This propérty is easily
perceived when the distribution graph of a watershed is plotted as a

discrete frequency histogram (see Figure 6). The analogy is further



Figure 6. Empirical graph for watershed 19 plotted as a
frequency histogram
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supported by presenting the ordinate values as a percent flow based on a
given time increment.

One of the most common and most flexible of the frequency curves,
which has been used numerous times in the analysis of hydrologic data is
Pearson's Type III curve. The equation for this distribution is given by
Elderton (14) in the form

£(x) =y =(N/a)—(2ﬂ~— e" ¥ (1 + x/a) (142)
eP [T(p+l) .
where the origin is at a, the mode. The origin can be transferred to
zero by making the appropriate substitutions; x - a = x and p = ca, into

Equation 14a to obtain

£(x) ()Pl gmex 4 | (14b)

il
«

___N
[ (p+1)
1t follows, if q = p - 1 and y = ¢, Equation 14b further reduces to

N (y)4 oYE qg-1

£ —_— ; 14
(x) 7@ X (14c)

i}
<

where £(x) = ¥y any "y'" value,

x = any "x'" value,
N = total frequency or number of observations of x,
Y,q = scale and shape parameters respectively, estimated from
observed x values,

/7 = gamma function, and

e = base of the natural logarithms.
Equation l4c defines a particular type of Pearson's Type III curve which

commonly is referred to as the two-parameter or incomplete gamma
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distribution.
It is easily recognizable that Equations 4 and l4c are identical

when the following equalities exist:

N=1V
X =t
Y>4 = oL,B.

On the basis of this evidence it was assumed that the empirical graphs
could be defined using the two-parameter gamma distribution as the modal

and by obtaining the estimators g and v by statistical procedures.

Development of dimensionless graphs

The empirical graphs were reduced to a standardized form to avoid
inconsistencies in the time increments used in their description. Each
graph was adjusted with its ordinate values expressed in percent flow
based on a time increment equal to one-quarter the period of rise (%
flow/0.25Py) and the abscissa as the ratic of any time, t, divided by
the period of rise, Py (see Figures 35 through 45, Appendix E). The
empirical graphs described in this manner were referred to as dimension-
less graphs. Although each ordinate value is expressed as % flow/0.25Pg,
the connctation simply infers that it is the percentage of the total
volume of flow based on a time-increment duration of 0.25Pp; percent
being dimensionless.

The time-increment duration of 0.25Pg was chosen on the following

reasoning:
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1. The initial increments used in subdividing the times bases of
the hydrographs for a particular basin were of approximately
equivalent duration and only small adjustments to the empirical
graphs were necessitated,

2. The use of O.ZSPR enabled definition of the rising limb at four
points,

3. The period of rise was ascertained to be a stable and important
time characteristic for a given wétershed, (see discussion
pp. 63ff.) and

4, The distribution graph for a basin can be defined knowing three
parameters.

The dimensionless graph represents a modified form of the unit hydro-

graph in which the basic shape has been retained. Its geometry can be
described by modifying the constants of Equation 4. The general equa-

tion for the dimensionless graph can thus be expressed as:

' WP -el't/P -1
V() g
Uy = TP R t/py (15a)

where Qt/PR is the % flow/0.25PR at any value of t/PR, v' is the volume

in percent and o\ ' is a dimensionless parameter.

Fitting the Two-Parameter Gamma Distribution

to the Dimensionless Graph

The evaluation of the parameters, oL ' and g, of Equation 15a from
empirically-derived data by the usual curve-fitting procedures of the

method of least squares or the method of moments is a cumbersome and
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laborious tésk. Nash (38, 39) has given 2 procedure for evaluating the
parameters, k and u, of Equation 31f (see Appendix B) from storm data by
the method of moments. The application of this technique was prohibited,
however, due to the limited rainfall data available.

The equality of the equational forms for the two-parameter gamma
distribution and the unit hydrograph has been established. It can be as-
sumed that each dimensionless graph represents a sample of t/Pp-values
taken from the gamma population defined by the parameters q and vy', in
which case y', a dimensionless quantity, replaces the scale parameter, v,
of Equation l4c. Thom (53) found that efficient estimates cf the
parameters of the two-parameter gamma distribution could be obtained by
the method of maximum likelihcod. This method was used exclusively in
the application of the distribution for the evaluation of the drought
hazards in Iowa as reported by Barger and Thom (2).

The latter study is cited further because of an additional contribu-
tion made during its completion. This was the programming of the two-
parameter gamma distribution to the IBM-650 computer (16). As a
consequence, the maximum likelihood estimates, Q and ?, of q and ',
could be obtained from the dimensionless graphs by machine calculation.
The use of this program resulted in a material reduction in time,‘labor, .
and cost in the current study.

The procedures involved in organizing and processing the dimension-
less graphs to obtain a and-? by machine calculation are given in
Appendix E. Each of the dimensionless graphs of the 42 watersheds

included in the study were treated the same. 1In addition, in Appendix E,
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it is shown that the equational form of the two-parameter gamma distribu-

tion describing the dimensionless graph (see Equation l4c) can be written

25.0¢0N% 't/ g-l
/@

Qt/PR
Equation 16 can be solved for the experimental results by replacing q and
v' by their maximum likelihood estimates, a and Q. The work involved in
this solution is reduced by the use of appropriate mathematical tables

(1, 18).

Goodness of fit of fitted distributions

Figures 35-45, Appendix E, show the best-fit gamma distributions
plotted with their respective dimensionless graphs. 1t is evident from
the figures, that the relative degree to which the fitted curve approxi-
mates the actual graph varies considerably. This is'well—illustrated by
comparing the curves for watershed 9, Figure 27, and those for watershed
25, Figure 41.

An attempt was made to minimize the effect of these differences to
the precision of fit in further correlation studies involving the
parameters, 6 and‘?, by choosing the values of the parameters from curves
which exhibited good fit. Great difficulty was encountered, however, in
selecting a suitable index of goodness of fit. The problem was manifest-
ed when considering both statistical and practical aspects.

The chi-square test mz2y be employed to obtain a statistical measure

of the goodnesskof fit (40, p. 65). Chi-square values,gx:z, are obtained

by the formula
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2 kK 2 |
X = = (04 - Eg)/Eg (17)
i=1
where 03 = observed percent flow,
E;{ = theoretical or expected percent flow, and

k = number of classes or increments, t/Pg = 0.25.
The probability level, P, of obtaining the calculated X %-value is ob-
tained by comparing its magnitude with tabulated values at k-3 degrees of
freedom (40, p. 445).
This test was completed for the two curves of each watershed. The

probability levels of the calculated JCZ-values ranged from a2 minimum,

P = 0.25, for watershed 13, Figure 38, Appendix E, to a maximum,
P = >0.9995, for watersheds &4, 23 and 25, Figureé 35, 40 and 41, Appen-
dix E.

On the Basis of this evidence, the hypothesis that the actual curve
is of the same population as the fitted curve, cannot be rejected. By
the same reasoning, the goodness of fit cannot be considered highly
significant except in special cases, such as for the latter-mentioned
watersheds. For these watersheds, the evidence is conclusive that the
fit is good and the dimensionless graph can be represented by the two-
parameter gamma distribution.

This discussion does not conclude the argument that the goodmess of
fit is adequate in all cases from a practical aspect. Hydrologists are

concerned primarily with the agreement of the graphs within the portion

bounded by the crest segment., Large discrepancies within this se&gment
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invalidate the usefulness of the fitted curves for design purposes,
especially for full-flow type structures. An example of wide variation
is shown between the curves for watershed 11, Figure 37, Appendix E.

The major problem is one of defining quantitatively, hydrologic ac-
ceptance. Any measure employed must take into consideration:

1. The accuracy of the measuring instruments,

2. The scatter and deviations of the original data from the

empirical graphs, and
3. The effect of the discrepancies on the agreement of actual and
calculated hydrographs for a design storm of long duration.

At the time of this phase of work, additional consideration had to be
given to the uncertainty of the expected feiationships involving the
parameters, q and y', and basin characteristics. As a result, rather
than attempting to determine an elaborate test for evaluating the pre-
cision of fit within the crest segment, an arbitrary "point' criterion
was established. Hereaftef, a satisfaétory fit connotates that the fit-
ted curves approximated the dimensionless graphs within +20 percent at
the peak ordinate. The parameters, a and ?, from the fitted curves
which adhered to this criterion were used in further investigations.

Additional basic studies are needed concerning the application of
statistics as measures of the variation of hydrologic data. For the
particular problem imdicated, a significant contribution could be made
in developing a method to test the agreement of the curves within the
crest segment. The association of the adopted measure and practical

considerations will be resolved in the application of the synthetic
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method presented herein to actual storm data.

Modified dimensionless graphs

Experience indicated that poor agreement between the fitted and
dimensionless graphs generally occurs either:

1. When the dimensionless graph is of apparent different geometric
shape than the gamma distribution (see watershed 12, Figure 27,
Appepdix E), or

2. When the dimensionless graph exhibited a prolonged recession
(see watershed 11, Figure 37, Appendix E).

The obtainment of a dimensionlesé graph exhibiting a different shape
than the gamma distribution is not unlikely considering the numerous
factors affecting its geometry, TFor such cases, the agreement between
the two curves would be poor since the comparison is essentially bétween
empirically-derived data from one population and a theoretical modelj
describing anéther population. Closer approximations wouid result by
fitting these data to a more appropriate model, or possibly two different
models; one describing the rising limb, the other the recession limb.

The prolonged, extended, recession limb of a dimensionless graph for
a given area is probably the result of one of two causes:

1. Either the area in question has appreciable storage characteris-
tics, or

2. An appreciable contribution of flow has occurred as interflow
(35).

For these data, the fitted and the experimental curves deviate appreciably
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within the crest segment, Since the method of maximum likelihood
provides the "best-fit" line over the entire curve, the greater signifi-
cance is given to the recession limb than to the crest segment. Thus,
greater error is induced to the ''best-fit'" line near the center. Nash
(38) encountered similar difficulties by using the method of moments as
the fitting procedure.

The magnitude of this variation possibly may be reduced by employing
the following procedures:

1. 1Increasing the number of points describing the dimensionless

graph,

2. Applying different statistical fitting methods, or

3. Force-fitting.
0f the three alternatives suggested, the third offers the greatest poten-
tial with minimum labor. The versatility of the gamma distribution as
demonstrated in Figure 10 suggests that by sacrificing accuracy within
the relatively unimportant hydrologic portion of the curve as the reces-
sion limb, values of a and $ could be chosen to obtain a closer approxi-
mation of the dimensionless graph near the center. This technique is
referred to herein as force-fitting. Its use was considered permissible
because there is evidence that the dimensionless graph is of a gamma

population.

