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Five years of hydrologic data from a relatively flat,
9.3l square mile, predominately agricultural watershed in
south-central Michigan were analyzed.

The Thiessen uniform depths, the unweighted gage

average depths, and the depths recorded at one specific

gage were compared. There was very little difference between

the Thiessen and unweighted procedures, however the single
gage determination was considered inadequate.

The amount and peak rate of surface runoff were
determined for 15 storm periods. The amount was determined
by planimetering the area between the total discharge
hydrograph and the assumed straight-line base flow curve.
As shown by a composite recession curve, surface runoff
ceased approximately 2% days after the hydrograph peak
for each storm.

In analyzing the rainfall-runoff process, antecedent
moisture, moisture accounted for by base infiltration, and
the amount of moisture required prior to surface runoff
were considered. The fraction of antecedent precipitation
considered effective depended upon the season and the

number of days prior that the rain had occurred. Initial
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PRt the amount required to suUPP1Y initia) infiltration
vsried with the season, probably more specifically with the
moisture content of the lower soil strata.

The unit graph method of estimating flood peaks ang
amounts was illustrated and discussed. The procedure of
combining unit graphs of various lengths was described and
used for determining the 1 hour unit hydrograph for the
watershed. This unit graph was used for cnlculnting the
expected hydrographs which were then compared with four
natural hydrographs and very satisfactory results were
obtained.

To illustrate the rational formula method, the design
peak runoff rate for a once in 25 years frequency rainfall
was determined. This method compared favorably with
the unit graph procedure and was considered appropriate
for use on small watersheds where no previous records
exist.

The Soll Conservation Service's revision of Cook's
formula was discussed and illustrated. This procedure
was considered appropriate nnly for areas much smaller

than Sloan Creek.
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INTRODUCTION

Peak runoff rates from small-area storms are critical
in the design of spillways for dams, drainage systems,
flood protection works, culverts, bridges, and storm
sewers. Runoff volumes from small areas are also
necessary in the design of irrigation systems, flood
storage reservoirs, and other water detention and storage
structures.

Most previous rainfall and runoff data have been
secured from either large areas, above 25 square miles,
or extremely small areas of several acres or fractional
acreages. And for most of these areas only one or at
best relatively few recording rain gages have been used.
Thus little detailed rainfall data exist on ardas of
S5 to 25 square miles in size. This is especlally true
for predominately agricultural watersheds.

It was for the above reasons that in 195}, the
Michigan Water Resources Commission; Surface Water
Branch, Michigan District Office, United States Geological
Survey; United States Weather Bureau office at East

Tanaeincs and tha Acricunltural Fncineerine Denartmant






Williamston in south-central Michigan, from which a1l
the data for this thesis have been secured.

The dominant land use of the Sloan Creek watershed
was agricultural, with no urban infringement on the area.
Nearly 60 percent of the area was cropland, with corn
being the major crop. About 12 percent of the area was
in pasture and 20 percent either idle or in wood land.
The overall cultural picture of this watershed was one
of a typical agricultural area.

From a U,S. Geological Survey topographic map and
detailed field checks on the basin boundaries, the
drainage area above the stream gage was determined to be
9.3l square miles. The watershed was approximately four
and one-half miles wide by six miles long, see Figure 1.

The topography was flat to gently undulating and the

channel slopes averaged 10 feet per mile. The main channel,

a constructed drainage ditch excavated about 1917, had
several small meanderings; however the ditch bottom was
generally straight and reasonably clear of debris and
woody vegetative growth.

The watershed had mainly imperfectly-drained Conover
and poorly-drained Brookston loam to clay loam soils with
less than five percent of the area occupled by undulating
to rolling well-drained, sandy loam Hillsdale and
Bellefontaine soils. Also small areas of Brady and

Griffin stratified, sorted, poorly-drained sands and
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gravels occurred along the creek.