Force-fitting

An arbitrary procedure was established to exemplify the results that

could be obtained with simple manipulation of the original data. Alter-
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nate values of t/Pp at increments of t/Pg = 0.125 were removed from the
recession limb and the respective ordinate values summed. This total was
then prorated over the crest segment in accordance with the ratio:

% £flow/0.25Pg for the given ordinate value divided by the sum of the
ordinates (% flow/0.25Pg) at increments of t/Pgp = 0.125, within the crest
segment. The respective additions were made to the dimensionless graph
to form the pseudo-dimensionless graph (see Figure 7). The modified or
"best~fit", two-parameter gamma distribution for the pseudo-dimensionless
graph was then obtained by procedures outlined in Appendix E.

Figure 7 shows the dimensionless, fitted, pseudo-dimensidnless and
modified curvea for watershed li. As would be expected, the modified
curve shows closer agreement with the dimensionless graph at the peak
~ ordinate and greater deviation on the recession limb. Similar results
were obtained for four other watersheds: watershed 15, Figure 38;
watershed 17, Figure 39; watershed 24, Figure 40; and watershed 33,
Figure 43 (see Appendix E). 1In all cases, the agreement between the
curves has been improved within the crest segment although greater varia-
tion is noted in other portions of the curves. This observation is
particularly evident for watershed 17. For this watershed, the rising
limb appears to adopt different geometry than that described by the
fitted distribution,

The results suggest that by minor adaptation of the input data, a
two-parameter gémma distribution can be forced to fit dimensionless
graphs with extended recession characteristics to give more practical

results. Additional developmental work is required in the methodology



Figure 7. Influence of modifications of the input data on the
~ fit of the two-parameter gamma distribution to the
dimensionless graph for watershed 11
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of fitting to alleviate the successive trial procedures. Here, as
before, the problem of evaluating the fit in terms of "hydrologic

acceptance' remains.
Selection of the Time Parameter

Before synthetic techniques can be employed in synthesizing a hydro-
graph for a given area, it is necessary to have available a time
parameter relating the salient features of rainfall and runocff for the
area in question. Several forms of lag have been proposed for this
purpose (3).

Two of the most widely used forms are those proposed by Horner and
Flynt (19) and by Snyder (48). Hormer and Flynt define lag as the time
differénce between the center of mass of precipitation excess and the
center of mass of the resulting hydrograph. The authors found that for a
given area lag was nearly constant and, therefore, independent of
precipitation and topographic effects.

Snyder in 1938 introduced lag to define the time difference between
the center of mass of a surface-runoff producing rain and the occurrence
of peak discharge. 1In using this definition it was necessary to specify
the storm type; otherwise, due to the unsymmetrical nature of the hydro-
graph, the magnitude of lag for a given area will vary with storm dura-
tion.

The constant property of lag is consistent with unit-graph theory.
In addition, it is of major importance in synthetic studies since differ-

ences in lag values can be related to differences in physical conditions



of the watersheds such as size, shape, slope, and storage.

To avoid possible confusion in the balance of this thesis, the term
lag, t;, as used hereafter refers to the definition as proposed by
Snyder. An attempt was made to determine the lag for each basin studied
from an analysis ¢f the available rainfall records. The results of this

analysis are presented in Table 6, Appendix C.

Computing lag from available rainfall records

It is evident from Table 6, Appendix C, that the individual lag
values within certain areas exhibit considerable scatter. These varia-
tions may be explained in part by the incomplete restriction of storm
type. Moreover, the lack of agreement of the time properties reported
on the rainfall and runoff charts was a major source of variation. In
some cases this disagreement completely prohibited the calculation of
lag.

These inconsistencies in time properties can be attributed to many
variables, including:

1. Inadequate raingage placement and coverage,

2. Direction of storm movement,

3. Diétribution of rainfall,.

4. Inaccuracies arising from the malfunctioning of the recording
instruments and difficulties encountered in prorating time er-
rors over long periods,

5. Errors induced in the recording of data, and

6. Restrictions imposed by time-scale limitations on the original
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data.

Item 6, above, is especially significant on data collected by the
United States Geological Survey (USGS). On stage graphs obtained from
this source, one hour of time is represented by 0.10-inch or 0.20-inch
increments. As a result, the time of occurrence of the peak discharge
could only be approximated with reasonable accuracy to the nearest 15-
minute period on the former scale or to the nearest 7.5-minute period on
the latter scale. This limitation is particularly critical in lag
computations for sﬁall watershed areas.

Due to the difficulties encountered, lag was determined only for
those storms in which there was reasonable agréememt in the time proper-
ties of the precipitation and runoff data. 1In Table 6, Appendix C, the
nonconformity between the recorded rainfall depths and peak discharges
also can be discerned, particularly on the larger watersheds. This in-
congruity is noi unexpected considering the interaction of inadequate
raingage placement and storm characteristics. For such cases, the lag
values were determined assuming that the time and shape of the recorded

mass curve depicted the rainfall characteristics over the entire area.

Relation between lag and period of rise

In spite of the simplifications introduced, it was impossible to ob-
tain lag for all the watersheds studied. 1In order to avoid these
deletions from other investigations, an additional study was undertaken
in an attempt to find a more suitable time parameter which niay be

measured for each basin.
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Since the storms utilized in this study are of short duration and
high intensity, it follows that lag, tj, and period of rise, Pp, should be
related. A plot of these two variables for 94 selected storms is shown
in Figure 8. The regression line fitted by the method of least squares

is defined by the equation

1.005
t;, = 0.996P . (18)

Since the values of the coefficient and exponent of Equation 18 are
appfoximately unity, for all practical purposes tL may be taken equal to
Pp. A similar result was obtained by Hickok, et al. (17) in their studies
of rainfall and runoff records from 14 experimental watersheds in
Arizona, New .Mexico, and Colorado. The authors reported (17, p. 615),

Rise time varied from 74 per cent to 145 per cent of the lag

time (time from the center of mass of a limited block of

intense rainfall to the resulting peak of the hydrograph)

for the individual watersheds in this study. The average

for all watersheds was 102 per cent.

The association between the lag time used above and lag as used herein is
assumed. For short-duration storms, as used in the development of unit
graphs for small watersheds, the center of a limited block of intense
rain and the mass center of the surface-runoff producing rain would be
nearly coincident.

An analysis of variance ofAthe regression of t; on Pp produced a
highly significant "F'" value indicating the regression between the two
variables is defined very well by Equation 18. Moreover, since it would

be expected that a given change in Pp would be accompanied by a constant

preportional change in €, there is strong evidence that Equation 18



Figure 8. Relation of lag, tj, and period of rise, Pp, for
’ 94 selected storms '
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defines the functional relationship between the two variables (15, p.
106). The variances from regression for the t;-values and Pp-values were
approximately equal. The percent standard errors of estimate or coeffi-
cients of variation were calculated to be 27.1 percent and 25.7 percent,
respectively.
On the basis of ;hese results, the following conclusions were
formulated:
1. Lag and period of rise are related functionally in a form de-
fined by the regression equation, t = O.996PR1'005, and
2, The period of rise of ;he hydrograph can be used to replace lag
time as the time parameter for a given watershed.
The above conélusions ére appliéable generally for uniformly;distributed,

short-duration, high-intensity storms occurring over small watershed

areas.
Relation between Parameters, q and vy'

The use of the dimensionless graph leads to the development of a
unique relation between the two parameters of the two-parameter gamma
distribution. This property is brought about by the constant positioning
of the mode or peak at a value, t/PR = 1. By setting the first differen-
tial of Equation 16 equal to zero and substituting the value, t/PR'= 1,

into the resultant expression, one obtains the relation
q-1l=xvy". (19)

A study was conducted to test the agreement of the maximum likelihood
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estimates a and ? obtained from the fitting process against the
theoretical result (see Figure 9). The linear regression line fitted to
the experimental data by the method of least squares is defined by the

equation

A

§d=1.465+0.8737 . (20)

Figure 9 shows that for the experimental data, the values of q have
been overestimated at the smaller values of ' and underestimated at the
larger v'-values. The influence of this characteristic on the geometry
of the dimensionless graph can be perceived from Figure 10. It is ap-
parent ﬁhgt with increasing values of the peak percentage, Qp,.the values
of.t/PR‘becﬁme less than unity. Similarly, at small values of Qp,'the

values of t/Py are greater than unity.

The failure of the experimental results to follow'Equation 18b - is a
measure of the inability of the f1tt1ng procedure to achieve the proper
p051t10n1ng of the peak ordinates of the fitted graphs. In order to as-
certain the magnitude of this discrepancy, the valugs of t/Pg of the

fitted graphs at the peak were computed by the equation
t/Pg = (3-1) /7 (21)

and the respective values of QP found by substitution of the result in
Equation 16. These values are plotted in Figure 11. The relation between
t/Py and QP for these data was found to be significantly described by the

quadratic regression equation

\ t/Pg = 1.913 - 0.0808Q, + 0. 00165Qp . (22)



Figure 9. Theoretical and experimental relationships of parameters q and v' for
dimensionless graphs -
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Figure 10. Variation in the geometry of the dimensionless graph resulting from selection
of parameters q and ¥, in accordance with the regression equation

& = 1.445 + 0.873 9
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Figure 11. Inconsistencies in the positioning of the peaks of the dimensionless graphs
described by the fitted gamma distributions
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A comparison of the variances from regression for the regression line
(Equation 22) and the linear model, t/PR = 1, showed a significant reduc-
tion in the sum of squares by using the curvilinear line. The statistical
evidence supports the observations previously discussed; namely, that for
the fitted curves, the value of t/PR at the peak is not a constant for
each watershed but varies with the magnitude of the peak ordinate in a
manner described by Equation 22.

It is not believed, however, that the discrepancy is of sufficient
magnitude to obviate the walidity of the fitted curves. The regression
line defines the mean value of t/Pg at a given Qp-valge, Percentagewise
the difference between these values and the theoretical, t/PR = 1, is not
large especially for the range of data employed. The error becomes less
significant if consideration is gi§en to the subjectiveness involved in
déveloping the empirical graph for a given watershed and the deviations

within periods of rise of the individual hydrographs.

Estimation of the Storage Factor, Pp/y',

from Basin Characteristics

The reliability of a workable synthetic procedure depends on the suc-
cess with which the empirical hydrologic results can be related to measur-
able physical characteristics. Edson (13) has shown that rainfall duration
influences the magnitude of the parameters, m and y, of Equation 30h. He
suggests that all hydrographs under consideration should be reduced to a
common rainfall duration before an evaluation of the parameters is
aftempted.

In this study the unit-storm concept proposed by Wisler and Brater
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(59, p. 38) was accepted and the representative unit hydrograph for each
watershed described by the two-parameter gamma distribution defined by
the parameters q and vy (see Equation l4c). According to the above prin-
ciple, the parameters, q and ry, for the unit hydrograph of a given basin
are relatively independent of storm duration. It would therefore appear
that differences in the magnitude of these parameters for the unit hydro-
graphs from different watersheds could be attributed mainly to differences
in the physical characteristics of the watersheds.

The effect of unit-storm duration is eliminated if comnsideration is
given only to the parameter, <y, which replaces the exponents y and k of
Equations 30h and 31f. As discussed by Edson (13) and Nash (38), the
exponents y and k reflect the storage properties of a given watershed.
Thus, it would be expected.that their.magni:ude would be uninfluenced by‘
rainfall-durafion effects and that>they would be relatively constant for
all unit graphs of a giveﬁ_basin.