In June 1954 the United States Geological Survey
established the stream gaging station. The equipment
consisted of a Stevens A-35 waterstage recorder in a
wooden shelter over a welded-steel pipe well and concrete
control with 90 degree steel V-notch sharp-crested weir.
The operation and maintenance of this station were
completely under the jurisdiction of the U.S.G.S.

Six recording rain gage stations were established
in April 1956 under the supervision of the United States
Weather Bureau, East Lansing office. Three additional
stations were installed in April 1958 to give an even
better coverage of the area. These gages were installed
and calibrated by the Weather Bureau and were serviced
by Agricultural Engineering personnel.

The Water Resources Commission of Michigan aided in
publication of data and supplied matching funds to the
U.S. Geological Survey for stream gaging. The Soil Science
Department advised on watershed soils problems.

The Agricultural Engineering Department was responsible
for changing the rain gage charts and helped maintain all
field equipment in efficient operation. Another of 1its
functions was to aid in the analysis of the data, under

which this thesis was prepared.







OBJECTIVES

The basic objectives of this study were to collect,
process, and analyze the five years of available Sloan
Creek watershed rainfall and runoff records. More
specifically these objectives were as follows:

1. To determine the adequacy of a single
raingage for the watershed.

2. To compare the various methods of evaluating
the average depth of rainfall of a small watershed.

3. To choose an applicable procedure for separating
surface and base flow so the volume of runoff can be
determined.

L. To study the specific watershed characteristics
which have the greatest effect on the runoff process and
if possible to determine their specific values for the
Sloan Creek watershed.

5. To determine the applicability of various
methods of estimating flood peak rates and/or volumes
of discharge for watersheds of this size with or without

prior hydrologic records concerning them.



REVIEW OF LITERATURE

A "small watershed" may refer to any area from a
fractional acre to several hundred square miles in size.
As implied in the Introduction, small watersheds in this
thesis refer specifically to areas of 5 to 25 square miles.
Very small watersheds pertain to areas from this size down
to a fraction of an acre, while large watersheds refer
to areas larger than 25 square miles.

Rainfall and runoff records concerning large watersheds
have been secured for a long period of time, mainly by
the U.S. Weather Bureau and the U.S. Geological Survey.
The early, published records contained only daily
average stream discharge and raingage data, thus only
areas over 500 square miles could be adequately
analyzed. (10) As recording rain gage and stream gage
records became available, areas much smaller than these
were given more consideration.

In 1917 the Miami Conservancy District gathered
data on many large-area storms in connection with the
design of flood-protection works for the Miami River
above Dayton, Ohio. In 1931 this study was expanded
to include depth-area-duration curves for 250 of the
greatest storms in eastern United States. The Corps of

Engineers in cooperation with the Hydrometeorological






Section of the Weather Bureau, in 1937, undertook a study
of about 1000 major storms which occurred in all parts of
the United States. The data from this study were more
detailed and supersede the Miami Conservancy work. (24)

Since 1930, much experimental work has been in
progress on watersheds ranging from a few acres to several
square miles in size. These experiments were desigzned
primarily to determine the effects of land use and of
conservation practices on runoff. The procedures on and
the results of many of these studies are summarized by
Krimgold (12,1l;) and Cardwell ().

The previous references verify that the size of the
watershed affects greatly the approach required for its
analyslis, as it affects both the rate of runoff and the
manner of its occurrence. On larger watersheds, floods
reach their crest slowly, remain at flood stage for days,
and subside slowly; while on smaller watersheds they
crest more quickly, remain at flood stage only a short
time, and subside quickly. When large streams overflow,
the resulting damage 1s more extensive because of the
larger flood plains and greater length of flood period;
but the suddenness of small watershed floods frequently
causes a heavy loss of life and property. (23) (29)

Floods on small watersheds are generally caused by
very intense precipitation, which occurs over small areas

only. It is usually rains of low intensities covering







the entire watershed and lasting for several days which

cause floods on large watersheds.