The values of v for the unit hydrograph or distribution graph may
derived from the values for the dimensionless graph, ', in the following

manner. Since, for the dimensionless graph,
aly' = t/pg (23a)

where t is the mean time, by substituting, v = y'/Pg, into Equation 23a,

it follows that
qly = t (23b)

in which v is dimensionally equal to the reciprocal of time.
The required correlation is expedited by giving consideration to the

relationship between v and k. For the instantaneous unit graph,
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k = l/y = Pp/y' (24)

in which v and «y' are the parameters of the two-parameter gamma
distribution for the unit hydrograph and for the dimensionless graph,
respectively. The relationship is ¢orrect dimensionally.

Equation 24 suggests that the ratio, PRﬁy', measures the storage
characteristics of a basin, thus was termed the storage factor. 1In

addition, the equation shows that the ratio should be dependent on the

same  basin characteristics that influence the storage constant, k.

chThe prediction of the storage constant, k, from measurable physical
Acﬂaracﬁéristic§ has becn atfained only with limited success. Clark (9)
an&'Lihsley (31) have suggested relationship‘for this purpose;_ These

are given by Equafions 8e and 8f.

Relation of the.étorage,factor,ﬁPRﬁ?; and. the watershed éarameter,

LNSc, for 33 selected watersheds

It was assu@ed that the storage fcctor, PR/y', like the storage
constant, k, is a measure of the lag or travel time of water through a
given reach., Thus, for purely hydraulic reasons, its magnitude would
vary directly with the length of the main stream, L, and inversely with
some power of the cliannel slope, S,. The inclusion of watershed area, A,
in the relation was not considered for two reasons: first, because the

watersheds used in this study were small, the storage in the tributary
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streams was assumed to be negligible compared to that in the main stream;
and second, because the high degree of association between L and A (see
Figure 3) prohibits the development of a significantly better relation
when using both factors over that which would result from the use of
either L or A individually,

The experimeﬁtal results showing the storage facter, PRﬁ?, plotted
with theif respective values of LANS. for 33 selected watersheds are
given in Figure 12. The '"least~-squares'" line for these data is defined

by the equation

P/ = 9.77 WNSHY TP ()

in which L, the length of -the main stream, is expressed in miles and 8¢
the average slope of the channel, is in percent. The percent standard

error of estimate for the,PRﬁfivalues was calculated to be 34.0 percent.

Relafion between average channel slope, Sc, and length of main stream, L

Linsley (31) relates that the relation between the storage.cdnstan;;
"k, and basin factors is influenced by regional differences. On the basis
of these remarks, it was considered that if the relation between PRﬁy'
and Lﬁng'was influenced by the same factor, greater accuracy in predict-
ing the storage factor from the basin characteristic may be attained by
stratifying the data according to region. Figure 13 shows the values of
Sc for the watersheds plotted at their respective values of L. The

=squares’’ line for these data is defined by the equation

Se = 1.62 170663 (26)



Figure 12. Relation of the storage factor, PR/f?, and watershed factor L/*J-é_g, for 33
selected watersheds :
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Influence of region

Closer observation of these data (see Figure 13) reveal the exist-
ence of two distinct families of points for watersheds in Ohio and those
in Nebraska-Western Iowa (seé Figure 14). These two areas represent
regions of widely—divergent geologic and climatic conditions. Probably
the most distinguishing feature is between thé nature of their
respectivé predominant sqil ﬁypes. The soils of the Ohio watershe@s are
'moderately—permeable, residual soils having a shallow solum underlain by
éhalg or slatg.parent material (54). 1In contrast, the.watersheds for
the Nebrééka—ﬂesterﬁ”Iowa~region occupy areas of de?p, coarse, highly-
perméable ioessial soils (42). 1t is, however, the Culmi1aticthf |
numerous factors, including the propertiesldf the‘flow regime, whicﬁ
brings about marked differences in the erosional development of the
stream channels in the two areas., Likewise, these factors produce dif-
ferenges in the storage characteristics of the stream channels.

From an analysis of covariance of these data, the following:cpnclujl'
éions were effected: |

1.' TﬁeAslopes of the two regression lines are not signifiéaﬁtiy.

different, and

2. The difference between the adjusted mean values of the two

groups is greater than can be accounted for by sampling varia-
tion,
In essence, the analysis provides that the data can be represented by two

parallel regression lines passing through the mean logarithmic values of



AFigﬁ;e 13, Relation'of slope of the main stream, S and
_ . length of the main stream, L ' ’

Figure 14. Relation.of slope of the main-stream, S,, and
- length of the main stream, L, for watersheds in
the two regions:

Nebraska--Western Iowa, and Ohio
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Sc and L for the Ohic and Nebraska-Western Iowa watersheds. The above
result gives evidence that the relationship between S, and L varies with
region.

Figure 13 illustrates that the plotted data for the other watersheds
in Illinois, Central Iowa, Missouri, and Wisconsin adopt no general
pattern but vary appreciably in their relative positions. In:some‘cases
'fhey approach the regression line for the Ohio watersheds; iﬁ others;'
that of the Nebraska-Western Iowa ;egion, or appear to occur'in'fhéir own
individual class, Since the characteristics of these basins were not
available, the development of a complete family of curves was not

attempted.

Selected grouping of watersheds for the prediction of the storage

factor, Pp/y'

Considering the evidence thét the relationship between S, and L
varies. from regipn'to region, it follo&s therefrom that in predictingv
Pp/y' from the ratio, LﬁJEZ, those watersheds from areas in which S¢ and
L vary in the same proportion should be combined. Otherwise, the results
obtéiﬁed'would be inconsistent. In this study the following grouping
appeared to be the most appropriate:

1. Nebraska-Western Iowa,

2. Central Iowa-Missouri-Illinois-Wisconsin, and

3. Ohio.

Figures 15a, 15b and 1l5c show the storage factor, PRﬁQ, plotted

with the ratio L/JEZ for these three groups. The regression equations



Figure 15a,

Figure 15b.

Figure 15c.

Relation of storage factor, PRﬁ?, and watershed
parameter, LNSe, for watersheds in Nebraska-
Western Iowa

Relation of storage factor, PRﬁ?, and watershed
parameter, INSc, for watersheds in Central

Illinois-Missouri-Illinois-Wisconsin

Relation of storage factor, PRﬁ?, and watershed
parameter, INS., for watersheds in Ohio
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calculated by the method of least squares were respectively

Nebraska-Western Iowa

P /¥ = 7.40 (LNE;)OAQS (272)

Central Iowa-Missouri-Illinois-Wisconsin

Ohio

9.27 (L/Js_c)o'%z (27b)

PRy

. o _.0.531 - -
11.4 (LNS.) . . - (279)

PRIy

The coefficilents of variation were respectively, 28.0’pércént;'30.7'

percent, and 29.1 percent.

An analysis of covariance of these data yielded the following

results:
1. The slopes of the regression lines for the three regions do not
differ significantly.
2. The adjusted mean values of PRﬁ? for the Ohio watersheds and
the Nebréﬁka-Western Iowa watersheds are significantly aiffgrent.
3. The adqutéd mean valge of PRﬁ? for the watersheds in Central

Iowa-Missouri-Illinois-Wisconsin is not significantly different

from the adjusted mean values of either of the other two groups.

The analysis gives statistical confirmation that storage factors

computed from a given value of L/JE:,differ significantly because of re-

gional influence, provided the regions exhibit distinct differences in
their characteristics as those exhibited between Ohio and Nebraska-

Western Iowa. The fact that the watersheds in Central Iowa-Missouri-
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Illinois-Wisconsin adopt storage properties common to both the above re-
gions in indicative by the non-significance between the adjusted mean
value and slope for this group, and the same properties for the others.
The entire data can be expressed by two parallel lines passing through

the respective mean logarithmic values of Pg/f and LWNS; for the Ohio

and Nebraska-Western Iowa groups. However, due to the inability to
associate particular basins within the Central Iowa-Missouri-Illinois-
Wisconsin area with either of "the pther regions, these data were

retained separately,ag presgnted in Eigure 15b. The 95-percent éonfidénée
belfsuhavevbeen addedAtO'faciliﬁate the use of Equations 27e, 27b,,and;‘

27c as prediétion equations.
Discussion

It is evident from Figures 15a and 15¢ that for tﬁe same value of
LﬁJEZ the.storage factor,'PRﬁ?, is higher for the Ohio watersheds than
for the Nebraska-Western Iowa watersheds. Tﬁis difference is compatible
with the differences associated with the geometry of the stream channels
in the two regions. In Ohio, low flowé are confined to shallow, vee-
shaped channels that top to a narrow, rounded valley bottom., Even in the
case of small flood waves, characteristic of those originating from a
unit storm, overbank storage would be gppreciable. In contrast, stream
channels in the loessial area-are in the form of deeply-entrenched, U-
shaped gullies. Foxr these areas, most flood flows from unit storms
would be confined within the channel.

The use of the prediction equation (see Equation 27b) applied to
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watersheds in Illinois and Wisconsin may be questioned because only one
watershed from each state was included in the analysis. The PR/§Lvalues
obtained fall intermediary between those for Ohio and the Nebraska-
Western Iowa region. This positioning appears to correspond to that
which would be found if the general geologic, physiographic and climatic
conditions of the three areas were compared. For this reason, the pre-
diction equation should give reasénable results; Howéver, additionél-
data are desired from these areas iﬁ order to test this assﬁmption;

In summary, it can be stated that the stofage factor, PRﬁy;;‘can be
predicted satisfactorily from the watershed parametér,-L[ng, bnly aftér
attenfion.is gi&én to the effect of regional influence. A pdssibie |
method of accounting for this influence is to stratify the data into
groups in which S, and L have the same relation. Additional study is re-
quired to exploit this possibility.

Three prediction equations for Nebraska-Westoarn Iowa, Central Iowa-‘
Missouri-Illinois-Wisconsin, and Ohio have been presented from which an
estimate of the Pp/y' can be obtained for small watersheds within the
size group of the experimental data. In estimating this propérty for
different'regions, ‘the hydrologist must select the most appropriaﬁe
curve, giving consideration fo'thé‘simiiarity of geologic, tépogréphic,

and climatic conditions.
Relation of Period of Rise, Pp, and Parameter, v'

Two analyses have been presented in previous sections to describe

the relationships between dimensionless-graph properties, and the
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relationships between these properties and basin characteristics. These

equations may be written in the general forms

@ (")

Ral
[l

and Pp/y' = @' (L)NS,

]

vhere ¢ and @' designate the function. The quations contain three un-
. known factors, PR’ q and Y'; thus, an a@ditiona} exprgssion is required
' to allow simultaneous solution. Two possibilities for megting this.
' requirement are: | |

1. Relatiﬁgvthebvariables either individually or in combiﬁafign

| with some watershed characteristics other than L or S, or

2. Relating q or vy' with Pp.
The use of the first alternative is questionable, however, in view of the
association of the watershed characteristics and the bias that would be
introduced into the relation by using dependent termé.