Small and very small watersheds may consist entirely
of steep slopes and impervious soil, causing a high percentage
of runoff and a rapld concentration of flow; while the
varied topography and soil of a large watershed usual
result in a smaller percentage of the raln running off
and in a slower rate of concentration. For example, the
June 1903 flood of Willow Creek, Oregon produced 1800
cfs per square mile from a 20 square mile watershed; while
the 1904 flood on the Illinois River with a drainage
area of 27,900 square mile had a flood runoff rate of only
L4.48 second-feet per square mile. (23)

On very small watersheds the rates and amounts of
runoff are influenced primarily by the physical conditions
of soil and cover over which man had some control, and
thus most attention in hydrologic studies is given to
these factors. The channel storage effect for large
watersheds becomes more pronounced and is given the most
attention when considering runoff from large areas. (5)

During the past ten years much information has been
made avallable concerning large watersheds and also very
small areas; however, information concerning the 5 to 25
square mile areas is still very inadequate. Decisions

concerning runoff from these small areas, which include
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smaller watersheds, must nevertheless continue to be made.

Each year these determinations of runoff must permit more
economical design of structures and at the same time
assure a high degree of safety. Thus more accurate
rainfall-runoff data must be secured.

Pickles (23) 1lists and discusses a number of
empirical formulas that have been used for estimating IS
future flood flows. He also states, "The paper by Gregory
and Arnold and the extensive discussion on it contain the
most complete coverage of the subject of runoff formulas j
of which the author is aware."

Most of the previously used empirical formulas have
been grouped into two categories by Linsley, et al. (17)
The first category is of the type used by Fuller, Myers,
Fanning, and Talbot which has the general form of
qp = b AM, That is the peak flow is considered a power
of the basin area. The exponents used differ to such an
extent that this reference concluded that theses formulas
"should never be used for engineering design."

The second group is typified by the Burkli-Ziegler
formula ap = Ac 1V/§t In this expression i is the
expected average rainfall in inches per hour, s is the
average slope of the watershed in feet per 1000 feet,

A is the area in acres, and ap is in cfs. This type of






modern engineering design".

After considering all available references and the
data avallable from the Sloan Creek watershed, three
methods of estimating runoff were chosen. Before discussing
these methods however, certain rainfall and watershed
factors need to be considered.

The major rainfall characteristics required for
hydrologic analyses are intensity, duration, amount, and
distribution. (2) Direction of storm movement also
affects runoff. To analyze this factor, however, requires
greater synchronization of raingage timing and longer periods
of record than were avalilable for this study. Recording
gages supply adequate intensity, duration, and amount of
rainfall data. The number and distribution of gages in
the raingage network should be such that the rainfall data
are congruent with the permissible variation in basin
discharge. (16)

The equivalent uniform depth of precipitation over
a glven area may be computed by one of four methods. The
simplest 1s by taking the unweighted mean of the precipitation
recorded by the various gages in the area. If the gages
are regularly spaced this procedure is frequently as
satisfactory as any of the others.

The Thiessen procedure makes allowance for irregularities
in gage spacing by weighting the amount received by each

gage in proportion to the area which the gage represents.



- . me weww
Rt W s




11 g

The gage is assumed to represent all areas closer to it
than to any other gage. The isohyetal map makes even
greater use of the gage data by taking into account the
evidence of other nearby gages and making corrections
accordingly. (10) (24)

In the isohyetal method, the human element enters
into the drawing of isohyetal lines which account for
influences of areal distribution and topography on
intensities. The Myers (20) method is a mathematical
procedure which assumes uniform areal variations due to
storm patterns and uniform changes in precipitation due
to differences in elevation, but is always consistant
when used to analyze a number of storms over the same
watershed.