Equations 19 and 23a can be combined to the following result
(L +y")y' = T/eg (28)

where ?/Pk is the mean t/Pp-value of the dimensionless graph. Obviously,
if —t-/PR were a constant, &' would also be a constant, and a common graph
could be employed to describe all dimensionless graphs. The experi-
mental results have shqwn that this is not the case. Equation 28
suggests, however, that if E/PR can be expressed as a function of 13°88
then Pp and ' would be related. Figure 16 shows the two variables'? and

Pp for the experimental data plotted on rectangular coordinate paper. An



Figure 16. Relation of parameter, PR/f?, and period of rise, PR, for 33 selected watersheds
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initial attempt to fit a linear regression model of the form, ? = a +
bPR, proved unsuccessful, However, the use of a curvilinear regression
model, $‘= a+ bPR + cPRZ, resulted in a significant reduction in the
sum of squares of deviations from regression over that obtained with the
linear model. The quadratic equation obtained by the method of least

squares is of the form

$ = 3.1131 + 0.02131pg + 0.000053Pg > . . (29a)

An analysis of variance of the regression indicated a high level of
significance, ¥ = 6.41;. The standard error of estimate was calculated

to be equal to 33.7 percent.
Discussion

In practical caseé, the values of v' will not continue to increase
indefinitely with Pp in accordance with Equation 29a, but will attain or
approach a finite maximﬁm; It follows that the assumed model does not
describe the true functional relationship between the variables. Regard-
less, within the range of empirical data tested it may be employed
successfully. The use of a higher power polynomial would appear of
little value due to the low c&efficient of the quadratic term.

The curvilinear regression‘line does, hcwever, impose a restriction
on the allowable range of application of the prediction equations for the

storage factor. Rearranging Equation 29a and setting the first differen-

lSignificant at the 0.0l percent level.
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tial, d C?/PR) = 0, a minimum, one obtains

Y/Pr = (3.1131/Pg) + 0.002131 + 0.000053Pg (29b)
d /Pg) -3.1131
———R. - 0=—"37+0.000053 .

d Pr PR

The ratio, Q/PR, is a minimum when Py = 242.4 minutes. Therefore, the

. A . .
inverse, Pp/y, attains a maximum at

A 1 ‘ R
Prly = 377131 = 36 minutes.

AN + 0.002131 + (O.QOOOSB) (2642.4)

This result infers that the excessive scatter ofythe data prohibits the
use of Equation 29a for‘areas having storage constants exceeding 36
minutes.

Figure 17 is presentad as a computaticnal aid to determine the value
for Py from a known value of the storage factor, PRﬁ?.

It would appear that the mathgmatical ;imitations imposed on the
results would be a limitation. However, a greater appreciation for this
restriction can be obtained by considering the relation between PR/$ and
LﬁJE: for each region plotted on rectangular coordinate paper (see Figure
18). The figure shows there is a definite tendency for the empirical
PRﬁ?~values to show wider deviations from the regression 1inés at the
larger values of L/ng. A possible reason for this increased disc?epancy
may be obtained from remarks made by Wisler and Brater (59, p. 305),

The term, "large watersheds,' applies to basins having an

area greater than 10 sq. miles. However, the distinguish-

ing feature of large watersheds is not that their area is
greater than some arbitrary limit, but rather that they



Figure 17. Relation of storage fzictor, "PR'/r?,; -a‘nc‘l’ period of rise, Pp
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Figure 18. Relation of storage factor, PR/'}"" and watershed parameter, L/\/_S:, on
rectangular coordinate paper ' '



80

70}
6p)
L
‘_
D 60
= 7l
=
— 50 _ /
0(-[: . o 2 ! _ /
—~ R /T 927 (LI %% . Y
w| Lo R /7= 97T (L//S_)Z“:; \* L '
n o R, /7= 7.40 (LABY "R\
e R /7=11.40 (L//j)”" oo
W -
O|= 30 _— -

R 29
ols :
Ol
@ |2 50
a > LEGEND.

S -—#— OHIO ‘

= ~-—— NEBRASKA-WESTERN IOWA

'2: —--— ILLINOIS - MISSOURI -WISCONSIN - CENTRAL 1OWA

o —— ALL WATERSHEDS
o A : V 1 A R R J S | j
(o 4 6 8 10 2 4. T 20 22

LENGTH _OF MAIN STREAM.
JCHANNEL SLOPE (Js_\ MILES

86



99

are of such size that, within the basin, there are likely

to be major differences in rainfall duration and intensity

and in soil permeability. On large watersheds, major

floods are frequently the result of high rates of surface

riunoff from only a portion of the basin. Consequently, it

is usually necessary to determine unit hydrographs for

several different rainfall-distribution patterns.

Equations 9 and 26 were solved for an area, A, equal to 10 square
miles to obtain a value of L/JEZ equal to approximately seven miles,

Figure 18 shows that for values of_L/JSc less than seven, the émpirical
data agree with the regression lines very well. Within this range, the

‘ ' A AL L ’ '
values of Pp, ¥ and q could be reproduced successfully. In contrast, at
the higher LA -values, corfespdnding to larger watersheds, their

reproducibility became erratic.

The remarks by Wisler ‘and Brater that no sharp, distinctvafbitrary
limit can be established to define the bouhdary between large'and.émali
watersheds ‘may be reiterated. The coincidénce of the results iﬁdicate
that reproducible results can be reasonably assured when unit-hydrograph.

,'teéhniques as discussed herein are. confined to»areés less than ten square
- miles in size. For areas of greater size, additional factors must be vo
considered.

In using the prediction equations presented, the hydrologist should
be ‘aware of the chance of greater error with increased basin size. The
use of Equation 29a, however, forcibly restricts the use of these rela-

tionships to synthesize unit hydrographs or distribution graphs to areas

less than the approximate sizes given in Table 2.
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Table 2. Approximate maximum watershed size for which the prediction
equations are applicable

Watershed area

Region (square miles)
 Nebraska-Western Iowa ' 48.5

Central Iowa-Missouri-Illinois-Wisconsin A 19.0

Ohio : - R . 16.4

 Applicationof Results |

An illustrative example showing the synthesis of a unit hydro-
graph for an area from basin characteristics using the relationships

established in this thesis is given in Appendix F.
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SUMMARY AND CONCLUSIONS

Topographic and hydrologic characteristics from 42 selected water-

sheds varying in size from 0,23-30.00 square miles and located in the

states of Illinois, Iowa, Missouri, Nebraska, Ohio, and Wisconsin were

studied.

The listed general conclusions are valid only for topographic

and hydrologic conditions comparable to those used in the study.

'Topographic Characteristics.

Fiye watersh@d»yropérﬁiés:- drainagefareavsize,.A;_iéngth qf the

main. stream, L; length to center of area, L

Sc;

Ca;'slopé~of'fﬁe~maiﬁ~st§eam,

and mean land slope, Sy; were obtained for each watershed where the

data permitted. From analyses of these data, the following general con-

clusions were formed.

1.

The factors'L, Logs and A are highly correlated and thQ5ffﬁeirl

use as independent terms in dimensional analysis techniques is

prohibited..

For practical pufposes, the value‘of Lca'may be taken equal to
one-half the value of L.

Ihe general shape of small watersheds is intermediary between
ovoid and péar-shape.

For watersheds in a given region, the factors S, and L show a
distinct relation.

The mean land slope, Sy, of a given basin can be estimated with
reasonable accuracy from the mean slope of a representative

sample of first-order streams, S;, taken from the same basin.
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Hydrologic Characteristics

The rainfall and runoff characteristics from a number_of selected
unit storms occurring over each watershed were studied. For each basin,
a :epresentative distéibution graph, the so-called empirical graph, was
derived and-modified to a dimensionless form based on the period of rise,
PR,_as'the time parameter.

'The £wo-paramet¢f,'gamma distribﬁtion described by the ﬁarameters,

q and &', was,fiftéd §o eaéﬁ diménsiﬁéié§s‘gg§p§ §ﬁ§5p§e'maximum\likeli-

T T Y A O N
- hood estimators, q and 7y, of the parameters.obtained. Relationships were

-~ -established 'so that the parameters PR;'q and ' cbuid”béféﬁélﬁatéd’ftOmv.

.gﬁe topographié characteristics L and S, of a given basin. Wifthk, q
and y',knowﬂ, the dimensionless graph, distribution graph, and unit
‘hydfogf;phvfor the basin can be described.
’The»fdiiéwiﬂg‘cdnclu3ions were derived from this study.
1. For praéticalipur?bSes, the périod of rise may be taken equal to
the lag time. | | |
2. Thé périod‘of fi$é5¢§ﬁf§;?éﬁéié&éﬁ:ﬁé{fépkéqe I§g'tiﬁé as é time
parametér... | e |
3. In general,lthe two-parameter gamma distribution can be used to
.describe the dimensionless graph, distribgtion graph, or uﬁit
hydrograph. .
4. Additional work is required on the mefhodology of fitting the
two-parameter gamma distribution to the unit hydrograph and in

the evaluation of the goodness of fit in terms of hydrologic
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acceptance.

The storage factor, Pp/y', can be predicted with reasonable
success from the watershed factor, LﬁJ§:, provided consideration
is given to regional influence.

The parameter, v', of the two-parameter gamma distribution
describing the dimensionless graph can be estimated from the

period of rise.

For a given watershed, the dimensionless graph, distribution

graph, and unit hydrograph can be derived from the watershed

characteristic, L/ng.
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APPENDIX A: GLOSSARY OF TERMS AND SYMBOLS

Centroid of precipitation - mass center of the unit-storm rainfall histo-
gram about which the sum of the product moments of rainfall
volume times time are equal to zero

cfs - cubic feet per second

dhannel'stor;ge.; the volume of water confined within a‘stréam channel

Dimensionlegé graph - see p. 50

Distribution graph - see p. 207_.

Drainage-area size, A’-'plaﬁéférea of the watershed in square miles which
i§ enploseérﬁithin the topcgraphic divide above the gaging sta-
ﬁion |

AEer:s precipitation - that portion of rainfall which is in excess of
soil infiltration and other losses, and appears as surface run-
off at the gaging station

First-order streams - the smallest, unbranched, finger-tip tributary
streams of a drainage net

Lag time, t; - time difference in minutes between the centroid of precip-
itation and the peak discharge rate of the hydrograph

_ Leﬂgfﬁvbfiﬁéin'Strgam, L - distance in miles along the main stream from

+ the gaging statién to the outermost point defined on the
topographic map

Lenéth to cénter of area, L., - distance in miles along the main stream
from the gaging station to the point nearest the mass center of

the area
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Main stream - stream of the highest order which passes through the gaging
station. To delineate the main stream at bifurcations the fol-
lowing rules established by Horton (21, p. 281) were used:

1. S8tarting below the junction, the main stream was pro-
jected upstream from the bifurcation in the same
direction. The stream joining the main stream at the
greatest anglg was taken as the lower order.

2. 1If béth streams were at about the same angle to the main
stream at the junction, the shorter was taken as the
lo&er order.

Mean land siope, S; - mean land slope in percent determined by the grid-
intersection method

Mean slope of first-order streams, S; - slope in percent obtained by
averaging the slopes from a representative number of first-order
streams in a given watershed

yA flow/O.ZSPR - see p. 50

Period of rise - time lapse in minutes from the beginning of surface run-
off to the occurrence of the peak discharge rate

q, 'y - shape and scale parameters, respectively, of the two-parameter
gamma distribution which describes the distributioﬁ graph or

unit hydrograph of a given watershed

1

q4, v

- dimensionless parameters of the two-parameter gamma distribution
which describes the dimensionless graph of a given watershed
A A

q, Y - maximum likelihood estimators of q and v' obtained by fitting the

two-parameter gamma distribution to the empirically~derived
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dimensionless graph of a given watershed

Qt - ordinate of the unit hydrograph in cfs

- ordinate of the dimensionless graph in % fldw/O.ZSPR

e of phe main stream, Sc - slope in percent of a line drawn a;ong
the'longitﬁdinal,sectién of tﬁe main channel in éuch a manner
that the area between the line and a horizontal line drawn
through the channel.éutlet elevation is equal t§ tﬁe area be-
twéen the channel grade line and the same horizontal line

r - correlation coefficient

Unit hydrograph - see p. 15

Unit storm - see p. 17
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APPENDIX B: EQUATIONAL FORMS OF THE UNIT HYDROGRAPH

Basic Elements of "Mathematical Interpretation of the Unit Hydrograph'

by Edson (13)

1f isochrones could be drawn to represent. the time required for each
" local element of effective rainfall to reach the mouth of a watershed,
the culmination of area, A, with time, t, would result in an approximate

parabola
AottX, x> 1
so that the runoff dischazx
QoLt®, x> 1 (30a)

However, the time of travel required for each component is so affected
by other components that rhe hypothetical isochrones are invalidated.
It is regarded that the consequent delay in delivery is the result of
valley storage. The discharge from storage is known to decrease

exponentially with time
-yt ’
QoLe {30b)

wherg y is the recession constanf whose magnitude is greater than zero.
Thus, the reservoir action of the valley‘storagé is seen to have a

dampening effect on the flow implied by proportion 30a. Accordingly,

proportion 30a must continue in effect indefinitely. .On the otherahand,

since valley storage must exist for even a small amount of discharge,
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proportion 30b is seen to be in effect from the very inception of runoff.

The combined effect becomes
Q ot tX eVt (30¢)

The fact that thé-recession limb of a unit hydrograph becomes ap-
proximately linegr when platted on semi-logarithmic paper simply means
proportion 30b is dominate sometime after the péak discharge. At no time
prior to the peak discharge, howvever, is proportion 30b dominated by
proportion 30a so that proportion 30c cannot be developed by the usual
curve-fitting methods.

The total discharge volume, V, is obtained from

o0
v = J,def_: | (30d)
0
but
Q = Bt eVt (30e)

where B is a proportionality constant. Substituting Equation 30e into

Equation 30d

o0

/

vV = J;' Bt* e”¥Yt dt ' (30f)
5 “A .
To facilitate the integration of Equation 30f, let
X = m—l,

z

yt, and

dz = ydt.
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By substitution, Equation 30f becomes

b
f B(z/y)m“1 e”% dz/y

vV = |
0
0
= By " | 2l ez gz,
5
a ‘ . ,
The quantity, | zm_1 e ? dz, is recognized as the gamma function of
0
m, lq(m). Therefore
- w. "M 7, .
v = by I (my
(30g)

and B = o—— V¥
y™ [M(m)

By substituting Equation 30g into Equation 30e and making the appropriate

substitutions

N ¥ oYt ym-1

¢ = Tm
Basic Elements of '"The Form cf the Instantaneous Hydrograph"

by Nash (38)
It is assumed that anyiwatershed may be replaced by a series of n

‘reservoirs each having the storage characteristics
(31a)

where S = storage volume,
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k

proportionality constant having dimensions of time, and

Q

i

discharge rate.

When an instantaneous inflow of volume, V, takes place to the first
reservoir, its level is raised by an amount sufficient to accommodate the
increased storage. The discharge rises instantaneoﬁsly from zéro té v/ik

and diminishes with time according to the equation

eft/k

Q = -%- (31b)

vhere t is the time and e is the base of the natural logarithms. Q; be-

comes the inflow, I, to the second reservoir, Therefore, the discharge

from the second reservoir, Q2, is
t
1 -
0z = 5 e E [ e a
0
t
1 -t/k v
Q — e — dt
27 k& .[ k
0
oV t/k ' 3
Q2 = kz.e t . (31lc)

With successive routings through n reservoirs, the discharge rate, Q,,
- becomes

v e-t/k e

= . V 31d
k2 (n-1)! (314)

Q

But, (n-1)! = ["(n) (31e)
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where [~ is the gamma function. Substituting the equality 3le into

Equation 31d, the relation can be written

-n _~-t/% _n-1
Qn=——[-‘,’(—n)- L IPCLTA (31£)
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APPENDIX C: TOPOGRAPHIC AND HYDROLOGIC DATA

In an effort to alleviate overcrowding of tables and illustrations

arising from employing watershed names, each watershed was given a number

designation (see Table 3).

The number designation was employed exclu-

sively to define the watersheds and to associate topographic and

hydrologic properties with a given watershed throughout the thesis.

Table 3. Watershed name and corresponding number designation

State Number Watershed
Illinois 1 W-IV, Edwardsville
Iowa 2 Davids Creek near Hamlin
3 Hayworth Main Qutlet near Climbing
Hill
4 Indian Creek at Council Bluffs
5 Muckey Creek near Mapleton
6 Nepper Main Outlet near Mapleton
7 Ralston Creek near Iowa City
8 Rapid Creek near Iowa City
9 Renneker Main OQutlet near Anthon
10 Waubonsie Creek near Bartlett
Missouri 11 Beaver Creek near Rolla
12 Behmke Branch near Rolla
13 Big Creek near Yukon
.14 Bourbeuse Creek near St. James
15 Coyle Branch at Houston
‘16 East Fork Fishing River at
Excelsior Springs
17 Green Acre Branch near Rolla
18 Jenkins Branch at Gower



Table 3. (Continued)
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State Number Watershed
Missouri 19 Lanes Fork near Rolla
20 Lanes. Fork near Vichy
21 Little Beaver Creek near Rolla
22 Lost Creek at Elsberry
23 Mill Creek at Oregon
24 Oak Grove Branch near Brighton
25 Shiloh Braﬁch near Marshall
26 Stahl Creek near Miller
27 Stark's Creek at Preston
28 White Cloud Creek near Maryville
Nebraska 29 Dry Creek near Curtis
30 W-3, Hastings
31 New York Creek near Herman
32 Tekamah Creek at Tekamah
Ohio 33 W-5, Coshocton
34 W-11, Coshocton
35 W-91, Coshocton
36 W-92, Coshocton
37 W-94, Coshocton
38 W-95, Coshocton
39 W-97, Coshocton
40 W-196, Coshocton
Wisconsin "4l W-1, Fennimore
42- W-1II1, Fennimore
North Carolina 43 W-7, Coweeta
&4 W-8, Coweeta
45 W-9, Coweeta
46 W-10, Coweeta
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Table 4. Collection agencies for raw»tbpographid and hydrologic:daté .

Letter

designation _ Agency and location

ARS United States Department of Agriculture,
Agricultural Research Service, Soil and Water
Conservation Divisions: Beltsville, Maryland;
Hastings, Nebraska; and Coshocton, Ohio

FS United States Department of Agriculture Forest
Service, Coweeta Hydrology Laboratory,
Dillard, Georgia

ISU Iowa State University of Science and
Technology, Agricultural Engineering Depart-
ment, Ames, Iowa

SUl State University of Iowa, Department of
Mechanics and Hydraulics, Iowa City, Iowa

USGS United States Department of Interior Geological
Survey, Topographic and Water Resources
Divisions; States of Iowa, Missouri, Nebraska
and Ohio : )

USWB : United States Department of Commerce.Weather

‘Bureau, National Weather Records Center,
Asheville, North Carolina
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Table 5. Summary of topographic characteristics

Watershed Colicction A L Lea S SL
number? agenciesb (sq.miles) (miles) (miles) (percent) (percent)

1 ARS 4 0.45 0.5 0.28° 110 5.68%
2 1SU, USGS 26.01 9.14.  4.95 0,30 4.15¢
3 1Sy 0.91 1.80 - 0.85 1.41 8.05¢
4 USGS 7.56 5.69 2.08 0.49 8.45¢

5 ISU 0.69 0.83 0.45 1.34 12.30¢
6 ISU 0.35 0.75 0.43 2.56
7 SUI 3.00 3.50  2.80 0.45 7.764
8 ISU, USGS 24.57 9.50  4.15 0.21 4.10¢
9 ISU 0.89 1.78 0.68 0.94 5.26¢
10 ISU, USGS 32.64 12.50 5.30 0.40 2.90¢
11 USGS 13.70 5.95 2.90 0.70 10. 304
12 UsGs 1.03 1.95 1.15 1.37 7.054
13 USGS 8.36 2.45 1.65 2,28

14 USGS 21.30 6.00 3.02 0.41

15 UsGs’ 1.30 1.21 0.80 0.52 7.184
16 USGS 20.00 7.80 3.60 0.50 6.31¢
17 USGS 0.62 0.98 0.60 1.45

18 USGS 2.72 2.50 1.20 0.53 5.06¢
19 USGS 0,23

20 USGS 24,10 9.40 3.10 0.40

21 UsSGs ' 6.27 3,10 1.60 . 1.02 7.86d

22 USGS 12,20 3.70 - 1.98 . 0.74" 8.694
8Refer to Table 3 for code designation.
bRefer to Table 4 for interpretation.

“Mean land slope computed from regression equation 13,

dSlope determination by grid-intersection method (21).
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Table 5. {(continued)

Watershed Collection A L Lca Se Sy,
number?@ agenciesD (sq.miles) (miles) (miles) (percent) (percent)
23 USGS 4.90 3.00 1.0 0.79 6.56"
24 USGS 1.00 1.00 0.75
.25 ~ USGS . 2.87 2.45 1.60 0.45 3,72¢
26 UsGs - 3.86 2.70 1.40 0.59 -2.93d,
27 . UsGs 4.72 1.98  1.10 ’
28 USGS 6.06 4.60  2.60 0.28 4.469
29 USGS 20.00 11.59 5.49 0.30 4.74¢
30 ARS 0.75 1.96 1.54 0.86 5.444d
31 USGS 30.00 10.25  5.45 0.25 3.88¢
USGS 21.53 7.50  4.25 0.52 5.01¢
33 USGS, ARS 0.55 0.82  0.48 2.64 18.90¢
34 USGS, ARS 0.46 1.17 0.74 1.83 24, 60C
35 USGS, ARS 0.46 1.31 0.57 2.13 25.60¢
36 USGS, ARS 1.44 1.56 0.72 1.84 25.40¢
37 USGS, ARS 2.37 2.41  1.02 1.37 14.804
38 USGS, ARS 4.02 3.25 1.45 1.09 22.60¢
39 . USGS, ARS 7.15 5.11 2.44 0.72 20.40¢
40 ARS 0.47 0.88 0.42 3.94 15.604
41 ARS 0.52 0.99 0.55 1.80 8.10¢
42 ARS 0.27 0.46 0.29 2,20 5.774d
43 FS - .. : o 51.20d
44 . FS : o 45.504d
45 FS 46,104