Besides the storm characteristics previously
discussed, the quantity of runoff produced by a storm
depends upon the moisture deficiency of the basin at the
onset of the rain. Direct determination of the moisture
conditions throughout the basin is not feasible, as
depression and interception storage, as well as three-
dimensional soil moisture measurements are required. (17)

Nevertheless, various procedures have been
considered for approximating thesé initial moisture
conditions. Thames and Ursic (30) indicated that surface
runoff 1is strongly correlated with storage opportunity in

the upper 6 inches of soil. In this case soil moisture






throughout the watershed was determined by a network of

fiberglas resistance units. Variations in groundwater
discharge at the beginning of storm periods and
pan-evaporation data have been used with varying success.
At the present time, the most common index is based on
antecedent precipitation. (17)

If moisture deficiency is broadly interpreted it also
includes infiltration. Actually, storm loss is mainly
due to infiltration and the infiltration rate at any time
depends upon the water available for infiltration and on
the infiltration capacity of the soil. If the rainfall
intensity is greater than the infiltration capacity the
excess water f1lls depressions and then runs off. (3)

The infiltration capacity is extremely variable and
has been the cause of much study. Kidder (11) analyzed
the effects of crops and tillage on the amount of
infiltration that took place during individual natural

storms. His review of literature summerized many factors

which affect the infiltration process.

Krimgold (13) quoted from a paper of H. K. Rouse
to show "why the records from (very) small agricultural
drainage areas with constantly changing vegetal cover,
801l moisture, and structure of surface soil show such
a great variation in peak rates of runoff which overshadow
the relation to intensity of rainfall." Zingg (31)
stated, "The infiltration rate decreased throughout the






storm, from a value of 0.12 inch per hour at the initial

time of rainfall excess, to less than 0.01 inch per hour
about 15 hours later."

The previous data point out some of the variables
which must be considered in the rainfall-runoff process.
These variables, individually and through interactions,
affect the shape of the runoff hydrographs of a watershed,
hydrograph being defined as a graph of discharge rate
versus time.

Each runoff hydrograph consists of three segments,

a rising 1imb, a crest segment, and a falling 1limb or
recession. The shape of the rising limb for any specific
watershed is influenced mainly by the rainfall characteristics
of the storm producing the runoff, whereas the recession

is largely independent of these characteristics. (17)

A flood-period hydrograph is usuvally a hydrograph
of surface runoff superimposed on a hydrograph of
groundwater discharge. A base flow line, between the point
where the rising limb begins and the position on the
recession where surface runoff ends, is used to separate
these two flows. This line is assumed to be straight if
groundwater data for a particular watershed is nonexistant.
However, it may be concave downward or upward depending on
the particular watershed characteristics. (10)

Various methods have been considered for determining

the position on the recession curve where surface runoff



essentially ends. (9) The methods discussed in the

Processing of Data section were suggested by references
(3), (17), and (24). Pickles (23) recommended using the
recession record from a similar, previous period to
estimate the groundwater component.

A mathematical procedure using unit graph theory
to determine the expected values of surface runoff is
suggested by Johnstone and Cross (10). These computed
values are then compared with the natural hydrograph
values and adjustments of time made until reasonable
agreement between the calculated and actual rates is
reached. This procedure is frequently used when previous
recession curve data are not available.

The first procedure of estimating watershed runoff to
be considered in this thesis is the unit graph method. A
unit graph is defined as a hydrograph resulting from 1 inch
of runoff from the entire watershed as the result of a uniform
rainfall lasting one unit of time. This method was introduced
in 1932 by L.K. Sherman and is based on the principle that
identical amounts of runoff should be produced from identical
rains falling on identical watersheds. Recognizing that
identical situations never occur in nature and that reasonable
variations are acceptable for practical applications, certain
tolerences are permitted. (15) (23)

The unit graph principle was used in the approaches

of Bernard, McCarthy, and Snyder. Each of their procedures






is outlined in detail in reference (10). Their work was

all on large areas. Linsley (15) has found unit hydrographs
to be applicable to drainage basins in the 5-10 square mile
area range. Minshall (19) 1is presently investigating the
use of this method on areas less than 1 square mile in size.