46 FS 43, 30d




Table 6. Summary of storm characteristics and hydrograph properties

Raingage Storm characteristics Hydrograph properties
Water- Collec- Rainfall Collec~ Period - Peak Lag
shed tiom Station Storm date Excess Total tion of rise dis- time
number? agencyD period depth agency ciiarge
(min.) (in.) (min.) ,(cfs) (min.)
1 ARS Weighted July 8-9, 1942 56 2.11 ARS 28 423 22
) " average  Aug. 14-15, 1946 53 1.98 39 © 667 39
R-1, R-2, Aug. 15-16, 1946 40 1.00 ' 25 " 260 17
R-3, R-4, ‘
. R-5, R-6,
R-7
2 USWB Coon Aug. 15, 1952 USGS "120 - 840
Rapids June 4-5, 1953 ©120 .- . 362
June 6-7, 1956 100 1.57 105 . 533 93
3 1Ssu Weighted June 15, 1950 20 1.57 isu 15 -~ 7 860G 14
average June 23, 1951 30 1.01 14 . 320 16
4-1, H~2 June 25, 1951 15 0.98 16 980 14
4 July 8-9, 1955 USGS 51 ‘540
July 13, 1956 ‘50 A Y
June 15-16, 1957 40 ---2,050
5 1ISUu Weighted June 19, 1951 20 0.60 ISU 23 420 20
average 1. Aug. 17, 1951 15 0.85 20 - 600 17
M-1, M-2 2. Aug. 17, 1951 15 0.71 26 " 592 30

June 24, 1953 25 1.05 - . 20 557 14

8Refer to Table 3 for code designation.

bpefer to Table 4 for interpretation.

YA



Taixle &. (continued) .

Raingage _ Storm characteristics Hydrograph properties
Water-  Collec- - Rainfall Collec- Period Peak Lag
shed tion Station Storm date Excess Total tion " of rise dis- time
number? agencyb A ' period depth agency charge
(niin.) (in.) (min.) - (cfs) (min.)
6 15U Weighted June 17-18, 1951 25 2,02 1SU 20 700 25
average 1. June 24, 1953 25 1,36 17 426 23
N-1,N-2, 2, June 24, 1953 20 0.86 14 290 18
N-3 :
7 su1® June 27, 1941 55 2. 34 SUT 63 1,345 64
June 30, 1941 45 1.01 90 817 73
. July 30, 1950 25 0.84 67, S 241 58
May 24, 1953 80 - 290
8 USWB ~  Morse 1IN July 12, 1943 20 0.23 USGS - 153 279
June 1, 1945 20 0.47 v 121 377
July 31-Aug. 1, 1950 25 0.76 . 153 261
July 31, 1956 243 1,025
9 ISU Weighted Apr. 30, 1951 10 0.52 ISUu 16 T 493 13
average  June 23, 1951 25 0.84 18 765 17
R-1,R~2 July 2, 1951 20 1.18 20 1,450 12
10 : : Aug. 23, 1954 USGS 135 3,500
' July 15-16, 1956 , 90 4,200
July 1, 1957 ' . 165 2,460
June 7, 1957 70 2,448

CRaingage station unknown, available from SUI.
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Table 6. (comtinued)

Raingage Storm characteristics ‘Hydrograph properties
Water-  Collec- . _ Rainfall Collec~ Period Peak Lag
shed tion - Station Storm date ExXcess Total tion . of rise dis- time
number? agency period depth agency charge
(min.) (in,) . (min.) (cfs) (min.)
11 ° USWB - Rolla 7S Apr. 23, 1950 UsGs - 35 742
g Aug. 9-10, 1951 60 1.54 30 1,080 32
Aug. 15-16, 1951 15 0.70 75. 640
July 7, 1955 50 0.95 60 1,047
12 USWB- - Rolla June 9, 1950 40 1.41 USGS, 45 1,190 44
' -~ .. - 4SE June 9, 1954 65 2.17 45 845 36
13 USWB ~ Tyrome  Sept. 12, 1949 30 1.35 USGS 55 351
| May 31, 1957 45 0.35 60 940
July 14, 1957 50 1.70 : © 60 490 75
14 USWB  St.James June 20-21, 1948 60 1.20  uses 105 4,050 77
38w July 12, 1948 45 1.08 ' - 90 3,270 80
June 26, 1949 45 1.00 90 1,090 107
May 25, 1957 30 0.82 90 3,400 123
15 USWB  Houston Jume 9-10, 1950 USGS - 47 265
1SE Apr. 6, 1951 90 2.16 43 648 45
June 29, 1951 57 1.80 - 67 315 84
June 30, 1951 50 1.45 55- 0 996 40
16 ' June 21, 1951 USGS 99 ° 1,030
' Aug., 8, 1951 ' 135 5,550
May 1, 1954 126 . - 833

June 24, 1955 "123 1,450

6Tl



Table 6., (continued)

Raiﬁgage ' Storm characteristics Hydrograph_pfoperties
Water-  Collac- A Rainfall Collec- Period Peak Lag
shed tion Station Storm date Excess Total tion of rise dis- time
number? agency period depth agency charge
: (min.) (in.) (min.) .  (cfs8) (min.)
17 USWB ° Rolla  Apr. 23, 1953 13 0.94  USGS 30 577 26
. SSE June 9, 1954 30 1..89 ' 31 821 19
May 12, 1955 35 Lis : 15 : 337 15
18 USWB . Gower 2N July 16-17, 1950 USGS 90 385
. June 2, 1954 75 1.49 90 657 122
) June 24, 1955 45 1.10 . 90 . = 463 107
19 yswsd Apr. 23-24, 1953 uses 58 120
‘ : ' June 10, 1954 ~ 60 120
May 25, 1957 25 0.63 ‘ 45 48 35
20 UswB. Vichy Aug. 15, 1950 60 1.54 USGS 60 1,790 85
" 2SE July 23, 1955 60 1.66 - 70 1,530
' May 22, 1957 35 2.30 o 90 - 6,230 98
21 USWB  Rolla 3w July 22, 1951 UsGS . . 60 864
' Apr. 23, 1953 15 1.31 75 . 2,050 65
July 6-7, 1955 15 0.75 © .50 950 74
Aug. 7, 1955 15 L.45 72 564 60
22 . Oct. 11, 1954 UsGs 80 1,325
May 28, 1955 66 400

Aug, 7, 1955 - 79 - 1,600

dRaingage station unknown, rainfall chart for storm on May 25, 1957 obtained from USGS, Rolla,
Missouri. :

9t1



Table 6. (continued)

Raingage Storm characteristics Hydrograph properties
Water- Collec- Storm date Rainfall Collec- Period Peak Lag
shed tion . Station Excess Total tion . of rise  dis- time
number? agencyb period depth agency charge
(min.) (in.) - . (min.) (cfs) (min.)
23 USWB Oregon - Aug. 14, 1951 45 0.60 USGS © 60 . 548 50
INE Aug. 15, 1951 25 0.45 60 680 52
Aug., 21, 1954 45 1.25 ‘ 45 - 580 28
24 USWB Brighton May 22, 1957 25 1.85 UsGS - 71 - 845 73
25 USWR Marshall May 27-28, 1955 30 1.40 USGS 70 " 658 71
. June 2, 1955 : 45 . 885
June 29, 1957 - 68 . . 503
26 USWB Miller June 7, 1956 70 2.25 USGS . 90 . 747 118
2SE June 24-25, 1956 40 1.34 ' 130 T 432 126
Co May 22, 1957 30 1.00 . 165 - . 556 165
27 USWB Preston  Apr. 21, 1957 70 1.15 UsGS 150 -~ 832 141
. May 9, 1957 25 0.70 75 . 160 81
May 22, 1957 55 0.60 . 65 635 69
28 USWB = Maryville June 24, 1949 25 0.55 USGS 164 =~ 7158 150
TNV May 25, 1951 75 0.60 238 171 193
June 19, 1951 45 1.10 . 238 396 253
June 20-21, 1951 361 . 443

June 21-22, 1951 419 410

el



Table 6. (continued)

Raingage — Storm characteristics L Hydrograph properties
WYater~ Collec- . = Rainfall Collec~ Period - .Peak Lag
shed tion Station Storm date Excess Total rion of rise dis- time
number? agencyP period depth agency : charge
: (min.) (in.) (min.) . (cfs) (min.)
29 USWB Curtis 4N May 30-31, 1951 30 0.86 USGS 165 2,375 129
> . - Curtis 4N June 8, 1951 40 1.62 150 4,430 136
Stockville ' '
6SSW June 21-22, 1951 45 1.51 70 - 3,956 60
30 ARS CB-32R June 18, 1947 38 1.00 ARS - 55 143 64
« May 5-6, 1949 29 0.88 : 60 o307 65
June 8, 1949 63 288
July 10, 1951 50 1.84 41, . 845 42
31 USWB ‘Spiker May 31, 1951 50 1.82 USGS 190 ' 2,980 198
4Ny Aug. 14, 1951 30 0.60 200 1,046 160
‘ ' Aug. 20, 1951 30 0.60 185 3,151 160
32 USWB Rosalie May 27-28, 1954 100 0.32 USGS 180 1,676
May 31-June 1, 1954 55 0.42 90 - 1,135
May 12-13, 1956 25 0.79 210 1,294
33 ARS © - 91 June 4, 1941 53 1.00 ARS 32 . 293 34
34 ARS 27 Sept. 23, 1945 32 1.21 ARS 26 . . 310 23
' July 21, 1956 45 1.61 30 - 134 27
June 12, 1957 23 1.60 - 25 88 37

July 14, 1958 33 1.13 32 ‘110 41
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Table 6. (continued)-