The unit graph method is most applicable where a
number of years of rainfall and discharge records from
recording gages are available. Besides this possible
limitation some of the assumptions and other considerations
required are discussed in the following paragraphs.

For most watersheds variations of + 25 percent for
lengths of rainfalls used to develop a unit graph are
permissible. (17) The unit length chosen should be
short enough to adequately define the hydrograph peak (2l),
or be about one-fourth of the basin lag (15).

Besides being relatively uniform in length of rainfall,
the rainstorm should be evenly distributed over the entire
area and of such magnitude that all parts of the watershed
contribute to the runoff. The directions and rate of
storm movement its intensity, and the season of its
occurrence should be similar. (10)

It is assumed that the time distribution of surface
runoff from a given storm period is independent of
concurrent runoff from antecedent storm periods, and that
for storms of equal lengths the rates of runoff at

corresponding times are in the same proportion to each






other as the total volumes of sSurface runoff. (10)

The composite unit graph from a number of similar
storms is considered more applicable than from any
specific one. This is because of inaccuracies in the
basic data, nonuniform distribution of storms, and departures
of drainage basin performance from unit graph theory. (10)

All the authorities agree that none of these
assumptions are rigorousily correct, but they believe
that a maximum variation and peak discharge of + 20 percent
about the mean can be obtained.

The rational formula Q = C 1 A is a very simple
formula. It is a very satisfactory formula however, if
all the rainfall and watershed characterstics can be
properly determined. Sharp (25) has done an excellent
job of outlining its two main weaknesses.

"The first of these 1s the determination of
the proper rainfall intensity to use. This will vary
with the season of the year, the size of the watershed,
the type of storm, direction of travel of rain wave, and
many other factors -.:¢-:.. Watersheds, other than those
measured by square feet in area, rarely have uniform
rainfall intensity even instantaneously over the entire
watershed much less for periods of minutes or hours which
are the most normal duration of concentration time."

"The second is the determination of the coefficient
C. This coefficient must be adjusted to accomodate surface
storage, detention storage, initial abstracts, rainfall
interception, and a varying rate of infiltration.
Detention storage varies with land slopes and channel
gradients, stream meander, pondage, and other factors.
Infiltration may be affected by land use, land treatment,
vegetative conditions, antecedent soil moisture,
temperature, and other factors."

This certainly is true, but without previous rainfall
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or runoff information for a watershed any other formula
must consider these same factors. An example of rational
formula use is given in the Analysis and Discussion of
Runoff Data section.

Cook's method of evaluating runoff for a particular
watershed by examining the relief, soil infiltration,
vegetal cover, and surface storage characteristics has
been modified by Soil Conservation Service personnel. Its
latest modification has been recently outlined by Ogrosky
(22), who states, "The approach takes into consideration
the soil, land use or cover, treatment or practice,
hydrologic condition of the cover, soil moisture condition
and rainfall."

The field hydrologists are then provided with the
range of data which is to be used in a prescribed procedure.
This information includes 2000 major soils which have been
placed in four hydrologic groups; curve numbers for various
combinations of soils, cover, and treatment; a series of
curves relating rainfall and runoff; and description of the
various soil moisture conditions.

The procedure is very exacting; all field men arrive
at the same runoff from a given set of data. These values
of runoff are probably fairly accurate if the rainfall
and watershed conditions were of the "average" type for

which the procedure was designed.






COLLECTION OF DATA

In determining the specific rainfall-runoff periods
to study, it was necessary to use raingage and streamgage
records simultaneously. It is merely for convenience
that they are here discussed separately.

The hourly precipitation from each of the raingage
charts was read and tabulated by Weather Bureau
personnel. Copies of the tabulated sheets were maintained
by the Agricultural Engineering Department. These
tabulations were rechecked for arithmatical accuracy
and where comparisons between gages indicated possible
errors original charts were referred to.

These records were satisfactory for the determination
of average depth of rainfall over the watershed and for
indicating the hourly amounts of precipitation for the
runoff hydrographs. The original tracings, however, had
to be used for preparing unit hydrographs, as specific
lengths, intensities, and uniformity of rainfall are
critical in their construction.

In securing runoff data it was necessary to refer
to the original tracings of the waterstaze recorder, as
U.S. Geological Survey personnel tabulate only dailly

average discharges. Their notes for the calculation of






these discharges, however, served as an excellent check

on the author's work.

Forty five possible discharge peaks were checked.
Many were discarded due to frozen ground or to water
from melting snow being in the discharge; others were
eliminated because the peaks could not be readily separated
or there was insufficlent data. Assistance of U.S.G.S.
personnel in determing the appropriate runoff peaks to use
was invaluable.

Eventually data were secured for 19 hydrographs, with
peak flows ranging from 685 cfs to 3 cfs. Fifteen of them
were used for determining the rainfall-runoff process
for spring, summer, and fall conditions; two were
representative of winter conditions with no snow; one was
for exemplifying snow melt runoff; and one was for showing
the effect of very light precipitaion during extremely
high antecedent moisture.

Only sufficient points necessary to obtain a true
reproduction of the original hydrograph were secured.
These data and an explaination of their derivative are

presented in Appendix 1.
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PROCESSING OF DATA

Rainfall distribution

According to Linsley, Kohler, and Paulhus (17), the
Thiessen method of determing equivalent uniform depth of
precipitation will give "essentially the same" results as
linear interpolation used with the isohyetal procedure.
Since there are no topographic influences which warrant
modification from linear interpolation and since the
Thiessen method is easier to apply it was used for this
watershed.

Table 1. Percentage of watershed ascribed to each gage
using Thiessen procedure.

fiseber it T

9.8 7.2

2 19.1 11.0

3 1.2 12.4

L 19.6 14.8

s 22.9 20.8

6 1.4 1.1
18 6.0
19 11.1
2 AP

Total 100.0 100.0
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Figures 2 and 3 show the areas ascribed to the
various rainfall gages for the six and nine gage arrangements,
respectively. The specific percentages of the watershed
assigned to each gage are listed in Table 1.

Using the percentages given in Table 1, the
Thiessen procedure rainfall analysis data were calculated.
These data and additional information concerning them are

presented in Appendix 2.

Hydrograph construction

The data of Appendix 1 were used to construct
hydrographs for the 19 runoff periods. Figures l through
22 show chronologically these hydrographs with their
respective base flow separations. These figures also
include the Thiessen hourly precipitation values, each
plotted in the center of the hour\o!‘ its collection.

A uniform scale of time for the abscissas was used,
but the scales for the ordinates were varied to secure
maximum area under the curves. The greater area permitted
increased accuracy in the determination of runoff by
planimetering.

As discussed in the next section, 2% day surface runoff
recession curves were used for nearly all hydrographs.
Occurrence of another storm before the ending of this period
required the lengthening of three hydrographs by using

data from similar storms. Typical recessions for the
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LEGEND

~~~ WATERSHED BOUNDARY \
--- WATERCOURSE o
B U.S.G.S. STREAM GAGE .

¢ RECORDING RAIN GAGE
—— THIESSEN LINES

SCALE:

<—| MILE —

{ RS N N e

FIGURE 2. SLOAN CREEK BASIN  Six

THIESSEN PROCEDUKE

CAGE
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LEGEND

/< WATERSHED BOUNDARY
--- WATERCOURSE
B U.S.G.S.STREAM GAGE
4 RECORDING RAIN GAGE

—— THIESSEN LINES [y

SCALE:

«—| MILE —

FIGURE 3. SLOAN CREEK BASIN NINE GAGE
THIESSEN PROCEDURE
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