Rairgage _ Storm characteristics : Hydrograph properties

Water-  Collec- Rainfall Collec~ "Period Peak Lag
shed tion - Station Storm date Excess  Total tion of rise dis- time
number? agency period depth agency - charge
: (min.) (in.) (min.) (cfs) (min.)
35 ARS 91. June 4, 1941 52 1.00 ARS 28 214 29
. Sept. 23, 1945 30 1.20 26 130 29
June 28, 1946 22 0.86 . 17 235 30
July 14, 1958 27 1.08 36 86 34
36 ARS . 27 Sept. 23, 1945 " 30 1.75 ARS 45 212 38
: June 16, 1946 16 0.57 - 55 .- 192 69
July 11, 1946 70 404
June 12, 1957 ’ 40 262
37 ARS 27 June 18, 1940 26 0.98 ARS 45 248 46
38 ARS . - 27 June 4, 1941 35  1.02 ARS 74 - 880 93
: - June 21, 1946 - 20 0.75 75 .753 102
- June 12, 1957 53 2,00 : §2 - 896 99
39 ARS 27 Aug. 4, 1938 64 1.3  ARS 76 . 410 94
. July 11, 1946 84 2,52 ' 100 - 974 142
July 21, 1946 60 1.18 100 840 113
- June 12, 1957 _ 80- 1,270 94
40 ARS 108 July 8, 1939 28 0.78 ARS Co13 177 17
. Aug. 15, 1941 | v 14 140
June 6, 1947 50 1.26 20 126 23
Aug. 16, 1947 26 1.11 13 179 23

July 21, 1949 28 1,14 14 116 23
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Table 6. (confinuéd)

Storm characteristics

" Hydrograph properties

Raingage
Water-  Collec~ . Rainfall .Collec- Period Peak Lag
shed tion Station Storm date Excess Total tion of rise dis- time
number? agencyb period depth agency charge
(min.) (in.) (min.) (cfs) (min.)
41 ARS Weighted Aug. 12, 1943 23 2,07 ARS 18 306 18
average June 28, 1945 16 0.93 16 340 19
R~-2, R-9 July 15-16, 1950 11 1.07 20 350 19
42 ARS R-2 Aug. 12, 1943 23 1.89 ARS - 10 | 212 5
June 28, 1945 18 0.96 12 - 229 10
July 15-16, 1950 10 0,93 16 ‘ 183 21

0gt
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APPENDIX D:' DISTRIBUTION GRAPHS AND EMPIRICAL GRAPHS

Development of an Empirical Graph for a Given Watershed

A set of raw data, including a station description, rating tables

and stage graphs for three storms occurring on watershed 19,'are'givén in

Figures 19a, 19b, and 20a, 20b, and 20c, respectively.

: 1. Development of discharge hydrographs

A. The stage readings for each storm were tabulated at appro-

priate times to allow faithful reproduction of the original
stage graph (see Tables 7, 8,.and 9). In the tabulation,
any major fluctuation of the curve was noted and the péak
stage was always listed,

Using the appropriate rating table, the stage readings were
corrected for any ''shift-in-control' and converted to
equivalent discharges expressed in cfs (see Tables 7, 8,
and 9).

The discharge readings were plotted with time to produce
the discharge bydrographs presentéd in Figures 2la, 2lb and

2lc.

2. Separation of base flow

Since the distribution-graph or unit-graph principle is

only applicable to surface runoff, it was necessary to separate

the base flow component from each discharge hydrograph. Sever-

al techniques are available to accomplish this separation;

however, the selection of one in preference to another is



Figure 19a. Statiorn description for watershed 19

(Photostat of original data.)
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Figure 19b. Rating tables for watershed 19

(Photostat of original data.)
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Figure 20a. Stage graph for storm of April 23-24, 1953 on watershed 19; “';f

(Photostat of original data.)
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Figure 20b. Stage graph for storm of June 10, 1954 on watershed 19 -

B (Photostat of original data.)
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Figure 20c. Stage graph for storm of May 25, 1957 on watershed 19

(Photostat of original data.)
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Table 7. Discharge readings for storm of April 23-24, 1953, on
watershed 19

Accumulated - " i_ : Shift . Corrected

. time Stage _ correction  stage Discharge

__hr. . : ft. D < TR < T cfs’ -
0.000 ©1.92 . 40,01 - - T1.93 - 0.0
0,25 3.00 U ©os01 0 9.3
0.50 430 S 4.31 54,0
1.00 4,93 oo 4,94 120.0
1.50 4.55 g 4.56 72.0.
2.00 4.17 oo 418 47.0
2.50 3.75 , 1 3,76 29.0
3.00 3.35 " 3.36 19.0
3.50 3.25 L 3.26 14.0
4.00 3.00 S 3.01 8.9
4.50 2.90 " 2.91 7.3
5.00 2.82 g 2.83 6.0
5.50 2.79 " 2.80 5.5
6.00 . 2.84 " 2.85 6.3
6.50 ‘ 3.00 " 3.01 8.9
7.00 3.06 b 3.07 10.0
7.50 . 3.00 S 3.01 8.9
8.00 2,93 " 2.94 7.8
8.50 , 2.87 "o 2.88 6.8
' 5.4

9.50 278 ) t 2,79

10.00 - - 2.73 . noo C2Th ks
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- Table 8. Discharge readings for storm of June .10, 1954, on watershed

1
:A_‘c’é‘ﬁﬁl'v.‘l._l‘atéd..»' s T shift C . Corrected . . o S
time' ' - - ‘Stage correction . stage © '. 'Discharge
- hr. . ' ft., . . T fe. R 2 - "+ efs
0.00 1.92 +0.01 1.93 © 0.0 -
0.25 , 3.50 AL "3.51. 21,0
1 0.50 4.69 L 4.70 85.0
0.75 4.88 " 4.89 109.0
1.00 4.93 " 4.94 120.0
1.50 4,60 " 4.61 76.0
2.00 4.06 " 4,07 42.0
2.50 3.61 " 3.62 24.0
3.00 3.30 L 3.31 15.0
3.50 3.10 " . 3.11 11.0
4.00 2.95 b 2.96 8.1
4.50 2.84 " 2.85 6.3
5.00 2.76 L 2.77 5.1
6.00 2.62 " 2.63 3.3
7.00 ' 2.51 ' " 2.52 , 2.3
8.00 S 2us o . 2,46 1.8
9.00 2.40 .o 2.41 1.5
3

10.00 236 n 2.37 L.
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Table 9. Discharge readings for storm of May 25, 1957, on watershed 19

Accumulated Shift Corrected

time Stage correction? stage Discharge
hr. ft. ft. ft. A cfs
10.00° - 202 | = : 0.0
0.25 13,00 . _— o 8.8
0is0 . 3589 BT 340
0.75 4,20 - 48.0
1.25 4.10 : 43.0
. 1.75 : 3.87 ~ 33.0
2.25 . 3.65 25.0
2.75 3.43 19.0
3.25 3.26 : 14.0
3.75 3.14 11.0
4,25 3.03 9.3
4.75 2.94 7.8
5.25 2.87 6.7
6.25 2.66 3.7
7.25 N 2.55 2.6
8.25 2.47 1.8
9.00 . . 2.41 . 1.3

" @No shift correction.



Figure 2la. Discharge hydrograph for storm of April 23 24
1953 on watershed 19 3

Figure 21b. Discharge hydrograph for storm of June 10, 1954
on.watershed 19

Figure -2lc. Dlscharge hydrograph for storm of May 25 IéST
on watershed 19°
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subject to personal opinion. With reference to the methodology employed,
Wisler and Brater (59, p. 30) state, '""The exact location of the end of
surface Eunoff usually cannot be determined, but this is not of greet

. importance as long as one always follows a consietent procedure;ﬂ'_w
For the vatersheds employed in:thie studj; the”eootribﬁtioﬁ.of base '
"i;floo durlng the flood perlod wao.aSsﬁﬁed to.oe oractieaiiy oegliéiole:.
It was,~therefore, considé&ed impractical to adopt a complex, time-
consuming techniqpe for base-flov segaretion.A A siﬁpie, a;bitra%y' ’
procedure was developed to accomplish tﬁ15npurpose.

VA. A straight line was drawn tangent to the recession curve where
the curve showed an approximate constant depletion rate over a
long period of time.

B. The initial point of rise on the recession limb was connected
with the point at which the tangent line departed from the
recession curve by a straight line (see Figures 2la, 21lb, and
21c).

The area above this ‘line was taken to represent surface runoff; the
area below, base flow. In an attempt to obtain congruency in the time-
bases of the hydrographs, the perioo of surface runoff was temporarily
defined as the time from the initial. point of riee-to the‘point at which

the surface runoff rate decreased to S percent of the peak dlscharge
rate, O. OSQp
Where a parasite storm complexed the recession limb as in the hydro-

graph for April 23, 1953, the normal recession limb was plotted according

to @ composite recession curve developed from the other hydrographs of
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record (see Figure 22).

3. Development of the distribution graphs

A.

' -was

The time-bases of the surface-runoff hydrographs were divided

. for

The

-intovatlleast 10 and preferably 14-15 equal-time increments of
‘AﬁFminutésQ&utéﬁion;' Toia&oid irregular time increments, At

[éhéséh ;6 ;hé neéreét 5 minutes énd_the last:incfeméﬁtitakeﬁ”"
* to include the discharge, 0.0SQP. The same time unit was used

all hydrographs of a given watershed:

ordinate values of the surface-runoff hydrographs ‘were

' tabulagedoat'the respective times from the beginning of surface

runoff,

For
The

the

%

See

" The

At iAt,_:SZ_At- coees (200 Ap

2 2 2

where n is the number At-increments.

each hydrograph, the peak discharge was always recorded.
distribufion eraph was developed ffom each hydrograph by
relaticp§hip . |

e Zcfs for a given At-pefiod
flow/At-increment = TFTFor n At-periods

x 100

Tables 10, 11, and 12.

. Development . of empirical graph

émpiricél graph for each watershed was developed by pro-

cedures described previously ksee discussion pp. 44f£f). The graph

for watershed 19 is given in Figure 27.



Figure 22. Recession curve for watershed 1

0
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Table 10. Distribution graph for watershed 19 from storm of
April 23-24, 1953

. . Flow per
Accumulated o -Number of Corrected 15-minute
time 15-minute . discharge- - time
A . periods . . . - o : ", ' interval
‘min. - - . . min. . L "efs . . © . . percent
0.0- 0 0. 0.0
7.5 1 4 0.6
22,5 2 3.9
37.5 "3 82 11.8
52.5 4 113 16.2
57.5 1194 - 17,1
67.5 5 112 ~16.0
82.5 6 85 12.2
97.5 7 65 9.3
112.5 .8 ’ 51 7.3
127.5 ‘ 9 ' 38 5.5
142,57 o 10 - 30 4.3
157.5 1 . % 3.4
172.5 S 12 . : 19 2.7
187.5 13 15 2.2
202.5 . 14 P 12 - 1.7
217.5 . s e g 1.3
232.5 A .16 o T 1.0
247.5 17 | 4 - © 0.6
Total 697 100.0

apeak discharge rate; not included in total.
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Table 11. Distribution graph for watershed 19 from storm of
June 10, 1954

Flow per
Accumulated Number of Corrected .. 15-minute,
time 15-minute . discharge . - ° time.
: periods . Jree. 0. . interval
min. L min, SR cfs i percent:'A._‘
0.0 0 0 0.0
7.5 1 8 1.1
22,5 .. 2 S50 - 6.9
37.5 - .3 L 98 - _ 13.6
52.5 o 6 ©os 15.9
60.0 S 1192 16.5
67.5 5 . 114 ' 15.8
82.5 6 S0 12.3
87.5 : 7 . 62 8.6
112.5 8 . 46 6.4
127.5 - 9 3% 4.7
142.5 10 25 3.5
157.5 ' 11 20 2.8 -
172.5 - - 12 16 . 2.2
187.5 o 13 S 13 o 1.8
202.5 14 11 R
217.5 5 g 1.2)
232.5 g 1.0
247.5 _5 0.7
Total 723 100.0

8peak discharge rate; not included in total.
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Table 12. Distribution graph for watershed 19 from storm of
May 25, 1857
Flow per
Accumulated ‘Number of Corrected ° 15-minute
time . 15-minute - . discharge Stime. | -
s periods BN " interval-:
: min.~ ) B - ming percent. | .
0.0 . 0 o 0.0
7.5 1 4 1.4
22.5 T2 18 6.6 .
37. 3 41 15.0
45.0 482 17.5
52.5 4 44 16,0
67.5 5 36 13.1
82.5 6 28 10.2
97.5 7 22 - 8.1
112.5 8 18 6.6
127.5 9 15 5.5
142.5 10 12 4.2
157.5 11 9 3.5
172.5 12 7 2.6
187.5 13 6 2.2
202.5 14 5 1.8
217.5 15 4 L.b -
232,55 16 -3 1.1
2475 17 2 0.7
Total 274 100.0

8peak discharge rate; not included in total.



Figure 23.:.; ,"'Ij._':i..s"tribution graphs for selected storms and empii:icél..graphs.- for watersheds
©+1;72,-3, and 4 S e
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Figure 24, Distribution ‘gi'aphs for selected storms and empirical 'graphs for watersheds
5,6, 7, and 8 . : i ‘
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Figure 26. Dis'ti»‘tjv ion .graphs. for selected storms.and 'embir;iec':a']:.’_v.g_ﬁ}a_p.hé»fo:i' watersheds
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Figure 28. Distribution graphs for selected storms and empiricall"’gf:-aphs for watersheds
21, 22, 23, and 24 o
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Figure 29. Distribution graphs for selected storms and empiriéal graphs for watersheds
25, 26, 27, and 28 v o
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Figure 30. Distribution graphs for selected storms and emp'iri._cal graphs for watersheds
29, 30, 31, and 32
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Figure 31, Distribution graphs for selected storms and empirical graphs for watersheds
33, 34, 35, and 36
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Figure 32, Distribution graphs for selected storms and empirical graphs for watersheds
37, 38, 39, and 40 o
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Figure 33. Distribution graphs for selected storms and empirical graphs for watersheds
41 and 42
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APPENDIX E: DIMENSIONLESS GRAPHS

Determination of the ''Best-Fit' Two-Parameter Gamma Distribution

Describing the Dimensionless Graphs

With the particular program employed, the input capacity of the IBM

650 was restricted to 999 numbers of 10 digits or less. 1In order to ac-

commodate the entire capacity, the following procedures were applied to

the dimensionless graphs of each of the 42 watersheds included in this

study.

1.

The ordinate values of Qj, Qg, Q3, Q4, ********* Q,, expressed
in % f£low/0.25Pp, for the respective increments, t/Pp = 0.125,
along the base of the dimensionless graph were listed and
summed. This sum must be 200 percent because the number of
abscissa values chosen has been doubled., A dimensionless graph
expressed in this manner may be represented as a histogram as
shown in Figure 34.

The ordinate values given in 1 above were increased by a multi-
ple of five, to give a sum of 1,000 percent.

Each value of the ratio, t/PR, was punched on the predetermined
number of IBM cards given by the ordinate value in 2 above. The
correction for odd values of the ordinates, for example, 14.5
percent, was accomplished by placing 14 cards of the respective
t/Pg-value into the distribution and placing an additional card
of the value, t/PR, for the next odd ordinate nearest the peak.
A card from the group for the largest recorded value of t/PR was

removed to reduce the deck to 999 cards.



Figure 34. Dimensionless graph of watershed 19 as a histogram
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4. The punched cards were then introduced to the IBM 650 and the
estimators of the parameters, v', q and E/PR obtained.

Bgfore:finalizing the results, an additional factor must be coa-
sidered. A basic hypothesis in fitting thé'data required that the areas
enclosed by the dime;éionléss graph and the theoretical distribution be
equivalent. Since the area-enéiosed'ﬁy tﬁg gaﬁma disiribﬁtion~is unity,
it is necéssary to inclﬁée the,approp;iate'valué‘df N in Equation l4c to
obtain the desired result. The gvaluatioﬁ of the cqﬂstant:was.accom—
plished in the followingrmanhef

1. Approximate area, Ap, bounded by a dimensionless graph.

Ap = (Q1/2)(0.083) + (Qp) (0.125) + (Q3)(0.125) + (Q4)(0.125) .
IR EREREEE) + (Qn)(O-IZS) . .
Ay = (Q)/2)(0.083) +0.125. 8 Qq . . : (32a)
n=2

For practical work, only small error will be introduced "if it is

assumed,
(Q1/2)(O.083) =0.125 Qq

therefore, Equation 32a reduces to

n
AyE 0.125 £ q, . (32b)
n=1
But,
n
Z Qp = 200 percent. (32c)

n:l
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Substituting Equation 32¢ into Equation 32b, it follows
Ap T 25.0 percent.

Area bounded by the two-parameter gamma distribution of the

dimensionless graph, Ag (see Equation l4c).

?53 QY')q “Y.t/PR q_l
Ag =N | N t/Pg

t/PR=0

d(t/PRr)

But

T e ~y't/Pg
f /7(q)
t/Pg=0

q-1
t/PR d(t/PR) = 1 .

It follows that for Ap to be equal to Ag, the constant, N, of
the two-parameter gamma distribution must have a numerical
value of 25.0 percent.

On the plotted figures (see Figures 35-45), the theoretical
curves have been given a finite maximum value of t/Pp. Obviousf
1y, this is not theoretically correct because the distribution
is defined by the integral from t/Pg = O to t/PR =c0. The
volume of flow occurring beyond these maximum values is usually
very small, however, and in part has been compensated for by the

increased value cf the constant.



Figure 35. Dimensionless graphs and fitted two-parameter gamma distributions for
watersheds 1, 2, 3, and &4
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Figure 36. Dimensionless graphs and fitted two-parameter gamma distributions for
watersheds 5, 6, 7, and 8
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Figure 37. Dimensionless graphs and fitted two-parameter gamma distributions for
watecsheds 9, 10, 11, and 12
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Figure 33. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
13,14, 15 and 16
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Figure 39. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
17, 18, 19, and 20
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Figure 40. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
21, 22, 23, and 24
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Figure 41. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
25, 26, 27, and 28
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Figure 42. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
29, 30, 31, and 32
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Figure 43. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
33, 34, 35, and 36
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Figure 44. Dimensionless graphs and fitted two-parameter gamma distributions for watersheds
37, 38, 39, and 40
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Figure 45. Dimensionless graphs and fitted two-parameter gamma.
distrilutions for watersheds 41 and 42
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APPENDIX F: APPLICATION OF RESULTS
‘Step Procedure in Development of a Unit Hydrograph for a Given Area
Problem

Define the unit hydrograpk for a watershed, 5 square miles in area,
which falls within a region of comparable geologic, physiographic, and
climatic conditions as those of Western Iowa. The follo&ing information
was obtained from ez available topographic map: L = 3.80 miles and §, =

0.57 percent.1
Procedures

Step 1. Determine parameters; P,, v’ and q.

A. With L/¢§: = 3.80~N0.57 = 5.03 miles, enter Figure l5a
and select; PRﬁ? = 16.6 minutes.

B. With PRﬁ? = 16.6 minutes, enter Figure 17
and obtain; Pp = 57 minutes.
Therefore: 4 = 57/16.6 = 3.434.

C. Set the peak to fall at t/PR = 1, by substituting Q = 3.434

into Equation 19 and solve for; q = 4.434. These are the

best estimators of ' and q.

1If topographic maps are not available and the characteristics of
the area under study are closely related to those of the Nebraska-Western
Iowa region, estimates of L and S, can be obtained from Figures 3 and 14,
respectively,



Step 2.

A.

Step 3.

204

Compute the ordinates of the dimensicnless graph.

Using Equation 16, compute the % flow/O.ZSPR at the respec-

‘tive values of t/PR = G.125, 0.375, 0.625 ...... and every

succeeding increment of t/Pp = 0.250, until the sum of the
ordinates approximates 100 percent (see Table 13). Also

calculate the peak percentage. At the peak,

4,343 .
_25.0 {3.434) -3.434 4,434
Q<1) = (6. 436) e (L = 18.0 percent.

Develop the unit hydrograph.
Compute the necessary conversion £factor.

Volume of unit hydrograph, V

f)
acre 1 fte
7 X 12 in/ft x 43560 acre

1 in. x 5 mile? x 640

L]
1l

mile

3

11,616,000 ft

Volume of dimensionless graph, Vp

sec.
min.

Vp = cfs x 0.25 % 57 min. x 60 = 855 Scfs - sec.

Since the two volumes; V, Vp, must be equal, it follows that
Scfs = 11,616,000/855 = 13,590 cfs.

Convert the dimensicnless graph ordinates to cfs.

% flow/O.ZSPR

Qe = 100 x Jcfs
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Table 13. Coordinates of the synthesized unit hydrograph
Accumulated % £low Cumulative it
t/Pg time 0.25py % flow graph
min, O.ZSPR cfs
0.000 Q.0 0.0 0.0 0
0.125 7.1 0.3 0.3 41
0.375 21.4 5.3 5.6 720
0.625 35.6 13.0 18.6 1,767
0.875 49.9 17.6 36.2 2,392
1.000 57.0 - - 2,4462
1.125 64.1 -17.6 53.8 2,392
1.375 78.4 14, 68.7 2,025
1.625 92.6 i1.2 79.9 1,522
1.875 106.9 7.7 87.6 1,046
2,125 121.1 5.0 52.6 630
2,375 135.4 3.1 95.7 42
2.625 149.6 1.9 97.6 258
2.875 163.9 1.1 98.7 150
3.125 178.1 0.6 99.3 81
3.375 192.4 0.3 35.6 41
3.625 206.6 0.2 99.3 27
3.875 220.9 0.1 99.9 14
4.125 235.1 0.1P 100.0 i3
Total 100.0 13,590

3peak discharge rate; not included in total.

braken as 0.1 to terminate hydrograph.
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Therefore, at the peak,
Qp = 18.0/100 x 13,590 = 2,446 cfs.

C. Convert the time base of the dimensionless graph to
absolute time units.
At the peak, t/Pg = 1; therefore, t = 57 minutes.
Step 4. Plot the unit hydrograph (see Figure 46).
According to Figure 8, the time of beginning of surface runoff
should be placed coincident with the centroid of precipitation.
For best results, the unit hydreograph should be associated with

unit-storm periods of approximately, G.&OPR - 0.50pg-duration.



Figure 46. Synthetic unit hydrograph for five-square-mile watershed used in illustrative
problem
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